
 

MTA Doktori Pályázat 

Rövid Értekezés 

 

 

 

Az autofágia szerepe és szabályozása 

 

 

Juhász Gábor 

 

 

 

 

 

Eötvös Loránd Tudományegyetem 

Budapest 

2014/2015  

               dc_840_14



2 
 

TARTALOMJEGYZÉK 
 

 

1 CÍMOLDAL 

2 TARTALOMJEGYZÉK 

3 RÖVIDÍTÉSJEGYZÉK 

5 BEVEZETÉS 

19 CÉLKITŰZÉSEK 

20 ANYAGOK ÉS MÓDSZEREK 

26 EREDMÉNYEK 

42 DISZKUSSZIÓ 

48 ÖSSZEFOGLALÁS 

51 TOVÁBBI TERVEK ÉS EREDMÉNYEK 

52 KÖSZÖNETNYILVÁNÍTÁS 

53 IRODALOMJEGYZÉK 

63 KÖZLEMÉNY ADATOK 

  

               dc_840_14



3 
 

RÖVIDÍTÉSJEGYZÉK 

 

4E-BP  Eukaryotic Initiation Factor 4E-Binding Protein 

AIM  Atg8 interacting motif 

Atg  autophagy-related 

CMA  chaperone-mediált autofágia 

DFCP1 Double FYVE-containing protein 1 

eIF2α  Eukaryotic Initiation Factor 2α 

ER  endoplazmás retikulum 

ESCRT endosomal sorting complex required for transport 

FIP200 FAK family kinase-interacting protein of 200 kDa 

FKBP39 FK506-binding protein of 39 kDa 

FOXO  Forkhead box O 

FYVE  Fab1, YOTB, Vac1 and EEA1 

Gadd34 growth arrest and DNA damage-inducible protein 

GFP  green fluorescent protein 

HOPS  homotypic vacuole fusion and protein sorting 

HORMA Hop1p, Rev7p and MAD2 

Hsc70  heat shock cognate 70 kDa 

JNK  c-Jun N-terminal kinase 

Keap1  Kelch-like ECH-associated protein 1 

KIR  Keap1 interacting region 

LAMP-2A lysosome-associated membrane protein 2A 

LC3  light chain 3 

LIR  LC3 interacting region 

MTORC1  mechanistic target of rapamycin complex 1 

Nrf2  Nuclear factor erythroid-derived 2-like 2 

PAS  phagophore assembly site/pre-autophagosomal structure 

PB1  Phox and Bem1 

PE  foszfatidil-etanolamin 

PERK  protein kinase RNA-like endoplasmic reticulum kinase 

PI3K  foszfatidilinozitol 3-kináz 

PI3P  foszfatidilinozitol 3-foszfát 

QT-PCR quantitative/real time polymerase chain reaction 

Ref(2)P Refractory to sigma P, más néven p62 

RT-PCR Reverse transcription polymerase chain reaction 

S6K  S6 kinase 

SENDA Static encephalopathy of childhood with neurodegeneration in adulthood 

SLC38A9 Solute Carrier Family 38, Member 9 

SNAP-29 Synaptosomal-associated protein 29 

SNARE soluble NSF attachment protein receptor 

SQSTM-1 sequestosome-1 

Syx17  Syntaxin 17 

               dc_840_14



4 
 

TOR  Target of Rapamycin 

TSC1/2 Tuberous Sclerosis Complex 1/2 

UBA  ubiquitin-associated 

ULK1/2 uncoordinated 51-like kinase 

usnp  ubisnap, más néven SNAP-29 

v-ATPáz vacuolar-type H+ -ATPase  

Vamp7  Vesicle-associated membrane protein 7 

Vps  vacuolar protein sorting 

WDR45 WD-repeat domain 45, más néven WIPI-4 

WIPI4  WD Repeat Domain Phosphoinositide-Interacting Protein 4, más néven 

WDR45 

  

               dc_840_14



5 
 

BEVEZETÉS 

 

Autofág lebontás az eukarióta sejtekben 

Minden sejt folyamatosan megújul, mivel a biológiai makromolekulák többsége állandó 

lebomlási és újraképződési ciklusokban vesz részt (kicserélődés, azaz turnover). Ennek során 

az időről időre károsodást szenvedő, funkcióképtelenné váló molekulák helyére mindig 

megfelelően működő új RNS, fehérje, lipid stb. molekula lép. Ezáltal a sejtek és szervezetek 

képesek megőrizni egyfajta belső állandóságot, azaz homeosztázist (bár talán a 

homeodinamika kifejezés megfelelőbb, hiszen dinamikus egyensúlyról van szó). Eukarióta 

sejtek esetén a folyamatos megújulás a sejtorganellumok szintjén is tetten érhető: nagyon 

fontos például a hibás, szétkapcsolódott elektron-transzport lánca miatt reaktív oxigén 

gyököket termelő mitokondriumok eltávolítása. A sejtorganellumok lebontása méretüket és 

összetett makromolekuláris felépítésüket tekintve bonyolultabb, mint egy egyszerű 

enzimreakció: ezt a lizoszómális önemésztés, azaz autofágia biztosítja.  

Autofágia során a lebontandó anyagoknak a lizoszóma belsejébe kell kerülniük. 

Többféle autofág útvonalat különböztetünk meg annak alapján, hogy ez hogyan történik meg. 

A chaperone-mediált autofágia (CMA) során a Hsc70 dajkafehérje által letekert egyedi 

fehérjék a lizoszomális membránban található LAMP-2A (lysosome-associated membrane 

protein 2A) csatornán keresztül jutnak a lizoszómába, ahol a lizoszómális Hsc70 „fogadja” 

ezeket, majd lebontódnak a savas hidrolázok közreműködésével (Kaushik és Cuervo, 2012). 

A folyamat szelektivitását a KFERQ (vagy ehhez hasonló) aminosav szekvenciát hordozó 

fehérjék szelektív felismerése biztosítja a citoplazmában. 

Mikroautofágia során a lizoszóma membránja befelé tűrődve felveszi a környező 

citoplazma egy részletét, majd a bekerült vezikula membránja a szállítmánnyal együtt a 

lizoszómában lebomlik (Mijaljica és mtsai, 2011). A folyamat ránézésre hasonlónak tűnhet az 

endocitózishoz, ezért fontos kiemelni, hogy a topológiája fordított, azaz ilyenkor nem a 

citoplazmába, hanem a külvilágnak tekinthető lizoszóma lumenébe kerül az anyag, és 

jelenlegi tudásunk szerint az endocitózisban szereplő fehérjék ehhez nem szükségesek. A 

mikroautofágia molekuláris mechanizmusa még kevéssé ismert, de genetikailag részben átfed 

a legfőbb útvonallal. A szállított anyag mennyisége már jóval több lehet, mint a CMA-nál: 

ezen az úton akár teljes organellumok, például peroxiszómák is bejuthatnak lizoszómába. A 

szelektív mikroautofág lebontás molekuláris háttere még jórészt ismeretlen. 

A fő útvonal, a makroautofágia (a továbbiakban egyszerűen autofágia) során a 

citoplazmában megjelenik egy membránciszterna, amelyet fagofórnak (régebbi nevén izoláló 

membránnak) nevezünk. Ennek kialakulásában az autofág gének által kódolt fehérjék 

működnek közre (lásd később). A fagofór egyre növekedve bekeríti a citoplazma egy 

részletét, és így kettős membránnal határolt autofagoszómát képez (1. ábra). Ez a 

transzportvezikulum tartalmazhat szinte bármilyen sejtorganellumot: mitokondriumot, 

endoplazmás retikulumot, Golgi-készüléket, peroxiszómát stb. Az autofagoszóma ezek után 
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késői vagy multivezikuláris endoszómával egyesülhet, így egy amfiszómának nevezett 

átmeneti, pre-lizoszomális struktúra jön létre. Az autofagoszóma közvetlenül lizoszómával is 

egyesülhet bizonyos fajokban, például élesztőben (esetében a lizoszomális rendszernek 

megfelelő sejtszervecske a vakuólum). Az autofág folyamatok eredményeképpen képződő 

autolizoszómában az odaszállított anyagot (szállítmány, cargo) savas hidrolázok bontják le, 

amit a bomlástermékek - például fehérjék esetén az aminosavak - citoplazmába visszajutása 

és újrahasznosítása követ (Mizushima és Komatsu, 2011). Ennek köszönhetően az autofág 

lebontás különösen fontos szerepet játszik az éhezés során, amikor a sejtek nem jutnak 

elegendő tápanyaghoz: ilyenkor a keletkező bomlástermékek biztosítják az alapanyagokat az 

állandóan zajló bioszintetikus és energiatermelő folyamatokhoz. 

 

 

 

1. ábra. Az autofágia fő útvonala, a makroautofágia során először egy fagofór jön létre, mely 

egyre növekedve bekeríti a citoplazma egy részletét. A kettős membránnal határolt 

autofagoszóma ezután késői endoszómával egyesül, így egy átmeneti struktúrát, amfiszómát 

hoz létre. A lizoszómával történő fúziót követően képződő autolizoszómában történik meg az 

odaszállított anyagok lebontása. Ezután a bomlástermékek visszajutnak a citoplazmába, hogy 

ott újrahasznosuljanak (Juhász és mtsai, 2013). 
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Az autofagoszómákat kialakító fagofór membrán eredete évtizedeken át vita tárgyát 

képezte, amit egy általam kezdeményezett összefoglaló cikkünkben mi is tárgyaltunk (Juhasz 

és Neufeld, 2006). Az autofágiában szereplő fehérjék sejten belüli mozgásának vizsgálata 

alapján mára már úgy tűnik, hogy több különféle sejtorganellum is szerepelhet mint membrán 

forrás, hiszen már demonstrálták az ER, mitokondriumok, Golgi-készülék, plazmamembrán 

és korai endoszómák ilyetén szerepét humán sejttenyészeti kísérletekben (Lamb és mtsai, 

2013). Az endocitotikus út fontosságára utal az a tanszéki együttműködésben végzett 

munkánk is, miszerint a klatrin-mediált endocitotikus komplex tagja, az epsin Drosophila 

homológja szükséges az autofagoszómák kialakulásához (Csikos és mtsai, 2009). Egy 

élesztősejtek vizsgálatával foglalkozó tanulmány szerint akár a lizoszómális membrán is 

reciklizálódhat autofágia során (Yamamoto és mtsai, 2012). Ez különösen logikus lépés lenne 

a sejt részéről, hiszen így végülis az autofagoszómák lizoszómával fúzionáló külső 

membránja szolgálna a közvetlen közelben formálódó új autofagoszómák 

membránforrásaként. Megjegyzendő, hogy az autofagoszómák nemcsak élesztősejtekben 

képződnek általában a vakuólum (lizoszóma) közelében, hanem saját vizsgálataink alapján a 

Drosophila zsírtestben is (Nagy és mtsai, 2014b). 

Az autofágia fő útvonala igen fontos szerepet játszik az ubikvitinált fehérjék 

lebontásában. Ezt megfelelő, szelektív autofág receptor fehérjék biztosítják. A 

plazmamembránban elhelyezkedő receptoroktól eltérően itt a receptor kifejezés arra utal, 

hogy ezek a molekulák képesek kétféle fehérjét összekapcsolni. Közülük az egyik rendszerint 

az ubikvitin, (poli-)ubikvitinált fehérjék formájában. A másik az Atg8/LC3 családba tartozó, 

ubikvitin-szerű fehérjék valamelyike. Ezen fehérjék interakcióinak az eredménye az lesz, 

hogy az ubikvitinált fehérjék és aggregátumok (a szállítmány) a képződő, Atg8-cal fedett 

fagofórhoz kötődnek a receptoron keresztül, majd együttesen a létrejött autofagoszóma 

belsejébe kerülnek. A legtöbbet vizsgált, Atg8-cal szelektíven kölcsönhatásba lépő fehérje a 

p62 (más néven SQSTM-1, sequestosome-1). A p62 az ubikvitinált fehérjéket UBA 

(ubiquitin-associated) doménje révén képes kötni, az Atg8/LC3-hoz pedig egy rövid 

peptidszakasz, az AIM/LIR motívum (Atg8 interacting motif/LC3 interacting region) révén 

köt. Ez egy körülbelül 8 aminosavas, általában rendezetlen fehérjerégióban elhelyezkedő 

szakasz. Az első három aminosav között gyakran fordul elő savas oldalláncú, a negyedik (0. 

pozíciónak tekintett) mindig egy aromás (triptofán, tirozin vagy fenilalanin), utána két savas 

vagy apoláros, végül pedig a 3. pozícióban egy apoláros oldalláncú (leucin, izoleucin vagy 

valin) aminosav helyezkedik el. Az UBA és AIM/LIR mellett a p62-ben szintén megtalálható 

PB1 (Phox and Bem1) domén is elengedhetetlen a megfelelő funkcióhoz, ugyanis ez 

biztosítja azt, hogy a p62 másik p62 fehérjével vagy egyéb, szintén PB1 domént hordozó 

proteinnel aggregálódni tudjon (Rogov és mtsai, 2014). Így jön létre az a szelektív 

receptorokat és ubikvitinált fehérjéket egyaránt tartalmazó aggregátum, ami köré tud nőni a 

képződő fagofór. Érdemes megemlíteni, hogy a Parkinson-kórt okozó egyik génhiba a Parkint 

érinti, ami egy ubikvitin ligáz. Jelenlegi tudásunk szerint a Parkin a mitokondrium külső 

membránjában található vagy ahhoz asszociált fehérjék ubikvitinálása révén jelöli ki a nem 

megfelelően működő mitokondriumokat szelektív autofág lebontásra. 
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Klasszikus, nagyrészt ultrastrukturális vizsgálatok 

Az autofágia vizsgálatának kezdete 1959-re datálható, amikor Alex Novikoff 

vesesejtekről készült transzmissziós elektron mikroszkópos képein nemcsak felismerte, 

hanem helyesen is értelmezte az autofág struktúrákat (Novikoff, 1959). Ashford és Porter 

1962-ben glukagon-perfundált patkány májsejtekben hasonló felfedezéseket tettet (Ashford és 

Porter, 1962), és Christian de Duve hamarosan kimutatta, hogy ez a folyamat a májsejtekben 

található lizoszómák pozíciójának megváltozásával jár (Deter és mtsai, 1967). Az autofágia 

elnevezést de Duve javasolta egy 1963-ban rendezett konferencián, majd pedig egy széles 

körben idézett összefoglalóban (De Duve és Wattiaux, 1966; de Reuck, 1963). Többek között 

a lizoszómák felfedezéséért de Duve 1974-ben Nobel-díjat kapott. 

Már az 1960-as években publikáltak autofágiával kapcsolatos elektronmikroszkópos 

tanulmányokat rovarkutatók. Az első közlemények egyike 1963-ban demonstrálta, hogy a 

teljes átalakulást (metamorfózist) közvetlenül megelőzően a Drosophila lárvák zsírtest 

sejtjeiben hatalmas autolizoszómák láthatók, belsejükben még felismerhető ER-rel és 

mitokondriumokkal (von Gaudecker, 1963). Az autofágia ultrastruktúrájának egyik 

legrészletesebb morfológiai leírását 1965-ben publikálta Locke és Collins, akik egy lepkefaj, 

a Calpodes ethlius lárvális zsírtestét vizsgálták (Locke és Collins, 1965). A morfológiai 

leírások mellett Collins dekapitációs és ligációs kísérletek alapján már 1969-ben felismerte, 

hogy a rovarok vedlési hormonja (ekdizon) autofágiát indukál, de csak a juvenilis hormon 

alacsony szintje mellett (Collins, 1969), melyet később igazoltak más rovarfajokban, többek 

között Drosophila-ban is (Sass és Kovacs, 1975; Thomasson és Mitchell, 1972). 

Az emlősökön és rovarokon végzett korai, szintén jórészt elektronmikroszkópos 

vizsgálatok részletekbe menő taglalásától a továbbiakban eltekintek, mivel nem lényegesek 

kutatási eredményeim jelentőségének értékeléséhez. Az eziránt érdeklődő olvasók egy társ-

szenior szerzős összefoglalóm második fejezetében találhatnak további részleteket az 

autofágiával kapcsolatos korai kutatásokról; jómagam az első négy fejezetét írtam ennek a 

cikknek (Mulakkal és mtsai, 2014). 

 

Az autofágia molekuláris mechanizmusa 

Az autofágia kutatásának első 35-40 éve jórészt leíró jellegű közleményekből áll, mivel 

a folyamatban szereplő géntermékek mibenlétét ebben az időszakban még homály fedte. Az 

autofágiát vizsgáló kutatók az 1990-es évek környékén már használtak különféle 

hatóanyagokat a folyamat gátlására, mint például az autofagoszóma kialakulását 

megakadályozó 3-metiladenin (Seglen és Gordon, 1982), vagy az autofagoszóma-lizoszóma 

fúziót gátló bafilomicin A1 (Yamamoto és mtsai, 1998). Ezen gátlószerek alkalmazásának 

korlátait jól jelzi azonban in vivo toxicitásuk, valamint nem eléggé ismert 

hatásmechanizmusuk. Erre jó példa az elsősorban a lizoszómális protonpumpát, a v-ATPázt 

(vacuolar-type H+ -ATPase) gátló bafilomicin, hiszen általános az a nézet, hogy a lizoszóma 

savasodása valamiképpen szükséges a fúzióhoz (Yamamoto és mtsai, 1998). Azonban korábbi 

posztdoktori témavezetőmmel együttműködve nemrégiben kimutattuk, hogy nem a 
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lizoszómális protonpumpa hibája, hanem a bafilomicin egy másik célpontjának, az 

endoplazmás retikulum kalcium ATPáz fehérje funkciójának a kiesése okoz fúzió gátlást 

(Mauvezin és mtsai, 2015). 

Az 1990-es évek közepén Yoshinori Ohsumi, Michael Thumm és Daniel J. Klionsky 

vezetésével három, egymástól függetlenül dolgozó kutatócsoport is publikált olyan genetikai 

szűrővizsgálatokat, amelyekben autofágia hibás élesztő mutánsokat izoláltak (Harding és 

mtsai, 1995; Thumm és mtsai, 1994; Tsukada és Ohsumi, 1993). Mivel ezeket a géneket 

kezdetben különféle nevekkel illették, a követhetőség érdekében 2003-ban egységes 

nevezéktant vezettek be élesztőben: azóta az összes, autofágiában szereplő gént általában Atg 

(autophagy-related) névvel és egy számmal jelölik (Klionsky és mtsai, 2003). Az autofágia 

jelensége és a folyamathoz szükséges gének többsége konzervált az eukarióta élőlények 

körében, így az élesztő Atg gének állati homológjait is gyakran hasonlóképpen nevezték el. 

Ezen gének egyikének Drosophila homológját, az Aut1-et (a génnek a fent említett, ámde 

később publikált egységes nómenklatúra szerinti neve Atg3) PhD tanulmányaim keretében 

vizsgáltam az akkoriban újdonságnak számító, transzgénikus RNS interferencia módszerrel 

(Juhász és mtsai, 2003). Ebben elsőként mutattam ki, hogy egy Atg gén állati szervezetben is 

szükséges az autofágiához. Mivel ez a publikáció képezte a 2004 márciusában megvédett PhD 

disszertációm alapját, ezeket az eredményeket jelen értekezésemben nem tárgyalom. 

Az egyes Atg génekről átíródó fehérjék kölcsönhatásai alapján több fehérjekomplexet, 

működési egységet különíthetünk el: 

A. Atg1 (emlősökben ULK1/2 [uncoordinated 51-like kinase]) protein kináz komplex 

B. harmadik osztályú (class III) foszfatidilinozitol 3-kináz (PI3K), azaz lipid kináz 

komplex (Vps34 kináz komplexnek is nevezik a katalitikus alegység neve alapján) 

C. Vps34 kináz effektorok, melyek foszfatidilinozitol 3-foszfátot (PI3P-t) kötnek, mint 

például az Atg18 és a DFCP1 (Double FYVE-containing protein 1), és ezek 

kötőpartnerei 

D. Atg9, az egyetlen transzmembrán fehérje az Atg géntermékek között 

E. ubikvitin-szerű konjugációs rendszerek. Az itt szereplő Atg8 és Atg12 fehérjék 

térszerkezete igen hasonló az ubikvitinéhez. Az enzimreakciók során az Atg8 C-

terminális glicinje kovalensen kapcsolódik egy foszfatidil-etanolamin (PE) 

molekulához, és így membránkötött lesz. Autofágia kutatások során leggyakrabban 

az Atg8 és homológjainak intracelluláris pöttyszerű, autofagoszomális 

elhelyezkedését, és western blot kísérletekben a lipidált, fagofór- és autofagoszóma-

asszociált Atg8 szintjét vizsgálják. 

Ezek az élesztő genetikai kutatások mérföldkőnek tekinthetők az autofágia területén, 

mert lehetővé tették, hogy a modern molekuláris biológia eszköztárát alkalmazó 

mechanisztikus, azaz ok-okozati viszonyokat feltáró kutatásokat végezzünk eukarióta 

élőlényekben. A különféle modellállatok tanulmányozása és a genomléptékű asszociációs 

vizsgálatok rávilágítottak arra, hogy az autofágia hibája valószínűleg sokféle emberi 

betegséggel is kapcsolatba hozható. 
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Az autofágia jelentősége 

 

Az éhezés túlélésének biztosítása 

Az autofágia legősibb feladata az lehet, hogy segítse a tápanyaghiányos időszakok 

(éhezés) átvészelését. Ennek bizonyítékaként már a legelső, autofágiára képtelen élesztő-

mutáns vizsgálatakor észrevették, hogy ezek a sejtek különösen érzékenyek az éhezésre 

(Tsukada és Ohsumi, 1993). Teljes éhezés, vagy csak cukrot tartalmazó diéta alkalmazásával 

autofág gén mutáns Drosophila lárvák és kifejlett legyek esetén is megfigyelhető, hogy ilyen 

körülmények között a vad típusú állatoknál hamarabb elpusztulnak (Juhasz és mtsai, 2007a; 

Scott és mtsai, 2004). Mindezekkel összhangban vannak a későbbiekben egereken végzett 

kutatási eredmények. Létrehoztak olyan génkiütött egereket, melyekben az ubikvitin-szerű 

konjugációs rendszer tagjait kódoló gének valamelyike vagy az Atg9 hiányzik. Ezen egér 

mutánsok mindegyikére igaz az, hogy a születést követően nem sokkal elpusztulnak, mert a 

köldökzsinóron keresztül történő tápanyagellátás megszakadása után fellépő neonatális 

éhezést nem élik túl (Jiang és Mizushima, 2014). Kimutatták azt is, hogy már a 

megtermékenyítés autofágiát vált ki az így létrejövő zigótában, ami igen fontos a fejlődő korai 

embrió túléléséhez, hiszen az anyai szervezetből tápanyagokhoz csak a beágyazódást 

követően juthat (Tsukamoto és mtsai, 2008). 

 

Az autofágia szerepe a programozott sejthalálban 

Néhány évtizeddel ezelőtt általános nézet volt, hogy az autofágia tulajdonképpen egy, 

az apoptózistól morfológiailag elkülönülő sejthalál típus (Clarke, 1990). Ezt azokra a 

mikroszkópos vizsgálatokra alapozták, melyek során pusztuló sejtekben autofagoszómák és 

autolizoszómák nagy számban történő megjelenését látták. Az utóbbi 10 év során végzett, Atg 

géncsendesített vagy mutáns sejteket, vagy Atg génkiütött állatokat tanulmányozó vizsgálatok 

többségében viszont azt tapasztalták, hogy az autofágia hibája nem akadályozza meg a 

sejtpusztulást. Egyes vezető kutatók még azt is felvetették, hogy nem létezik autofág sejthalál 

(Kroemer és Levine, 2008; Levine és Yuan, 2005). Ez a kijelentés azonban valószínűleg 

túlzás, hiszen még ugyanezen kutatók is találtak autofág sejthalálra példát későbbi 

vizsgálataikban (Liu és mtsai, 2013). Ilyen szempontból is nagy jelentőségű volt az a 

megfigyelésünk, hogy az Atg1 kináz túltermeltetése révén lehetséges genetikai úton 

túlaktiválni az autofágiát, és ez mind a poliploid, mind pedig a diploid sejtekben kiváltja az 

apoptotikus kaszpázok aktiválódását, ami a sejtmagi DNS fragmentálódásához és a sejtek 

eliminációjához vezet. Az ezt bemutató, széles körben idézett cikkünk világosan 

demonstrálta, hogy a túlságosan magas autofág aktivitás igenis okozhat sejthalált (Scott és 

mtsai, 2007). Az mindenesetre elmondható, hogy az autofágia rendszerint a sejtek túlélését, 

nem pedig elpusztításukat szolgálja. 

Az autofágia és az apoptózis mechanizmusa között is találni közös szabályozó 

elemeket. Erre talán a legjobban ismert példa az anti-apoptotikus Bcl-2 fehérje autofágiát is 
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gátló szerepe, mivel az élesztő Atg6 emlős homológjához, a Beclin-1-hez kötve 

megakadályozza annak autofág funkcióját (Pattingre és mtsai, 2005). Én is kimutattam egyik 

munkámban, hogy Drosophila-ban a diploid sejtekben proapoptotikus funkciójú Hid gén 

túltermeltetése poliploid sejtekben autofágiát indukál (Juhasz és Sass, 2005). Ez a fajta kettős 

szerep persze korántsem igaz minden apoptózisban szereplő fehérje esetén. Leírtuk, hogy az 

Apaf-1 (dark) mutáns Drosophila lárvális nyálmirigy metamorfózis során történő hisztolízise 

gátolt ugyan, viszont az ebben az időszakban bekövetkező autofág indukció megtörténik 

(Akdemir és mtsai, 2006). Az Apaf-1 a mitokondriális úton indukált apoptózisban játszik 

kulcsszerepet, mivel az effektor kaszpázok aktiválásához szükséges apoptoszóma nem alakul 

ki nélküle. Tehát az apoptózis és az autofágia a nyálmirigyben egymással párhuzamosan 

működnek, vagy esetleg az autofágia az apoptózisnál korábban (upstream) hat. 

 

Az autofágia és a neurodegenerációs betegségek 

Az autofágia sejteket védő (citoprotektív) hatását támasztják alá a különféle 

neurodegenerációs betegségekről eddig gyűjtött adatok. Bizonyos kórképek (pl. Huntington-

kór) esetén egyes fehérjékben egy poliglutamin szekvencia kiterjedése figyelhető meg, és az 

így létrejövő kóros fehérjék aggregátumokat képeznek az idegsejtekben. Az autofágia 

farmakológiai fokozása csökkenti az aggregátumok számát és a neurodegenerációs tüneteket 

sejtes, Drosophila és egér modellekben is (Ravikumar és mtsai, 2002; Ravikumar és mtsai, 

2004). A Parkinson-kór esetén az egyik középagyi mozgásszabályozó központ (substantia 

nigra) dopamint termelő idegsejtjei válnak először működésképtelenné. Drosophila kísérletek 

mutattak rá arra, hogy az emberi betegség öröklődő formáit okozó egyes mutáns gének (pl. 

parkin) megfelelő muslica homológjának kiesése esetén nemcsak idegsejtpusztulás és 

mozgászavarok lépnek fel, hanem már a tüneteket megelőzően abnormális mitokondriumok 

jelennek meg a mutáns állatok izomsejtjeiben (Greene és mtsai, 2003). Mára már igen sok 

adat utal a parkin fehérje szerepére a sérült, nem megfelelően működő mitokondriumok 

szelektív autofág lebontásában, amit mitofágiának nevezünk (Narendra és mtsai, 2012). 

Feltehetően ennek a folyamatnak a hibája fontos szerepet játszik az emberi betegség 

kialakulása során. 

Sajnos a leggyakoribb humán neurodegenerációs betegségek (mint például az 

Alzheimer-kór) megismerésében és kezelésében igazi áttörést nem sikerült elérni. Mivel a 

szórványosan kialakuló eseteknél a pontos genetikai elváltozások és az esetleges környezeti 

kiváltó hatások mibenlétét még nem ismerjük eléggé, így igazán jó állati modelleket is nehéz 

alkotni, pedig ezek vizsgálata segíthetne a pathomechanizmusok megértésében. A Drosophila 

retina is egy közkedvelt modell a neurodegenerációs betegségek kutatásában. Ezeket az 

autofágiával és neurodegenerációval kapcsolatos publikációkat részletesen tárgyaljuk egy 

meghívásra írt összefoglalónkban (Lorincz és mtsai, 2015). 

Megjegyzendő, hogy eddig egyetlen központi Atg gént érintő mutációt azonosítottak, 

ami bizonyítottan emberi betegséget okoz (és nem csupán hajlamosít arra), mint a gyulladásos 

bélbetegség egyik rizikófaktoraként ismert, Atg16L1 fehérje T300A aminosavcserét hordozó 

allélje. Az élesztő Atg18 gén egyik humán homológját, a WDR45/WIPI4 (WD-repeat domain 
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45/WD Repeat Domain Phosphoinositide-Interacting Protein 4) gént érintő különféle de novo 

mutációk ugyanis a fehérjeszint csökkentése révén a SENDA-nak (Static encephalopathy of 

childhood with neurodegeneration in adulthood) nevezett neurodegenerációs betegség 

kialakulásához vezetnek (Saitsu és mtsai, 2013). 

 

Az autofágia véd a fertőzések során 

Az autofágia előnye a különféle fertőzések esetén is megmutatkozik, hiszen megfelelő 

felismerő mechanizmusok biztosítják a sejtekben szaporodó patogének (vírusok, 

baktériumok) szelektív autofág lebontását. A korábban említett parkin ugyanis nemcsak a 

hibás mitokondriumok, hanem a sejtbe jutó idegen baktériumok autofág eltávolítását 

(xenofágia) is elősegíti, mind Drosophila, mind pedig egér esetén (Manzanillo és mtsai, 

2013). Ez a megfigyelés magyarázhatja, hogy Parkinson-kórban szenvedő betegek körében 

miért gyakoribb például a tuberkulózis. 

Az autofágiának szintén fontos szerepe van az autoimmunitás megelőzésében. Az 

autofágia gátlása a csecsemőmirigy hámsejtjeiben ugyanis megakadályozza azt, hogy ezek a 

sejtek a citoplazmás auto-antigéneket prezentálják az érőfélben levő T-limfocitáknak, így az 

autoreaktív sejtek eliminálása nem történik meg (Nedjic és mtsai, 2008). 

Természetesen számos további példát lehetne hozni az autofágia fertőzések és 

immunválasz során játszott szerepére, melyek taglalásától most eltekintek. A téma iránt 

érdeklődő olvasók figyelmét szeretném felhívni néhány kiváló összefoglalóra (Jiang és 

Mizushima, 2014; Randow és mtsai, 2013). 

 

Az autofágia ellentmondásos szerepe a tumorigenezisben 

A fenti, jórészt előnyös hatásokkal ellentétben az autofágia ellentmondásos szerepet 

játszik a rák kialakulása és növekedése során. A növekedési jelátviteli utak, mint például az 

inzulin-szerű növekedési faktorok által aktivált első osztályú (class I.) PI3K, valamint a TOR 

(Target of Rapamycin) kináz rendszerek a sejtnövekedést és a sejtosztódást serkentik, míg az 

autofágiát gátolják (Chang és mtsai, 2009). Ez biztosítja azt, hogy a sejt igényeinek 

megfelelően koordinálódjék az anabolikus és katabolikus folyamatok egyensúlya. Ismert, 

hogy az élesztő Atg6 emlős homológja, a Beclin-1 egy haploinszufficiens tumor szuppresszor, 

az Atg7 gén májspecifikus deléciója pedig jóindulatú tumorok kialakulását eredményezi 

(Jiang és Mizushima, 2014). Feltételezések szerint az autofágia hiányában a károsodott, 

reaktív oxigéngyököket termelő mitokondriumok nem bomlanak le, ami a DNS hibák 

számának növekedése miatt rákot kiváltó mutációkhoz vezethet (White, 2012). Emellett 

autofágia hiányában a p62 szintje is drasztikusan megemelkedik a sejtekben. A p62 

fehérjében az LC3 kötőhely (LIR) mellett található egy másik peptidszakasz, amelyet KIR-

nek neveznek (Keap1 interacting region). Ebből már kitalálható, hogy a p62 ennek révén 

képes kötni a Keap1 (Kelch-like ECH-associated protein 1) fehérjét. A Keap1 egy 

intracelluláris oxidációs stressz szenzor. Alapesetben feladata az Nrf2 (Nuclear factor 
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erythroid-derived 2-like 2) kötése és proteaszómális lebontásának elősegítése. Oxidációs vagy 

elektrofil stressz hatására, azaz amikor például a reaktív oxigéngyökök koncentrációja megnő, 

a Keap1 megfelelő cisztein oldalláncai révén ezt érzékeli, és a folyamat eredményeképpen 

disszociál az Nrf2-től. Az Nrf2 ennek hatására egyrészt stabilizálódik, a fehérje szintje 

megnő, másrészt szabadon képes bejutni a sejtmagba, ahol az antioxidáns enzimeket kódoló 

célgének transzkripcióját aktiválja. Tehát autofágia gátlásakor megnő az antioxidáns válasz, 

ami valamilyen úton-módon szintén serkentheti a tumor kialakulását (White, 2012). 

Fontos azonban megjegyezni, hogy az autofágia szintje gyakran viszonylag magas a 

már kialakult, agresszív, metasztatizáló ráksejtekben. Ennek sokféle oka lehet. Egyrészt, az 

autofágia fontos szerepet játszik a szolid tumorok belsejében található, tápanyag- és 

oxigénhiánynak kitett ráksejtek túlélésének biztosításában. Hasonló lehet a helyzet 

kemoterápiás, citotoxikus kezelés során. Másrészt, az autofágia a nélkülözhető sejtalkotók 

lebontása révén a bioszintetikus és energiatermelő folyamatok alapanyagigényéhez is 

hozzájárul, ami igen fontos lehet az aerob oxidációs metabolizmust (ún. Warburg effektus) 

folytató ráksejtek esetén. Ezzel összhangban mind kísérleti állatokban, mind pedig a 

klinikumban sikerrel alkalmazzák a klorokvin nevű, lizoszómális lebontást (és ezzel 

autofágiát is) gátló szert rákellenes kezelések során. Vagyis az autofágia a rák kialakulásának 

kezdeti lépéseit feltehetően gátolja, míg a már kialakult tumor túlélését és növekedését 

serkenti (Cheong és mtsai, 2012; White, 2012). 

 

Autofágia és öregedés 

A gerincteleneken végzett genetikai vizsgálatokhoz hasonlóan emlősök esetén is 

feltételezik azt, hogy az autofágia megfelelő szintje késlelteti az öregedés folyamatát. Ez igen 

nagy jelentőségű lehet, hiszen a sok embert érintő problémák (rák vagy neurodegenerációs 

betegségek) is jellemzően idős korban alakulnak ki. Gerinctelen és patkány kísérletek alapján 

ismert, hogy az autofágia szintje és a lebontó kapacitás egyre csökken az élet során. Az 

autofágiát indukáló kalorikus restrikció (azaz a korlátozás nélküli evéssel járó kalóriabevitel 

mintegy 60%-a) megnöveli az élethosszt mind gerinctelen, mind pedig rágcsáló modellekben. 

Fontos kiemelni azt, hogy ezekben a kísérletekben az állatok jóval tovább egészségesek is 

maradtak (Vellai és mtsai, 2009). Ezt humán epidemiológiai adatok is alátámasztják: a nem 

éhező, de szerényen táplálkozó és sok egészégesnek tartott növényi táplálékot fogyasztó 

embercsoportok (mint például az Okinawa szigetén élő japánok) különösen hosszú várható 

élettartammal rendelkeznek. Beth Levine kutatócsoportjának egyik legújabb, a napilapok 

hasábjaira is felkerült eredményei alapján a testmozgás (a vizsgált egerek esetében a 

mókuskerékben futás) autofágiát indukál (He és mtsai, 2012). Azt tapasztalták, hogy a 

testedzés hatására a Bcl-2 fehérje három meghatározott aminosav-oldalláncán foszforilálódik, 

és ez a kölcsönhatás destabilizálja a Bcl-2 Beclin-1-gyel (az Atg6 emlős homológjával) 

alkotott komplexét. Így a Beclin-1 felszabadul a Bcl-2 gátlás alól, ami hozzájárul a testedzés 

során megnövekvő autofágiához. Létrehoztak egy mutáns egértörzset ennek a vizsgálatára 

olyan genetikai módosítással (knock-in), amelyben az endogén Bcl2 fehérje normálisan az 

edzés hatására foszforilációdó három aminosavát alaninra cserélték. Így az egerek minden 

               dc_840_14



14 
 

vizsgált tekintetben (például éhezéssel indukált autofágia) vad típusra jellemző fenotípust 

mutattak, de testedzés során kevesebb autofagoszóma keletkezett a váz- és 

szívizomszövetben. Ezek az egerek cukorbetegségre és elhízásra hajlamosak, és a rendszeres 

testedzés nem javítja állapotukat (He és mtsai, 2012). Természetesen túlzás lenne minden 

életmódbeli változás öregedésre vagy egészségre gyakorolt jótékony hatását az autofágiára 

visszavezetni, de az talán már állítható, hogy a folyamat megfelelő működése fontos szerepet 

játszik az életünkben. 

Kiemelném azokat a kutatásokat amelyekben kimutatták azt, hogy egy poliamin típusú 

vegyület, a spermidin fogyasztása jelentősen megnöveli különféle élőlények élethosszát 

(köztük a legyekét is), méghozzá autofágia-függő módon, ugyanis Atg7 mutánsokra nem hat a 

spermidin etetés (Eisenberg és mtsai, 2009). A spermidin autofágia-indukáló és egyéb hatásait 

feltehetően a globális hiszton-acetiláció befolyásolásával fejti ki (Morselli és mtsai, 2011). A 

hiszton-acetiláció autofágiában és élethosszban betöltött szerepének fontosságát legújabb 

tanulmányunk is alátámasztja, amelyben külföldi együttműködő partnereinket segítve 

kimutattuk, hogy az acetil-koenzim A sejten belüli szintje szabályozza az autofágiát és az 

élethosszt különféle élőlényekben (Eisenberg és mtsai, 2014). Az acetil-koenzim A 

szintemelkedése feltehetően hiszton-acetilációs változások révén csökkenti az élethosszt és az 

Atg gének átírásának mértékét élesztő sejtekben, de ezek a hatások kivédhetők az acetil-

koenzim A szintézis gátlásával. Ezzel összhangban azt találtuk, hogy Drosophila esetén az 

acetil-koenzim A szintáz idegsejt-specifikus csendesítése megnöveli a sejtek autofág lebontó 

aktivitását és az állatok élethosszát (Eisenberg és mtsai, 2014). 

 

Az autofágia szerepe további emberi betegségekben 

Az autofágia számos egyéb élettani és patológiás folyamatban játszik fontos szerepet. A 

teljesség igénye nélkül ezek közé tartoznak a különféle miopátiák, a gyulladásos bélbetegség, 

a lizoszomális raktározási betegségek, az elhízás, a cukorbetegség és a vérképzés zavarai 

(Jiang és Mizushima, 2014). Összességében elmondható, hogy az autofág aktivitás terápiás 

célú módosítása számos új gyógymódhoz vezethet a jövőben. Emiatt nem meglepő, hogy 

gőzerővel zajlik a minél specifikusabban autofágiát gátló vagy serkentő szerek fejlesztése 

mind akadémiai, mind pedig gyógyszeripari kutatólaboratóriumokban (Cheong és mtsai, 

2012; Rubinsztein és mtsai, 2012). 

Az autofágia iránt érdeklődő olvasók figyelmét szeretném felhívni egy elektronikus 

tankönyvre, amelyet kollégáimmal közösen készítettünk MSc hallgatók részére. Ebből én a 7-

12. számú fejezeteket írtam (Juhász és mtsai, 2013). Ezekben szintén bemutattam az autofágia 

molekuláris mechanizmusait, a folyamat tanulmányozására felhasználható különféle 

vizsgálómódszereket, valamint az autofágia emberi betegségekben játszott szerepét. 
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Az autofágia szabályozása 

Először élesztő kísérletekben írták le azt, hogy a TOR kináz gátolja az autofágiát (Noda 

és Ohsumi, 1998). Későbbi mentorom, Thomas Neufeld csoportja bizonyította az 

inzulin/PI3K jelátvitel és TOR jelátviteli utak autofágiát gátló hatását Drosophila-ban (Scott 

és mtsai, 2004). Posztdoktorként kapcsolódtam be az Atg1 kináz szerepét firtató 

vizsgálatokba, melyekben azt tapasztaltuk, hogy az Atg1 túltermeltetése nemcsak autofágiát 

(majd végül apoptózist) indukál, hanem a sejtnövekedést is gátolja (Scott és mtsai, 2007). Ez 

a hatás részben a TOR aktivitásának Atg1 általi gátlásával valósul meg, ugyanis az Atg1 

túltermelés csökkenti az S6 kináz (S6K) 398-as treoninon történő, TOR általi foszforilációját. 

A későbbiekben más kutatók igazolták, hogy az Atg1/ULK kináz emberi sejtekben is gátolja a 

TOR-t, tehát ez egy evolúciósan konzervált, gátló visszacsatolási lépés (Jung és mtsai, 2011). 

Ezzel összhangban az Atg1 mutáns zsírtest sejtek viszonylagos növekedési előnnyel 

rendelkeznek a környező kontroll sejtekhez képest, ami a hosszabb távú, 2 napos éhezés 

esetén mutatkozik meg (Scott és mtsai, 2007). A TOR kináz és az autofágia kölcsönösen 

egymásra ható kapcsolatát a saját és szakirodalmi adatok tükrében egy összefoglaló cikkben is 

elemeztük (Chang és mtsai, 2009). 

A TOR és az autofágia vizsgálatokhoz kapcsolódik az az ELTE Anatómiai Tanszéken 

dolgozó munkatársaimmal közösen végzett kísérletsorozat is, amelyben kimutattuk, hogy az 

AMPK szükséges a vándorló állatok zsírtestében megfigyelhető fejlődési autofágiához 

(Lippai és mtsai, 2008). Az AMPK kétféle úton is aktiválhatja az autofágiát (Wong és mtsai, 

2013). Egyrészt a TSC1/2 komplexet foszforilálja és aktiválja, így ez a komplex serkenti a 

Rheb fehérje GTP-bontó aktivitását (melynek eredményeképp a Rheb inaktív lesz). Mivel a 

Rheb a TOR kritikus aktivátora, így az AMPK a TOR aktivitását gátolja, és így vehet részt az 

autofágia indukcióban. Másrészt az AMPK képes az Atg1/ULK1 kinázt direkt foszforiláció 

révén aktiválni. 

Sokáig nem volt világos az sem, hogy az ekdizon milyen úton váltja ki a teljes 

átalakulással fejlődő rovarok metamorfózisa kezdetén megfigyelhető, ún. fejlődési autofágiát. 

Mivel a sejtnövekedési jelátviteli utak szabályozzák az autofágiát, ezért feltételeztük, hogy ez 

a szteroid hormon az inzulin/egyes típusú PI3K út gátlása révén fejti ki autofágiát indukáló 

hatását. Ez a hipotézis a későbbi, norvég partnereinkkel együttműködésben végzett 

vizsgálataink során beigazólódott. Bizonyítottuk, hogy az inzulin/PI3K jelátvitel aktivitása 

ekdizon hatására lecsökken a vándorló, metamorfózisra készülő lárvák zsírtestében, és az 

ekdizon receptor gátlása sejt-autonóm módon megakadályozza az autofágiát (Rusten és mtsai, 

2004). 

Természetesen az autofágiát számos egyéb jelátviteli út aktivitása is szabályozza, 

gyakran sejt- vagy szövetspecifikus módon. Ezek részletes tárgyalásától azonban eltekintek, 

mivel ez túlmutatna a jelen értekezés keretein. 
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Az autofágia vizsgálata 

Az autofágia kutatásának népszerűsége az elmúlt évek, évtized során egyre növekedett, 

ami a témával kapcsolatos publikációk számának alakulásában is tetten érhető (2. ábra).  

 

 

2. ábra. Az autofágiával kapcsolatos (keresési terminus: autophag*) publikációk évenkénti 

számának alakulása a PubMed adatbázis alapján (Takats és mtsai, 2014a). 

 

Ennek következménye az is, hogy sok, akár már egy másik terület kutatásában hírnevet 

szerzett kutatócsoport fogott autofágia vizsgálatokba. Sajnos gyakran előfordul még 

manapság is, hogy bizonyos kutatók egyetlen teszt (például az Atg8/LC3 pozitív struktúrák 

száma vagy a lipidált Atg8/LC3 mennyisége) alapján igyekeznek valamilyen autofágiára 

vonatkozó következtetést levonni. Talán a legfontosabb tanács az autofágia kutatók részére 

(is), hogy a kísérletekben elengedhetetlen több, módszertanilag különböző tesztet alkalmazni. 

Az autofágia vizsgálata egy adott módszerrel azért sem lehetséges, mert a folyamat több 

lépésből áll: az aktuális autofagoszóma-szám például a képződési és lebontási ráta függvénye. 

Tehát még ha sikerül is többféle módszer alkalmazásával kimutatni az autofagoszómák 

megnövekedett számát, ennek két oka is lehet: a keletkezés ütemének fokozódása, vagy az 

autofagoszómák lizoszómákkal történő fúziójának vagy lebontásának a gátlása. Emiatt az 

évek során egyre nagyobb hangsúlyt kapott az autofág flux meghatározása, tehát hogy mennyi 

anyag bomlik le adott idő alatt az autofág-lizoszomális úton. Ez az egyik fő üzenete annak a 

2012-ben közlésre került, általános irányelveket megfogalmazó cikknek, amely az 

autofágiával foglalkozó kutatók konszenzusos véleményét igyekezett megfogalmazni 

(Klionsky és mtsai, 2012). Ennek köszönhetően a publikációnak 1269 szerzője lett, én a cikk 
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68-69. oldalán található Drosophila rész első felét írtam. A 2000-es években még viszonylag 

kevés kutató foglalkozott az autofágiával, így természetes volt az, hogy a Drosophila 

zsírtestben akkoriban alkalmazható néhány módszer részletes leírására minket kértek fel 

posztdoktori témavezetőmmel (Juhasz és Neufeld, 2008b). Szeretném megemlíteni, hogy a 

Methods folyóirat autofágia kutatással foglalkozó 2015-ös különszámába már én kaptam 

meghívást, hogy a Drosophila-ban mára elérhetővé vált vizsgálómódszereket részletesen 

mutassam be (Nagy és mtsai, 2015). A szóba jöhető technikákat az Anyagok és módszerek 

fejezetben sorolom fel. 

 

A Drosophila (ecetmuslica, gyümölcslégy) mint modellállat 

A bevezető végén szeretnék néhány általam lényegesnek gondolt tudnivalót 

megemlíteni az egész eddigi szakmai pályafutásom középpontjában álló kísérleti állatról. A 

Drosophila melanogaster egy genetikai, sejt- és fejlődésbiológiai kutatásokra több mint egy 

évszázada használt, jól bevált és még ma is népszerű modellállat. Drosophila-val foglalkozó 

kutatásokért már számos orvosi és élettani Nobel-díjat adtak: Thomas H. Morgan a 

rekombináció és az X kromoszómához kapcsolt öröklődés felfedezéséért 1933-ban, Hermann 

J. Muller a Röntgen-sugárzás indukálta mutagenezis felfedezéséért 1946-ban, Edward B. 

Lewis, Christine Nüsslein-Volhard és Eric F. Wieschaus a korai embrionális fejlődés 

genetikájának vizsgálatáért 1995-ben, míg 2011-ben Jules A. Hoffmann (megosztva) a 

veleszületett immunitás aktivációjának tanulmányozásáért részesült ebben az elismerésben. 

A Drosophila egyik legfőbb erénye, hogy a genetikai vizsgálómódszerek állatok 

körében talán legszélesebb tárháza áll rendelkezésünkre, amelyek lehetővé teszik a mutáns, 

RNS interferencia (RNSi) vagy túltermeltetéses vizsgálatok elvégzését. Különösen fontos, 

hogy a funkcióvesztéses és funkciónyeréses kísérletek térben és időben kontrollált módon 

végezhetőek, tehát gyakorlatilag bármikor bármely szövetben vagy sejtben lehetséges célzott 

génmanipulációs változtatásokat eszközölni genetikai mozaik állatokban. Fontos 

megemlíteni, hogy mozaik állatokban a genetikailag módosított sejt fenotípusát rendszerint a 

szomszédos vad típusú, kontroll sejtekéhez lehet hasonlítani, ami egészen enyhe elváltozások 

kimutatását is lehetővé teszi az állatok között megfigyelhető biológiai variabilitás 

kiküszöbölése révén. Továbbá ennek köszönhetően akár a korai embriogenezishez szükséges 

gének funkciója is vizsgálható mozaikos lárvák vagy adultok sejtjeiben és szöveteiben. 

A gyümölcslégy testfelépítése is nagyfokú hasonlóságokat mutat az emberével. Agyát 

százezer idegsejt - és ezek bonyolult hálózatokba szerveződő kapcsolatrendszere - alkotja, 

amelyek a létfenntartáshoz szükséges funkciók mellett irányítják például a hím muslicák 

párzási táncát, az alvás és ébrenlét ciklusát, és az emlékezést (Chiang és mtsai, 2011). A 

legyek vesesejtjeiben is található ultraszűrő membrán, melynek molekuláris felépítése szinte 

megegyezik az emberi podociták nyúlványai között elhelyezkedő, hasonló szerepű 

résmembránnal (Weavers és mtsai, 2009). Végül de nem utolsósorban, a kifejlett legyek 

bélhámja az emberéhez hasonlóan folyamatosan megújul, amit a bélőssejtek megfelelő ütemű, 

toxinok vagy fertőzések hatására felgyorsuló osztódása és differenciálódása biztosít (Lemaitre 

és Miguel-Aliaga, 2013). A fenti előnyöknek és hasonlóságoknak köszönhetően a Drosophila 
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genetikai analízise révén már számos esetben betekintést nyertünk emberi szempontból igen 

fontos élettani és patológiás folyamatok molekuláris mechanizmusába. 

A modellélőlényeken végzett kutatások sebességének egyik meghatározó eleme az adott 

élőlény életciklusa. Drosophila esetén a szokásos, 25°C-on végzett kísérletek esetén a 

tenyészidő mintegy 10 nap, mely morfológiailag könnyen elkülöníthető stádiumokra oszlik. 

Az embrionális fejlődést követő három lárvastádium a táplálkozás és növekedés időszaka. 

Amikor a harmadik stádiumos lárvák már elég nagyra nőttek, megkezdik vándorló 

viselkedésüket. Ezt egy kisebb vedlési hormon (ekdizon) csúcs váltja ki, a juvenilis hormon 

alacsony szintje mellett (Riddiford, 1993). A vándorlás során a lárva elhagyja addigi 

táplálkozásának helyszínét (rothadó gyümölcs vagy mesterséges táptalaj), és megfelelően 

száraz helyet keres az előbáb (puparium) kialakításához. A tulajdonképpeni lárva-báb vedlés 

csak néhány órával később, a megkeményedett és megbarnult előbáb belsejében történik meg, 

a leendő felnőtt állat kültakaróját, lábait és szárnyait kialakító, ún. imágókorongok 

kifordulásával. A metamorfózis átlagosan 4-5 napot vesz igénybe, ami alatt a poliploid, ún. 

lárvális szövetek többsége lebomlik, és a diploid sejtek osztódva és differenciálódva 

létrehozzák az imágót. A bábból kikelő legyek igen szaporák: egy fiatal, jó kondícióban levő 

nőstény muslica akár száz petét is rakhat naponta. 

A gyümölcslegyek hely- és táplálékigénye csekély, így viszonylag gyorsan és olcsón 

igen nagy számú utód vizsgálható, és az eredmények statisztikai értékeléséhez szükséges 

mintaszám könnyen elérhető . Ez azért is fontos szempont, mert ma gyakran azon múlik egy 

kutatócsoport sikere vagy akár puszta fennmaradása, hogy milyen gyorsan tud minél több és 

érdekesebb kísérleti eredményt produkálni és publikálni. 
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CÉLKITŰZÉSEK 

 

Pályafutásom során célom mindvégig az autofágia molekuláris mechanizmusának és 

szerepének minél alaposabb felderítése volt egy népszerű gerinctelen modelállat, a 

Drosophila melanogaster genetikai, molekuláris, sejt- és fejlődésbiológiai módszereken 

alapuló vizsgálatával. Az ez irányban tett erőfeszítéseim során a PhD fokozatom megszerzését 

követően első vagy utolsó szerzőként publikált cikkeim fő célkitűzéseit az alábbiakban 

foglalom össze: 

 

1. Az autofág géntermékek szerepének és transzkripciójának vizsgálata az autofág 

indukció során Drosophila-ban 

 

2. Az autofágia szerepének vizsgálata az ubikvitinált fehérjék és a p62 lebontásában, 

valamint az állatok mozgásképességében és élethosszában 

 

3. A Myc transzkripciós faktor és az autofágia viszonyának vizsgálata Drosophila-ban 

 

4. Az autofagoszóma-lizoszóma fúzióban szereplő SNARE fehérjék és a pányvázó 

komplex azonosítása és vizsgálata Drosophila-ban 

 

5. Annak elemzése, hogy a lizoszómális lebontás hibája hogyan hat a TOR kináz 

aktivitásán keresztül az autofagoszómák kialakulására 
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ANYAGOK ÉS MÓDSZEREK 

 

Rekombináns DNS technikák 

Kutatócsoportomban rutinszerűen végezzük a klasszikus, restrikciós endonukleáz emésztéssel 

(opcionálisan ezt megelőző PCR-rel - polymerase chain reaction), ligálással és E. coli sejtek 

transzformálásával történő klónozást, mivel ebben PhD és posztdoktori vizsgálataim során 

igen nagy gyakorlatot szereztem. A restrikciós helyek analízisét és primer tervezést 

rendszerint a Biology Workbench (http://workbench.sdsc.edu/) honlap segítségével végezzük. 

Emellett az Invitrogen által kifejlesztett Gateway klónozó rendszert is használjuk. Az elmúlt 

évek során több száz rekombináns plazmidot állítottunk elő, amelyeket transzgénikus legyek 

előállítására, rekombináns fehérjék létrehozására, és sejttenyészetben immunprecipitációs 

vizsgálatokra használtunk. Az általunk létrehozott DNS konstrukciók leírása a megfelelő 

publikációinkban megtalálható (Juhasz és mtsai, 2008; Juhasz és mtsai, 2007b; Nagy és mtsai, 

2014a; Nagy és mtsai, 2014b; Takats és mtsai, 2013; Takats és mtsai, 2014b). 

 

Drosophila genetika és kezelések 

Rutinszerűen alkalmazzuk az alapvető Drosophila genetikai vizsgálómódszereket, azaz 

balancer kromoszómák és domináns mutációk révén bonyolult, több recesszív mutációt, 

illetve transzgént hordozó állatokat generálunk. Új mutánsokat a széleskörben alkalmazott 

transzpozon remobilizáció során keletkező pontatlan kivágódási események PCR vagy 

Western blot alapú azonosításával hozunk létre. Mozaik állatokat csak bizonyos sejteket és 

szöveteket érintő génmanipuláció révén generálunk. A felhasznált genetikai technikák és 

tenyészkörülmények (éhezés, csak cukrot tartalmazó diéta, neomicin, paraquat vagy hidrogén-

peroxid kezelés, mászási/negatív geotaxis reflex vizsgálatok) részletes leírása a megfelelő 

publikációinkban megtalálható (Juhasz és mtsai, 2007a; Juhasz és mtsai, 2008; Juhasz és 

mtsai, 2007b; Low és mtsai, 2013; Nagy és mtsai, 2014a; Nagy és mtsai, 2014b; Nagy és 

mtsai, 2013; Takats és mtsai, 2013; Takats és mtsai, 2014b). 

 

Fluoreszcens mikroszkópia 

Rendszerint kiboncolt Drosophila szöveteket vizsgálunk, a preparátumot adott hullámhosszú 

fénnyel gerjesztve az aktiválódó molekulák által kibocsátott, megnövekvő hullámhosszú fényt 

fluoreszcens kutatómikroszkóppal detektálva. Az esetek többségében a kék, zöld és piros 

színcsatornákban fluoreszkáló jeleket rögzítünk, de sikerrel alkalmaztunk már ezekkel együtt 

egy negyedik, távoli piros színcsatornát is. A több színcsatorna felhasználásával válik 

vizsgálhatóvá különféle fehérjék kolokalizációja. Genetikai mozaik állatokban az eltérő 

genotípusú sejteket a zöld vagy piros (GFP vagy RFP) fehérje expressziója (vagy annak 

hiánya) alapján azonosítjuk. A fluoreszcens fényt gyakran riporter fehérje, illetve Lysotracker 

festéses kísérletekben a vitális festék bocsátja ki, ami lehetővé teszi az élő szövetek közvetlen 
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vizsgálatát. A bonyolultabb genotípusú törzsek létrehozásához, vagy épp a vizsgálni kívánt 

megfelelő genotípusú (például GFP-vel jelölt balancer kromoszómát nem hordozó) állatok 

kiválogatásához fluoreszcens sztereomikroszkópot használunk. Autofágia vizsgálatára 

rendszerint a zsírtestben viszonylag specifikusan autolizoszómákat jelölő Lysotracker Red 

vitális festéket, és GFP-vel vagy mCherry-vel jelölt Atg8a fúziós fehérje riportert használunk. 

Fontos különbség e kettő között, hogy előbbi döntően autofagoszómákat jelöl mivel a GFP 

inaktiválódik a lizoszómába jutva, míg az utóbbi az autofagoszómák mellett az 

autolizoszómákat is kijelöli, köszönhetően annak, hogy az mCherry a lizoszómában 

fluoreszcens marad és ott felhalmozódik. Ezt a különbséget aknázza ki a tandem, mCherry-vel 

és GFP-vel is jelölt Atg8a riporter, melynek segítségével megkülönböztethetőek a GFP+ 

mCherry+ autofagoszómák a csak mCherry+ autolizoszómáktól. A transzgénikus riportereink, 

valamint a felhasznált mikroszkópok részletes specifikációi a publikációinkban megtalálhatók 

(Juhasz és mtsai, 2007a; Juhasz és mtsai, 2008; Juhasz és Neufeld, 2008b; Nagy és mtsai, 

2015; Nagy és mtsai, 2013; Takats és mtsai, 2013; Takats és mtsai, 2014b). 

 

Indirekt immunfluoreszcencia 

A vizsgálni kívánt fehérjék elleni ellenanyag felhasználásával kémiai rögzítőszerrel fixált és 

permeabilizált Drosophila szöveteket jelölünk, majd az elsődleges ellenanyagra specifikus, 

fluoreszcensen jelölt másodlagos ellenanyag révén tesszük láthatóvá az adott fehérje 

mikroszkópikus lokalizációját. Az ilyen kísérletekben jellemően az endogén p62-t tartalmazó 

fehérjeaggregátumok, valamint az endogén Atg8a-pozitív autofagoszómák intracelluláris 

szintjének és eloszlásának vizsgálatát végezzük. Az Atg8a- és a p62-pozítív struktúrák száma 

rendszerint ellentétes irányban változik a sejtekben, mivel a p62 autofágia révén bomlik le. Ez 

alól kivétel ha az autofagoszóma-lizoszóma fúzió gátolt, hiszen ekkor Atg8a-pozitív 

vezikulák jelenlétében is felhalmozódik a p62. Az általunk használt festési protokoll részletes 

leírása a cikkeinkben olvasható (Juhasz és mtsai, 2008; Nagy és mtsai, 2014b; Pircs és mtsai, 

2012; Takats és mtsai, 2013). 

 

TUNEL esszé 

A programozott sejthalál során megfigyelhető sejtmagi DNS fragmentációt TUNEL (terminal 

deoxynucleotidyl transferase-mediated dUTP nick end labeling) esszével végeztük, a piros 

fluoreszcens jelet produkáló kit-et gyártó Roche leírása alapján (Juhasz és mtsai, 2007a; 

Takats és mtsai, 2013). 

 

Elektronmikroszkópia 

A kiboncolt Drosophila szöveteket kémiai rögzítőszerrel fixáljuk, majd ozmium-tetroxidos 

utófixálást követően műgyantába ágyazzuk. A megszilárdult blokkokban található anyag 

kifaragását követően ultravékony metszetet készítünk, és elektronmikroszkóppal vizsgáljuk a 
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minta ultrastruktúráját. A részletes protokoll a publikációinkban többször is leírásra került 

(Juhasz és mtsai, 2007a; Juhasz és mtsai, 2008; Takats és mtsai, 2013). A blokkokból 

félvékony metszetek is készíthetőek, amelyeket rendszerint valamilyen hisztológiai festés 

(például toluidinkék) felhasználásával értékelünk ki (Juhasz és mtsai, 2007a). Itt jegyzem 

meg, hogy a Drosophila szempigmentek vizsgálatakor nem feltétlenül kell festési lépést 

beiktatnunk (Lorincz és mtsai, 2015). 

 

Immun-arany jelölés 

Laborunkban a mintában található fehérjék ultrastrukturális elhelyezkedését ún. 

posztembedding módszerrel mutatjuk ki, azaz a műgyantába ágyazást követően. Ehhez az 

aralditba (ami jobb ultrastruktúrát ad, de nagyon csökkenti az immunogenitást) vagy LR 

White-ba (ami kicsit rosszabb ultrastruktúra mellett sokkal jobban megőrzi az epitópokat) 

ágyazott mintából készült ultravékony metszeteket inkubáljuk az elsődleges ellenanyaggal, 

majd ezt 5, 10 vagy 20 nanométeres aranyszemcsével konjugált másodlagos antitesttel tesszük 

elektron-mikroszkópos szinten láthatóvá. Különféle méretű aranyszemcsékkel jelölt 

másodlagos ellenanyagok felhasználásával ezt a módszert még kolokalizációs vizsgálatokra is 

fel tudjuk használni. További módszertani részletek a megfelelő cikkeinkben találhatók 

(Juhasz és mtsai, 2007a; Nagy és mtsai, 2014a; Takats és mtsai, 2013). 

 

Ellenanyag termeltetés 

Az endogén fehérjék mikroszkópos és western blot alapú vizsgálatához elengedhetetlen, hogy 

specifikus ellenanyagokat hozzunk létre, mivel Drosophila esetén a kereskedelmi 

forgalomban vagy kutató kollégáktól beszerezhető antitestek száma csekély. Sokat 

próbálkoztunk kereskedelmi szolgálatóknál kémiailag szintetizált peptidek elleni 

ellenanyagok termeltetésével, azonban 13 esetből csak egyszer koronázta siker a pénzbeli 

erőfeszítéseinket. Többszöri nekifutásra végül sikerült a Drosophila p62 (vagy más néven 

Ref(2)P) ellen egy affinitás-tisztított poliklonális nyúl ellenanyagot létrehozni a Genscript cég 

segítségével. A p62 az autofágia kutatások egyik leggyakrabban vizsgált fehérjéje, mivel 

szintje fordított arányban áll az autofág lebontással, így ez a teszt gyakran érzékenyebb, mint 

az Atg8/LC3 vizsgálata. Az ellenanyagunkat és magát a p62-alapú autofág aktivitás mérési 

módszert Drosophila-ban egy gyakran idézett cikkünkben publikáltuk (Pircs és mtsai, 2012). 

Különösen fontos az, hogy ebből az affinitás-tisztított ellenanyagból szinte korlátlan 

mennyiség áll rendelkezésünkre, mivel a korábban (az 1990-es években) leírt hasonló reagens 

már nem hozzáférhető. 

A peptid-alapú ellenanyag termeltetés viszonylagos sikertelensége miatt rekombináns 

fehérjéket használtunk a további ellenanyagaink előállításához. Ezeket patkányokba és 

tengerimalacokba injektáltuk Freund-féle adjuváns felhasználásával, illetve néhány fehérje 

esetén neonatális FcR-t túltermelő transzgénikus nyulakat immunizált számunkra az 

Immunogenes Kft. Így sikerült a Drosophila Atg1 (patkány), Atg8a (patkány és nyúl), Atg9 
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(patkány), Atg13 (patkány), Atg14 (patkány), Atg16 (a fehérje különböző régióit felismerő 

kétféle patkány), FIP200 (FAK family kinase-interacting protein of 200 kDa)/Atg17 

(patkány), TOR (patkány), Syx17 (patkány és tengerimalac), és usnp (patkány) fehérjékre a 

zárójelben jelölt gazdaállatban termeltetett ellenanyagokat előállítanunk, amelyek western 

blotra alkalmasak, valamint a patkány anti-Atg8a és anti-Syx17 immunfestésre is beváltak. 

Emellett anti-GFP és anti-mCherry ellenanyagokat is előállítottunk patkányokban, továbbá 

szegedi kollégáinkkal együttműködve tengerimalacokban is (Nagy és mtsai, 2014b; Takats és 

mtsai, 2013). 

 

Rekombináns fehérjék előállítása 

Az ellenanyag termeltetésre szánt rekombináns fehérjéket kódoló DNS szakaszt 

hagyományos vagy Gateway klónozás révén bakteriális expressziós vektorba helyezzük, majd 

Rosetta típusú E. coli sejtekben expresszáljuk. Általában a His-cimkével ellátott rekombináns 

fehérjét inszolubilis, inklúziós test formájában állítjuk elő, melyet ureában oldunk fel, nikkel 

oszlopon tisztítunk, majd dializálunk. Emellett több esetben is előállítottunk natív, szolubilis 

rekombináns fehérjéket, amelyeket szintén nikkel oszlopon tisztítottunk. Végül a kész 

fehérjepreparátumokat immunizálásra használjuk (Nagy és mtsai, 2014b; Takats és mtsai, 

2013). 

 

Western blot 

A lárvális vagy adult Drosophila fehérjemintákat vagy immunprecipitációkat poliakrilamid 

gélelektroforézis után PVDF membránra visszük át. Ezt követi az elsődleges, majd a 

rendszerint alkalikus foszfatázzal konjugált másodlagos ellenanyaggal való inkubáció. Végül 

kemilumineszcens vagy látható csapadékot adó alkalikus foszfatáz szubsztrát segítségével 

tesszük láthatóvá a kimutatni kívánt fehérjét. A különféle genotípusú (vad típusú, mutáns stb) 

és kondícióknak kitett (jól táplált, éhező, vándorló lárva, vagy adult) állatok esetén 

leggyakrabban a szelektív autofágia révén lebomló p62/Ref(2)P szintjét, és az autofagoszóma-

asszociált, lipidált Atg8a szintjét vizsgáljuk. Emellett szintén alkalmazzuk az autofág lebontás 

követésére a GFP-p62 vagy mCherry-Atg8a fehérjékből autolizoszómákban részleges 

proteolízissel keletkező, szabad GFP vagy mCherry sáv megjelenését anti-GFP vagy anti-

mCherry ellenanyagok felhasználásával végzett western blot kísérleteinkben (ezek a 

fluoreszcens fehérjék ugyanis globuláris térszerkezetük miatt sokáig ellenállnak a 

lizoszómális lebontásnak). További részletek a cikkeinkben találhatók (Juhasz és mtsai, 

2007a; Nagy és mtsai, 2014a; Nagy és mtsai, 2014b; Nagy és mtsai, 2015; Nagy és mtsai, 

2013; Takats és mtsai, 2013; Takats és mtsai, 2014b). 
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Sejttenyésztés 

Embrionális Drosophila vérsejt eredetű, szérumfüggetlen D.mel-2 (Invitrogen) sejteket a 

forgalmazó instrukciói alapján tenyésztünk. Az UAS-promóterrel kontrollált plazmidokat és 

az ezek expresszióját réz-szulfát hatására kiváltó metallothionein-Gal4 plazmidot a TransIT-

2020 (Mirus) transzfekciós reagenssel juttatjuk be a sejtekbe. A transzfekció után 2-3 nappal, 

egy éjszakán át történő fehérje kifejeződést követően dolgozzuk fel a sejteket 

immunprecipitációra (Hegedus és mtsai, 2014; Nagy és mtsai, 2014a; Nagy és mtsai, 2014b; 

Nagy és mtsai, 2013; Takats és mtsai, 2013; Takats és mtsai, 2014b). 

 

Immunprecipitáció 

Rendszerint sejttenyészetben együttesen túltermeltetett, valamilyen peptid-cimkével (HA, 

FLAG, vagy myc) ellátott fehérjék kölcsönhatását vizsgáljuk a cimkére specifikus 

ellenanyagot hordozó agaróz gyöngy felhasználásával. A kísérleti körülmények részletes 

leírása a megfelelő publikációinkban található. Emellett többször is sikerült endogén fehérjék 

közötti kölcsönhatást kimutatnunk, az adott fehérjére specifikus ellenanyag és Protein A/G-t 

hordozó agaróz gyöngy segítségével (Hegedus és mtsai, 2014; Nagy és mtsai, 2014a; Nagy és 

mtsai, 2014b; Nagy és mtsai, 2013; Takats és mtsai, 2013; Takats és mtsai, 2014b). 

 

Génexpressziós vizsgálatok 

Az egyes génekről átíródó RNS-ek szintjét a megfelelő primerek megtervezése és legyártatása 

után RT-PCR-rel (reverse transcription polymerase chain reaction) vagy QT-PCR-rel 

(quantitative/real time polymerase chain reaction) végezzük (Erdi és mtsai, 2012; Hegedus és 

mtsai, 2014; Juhasz és mtsai, 2007a; Juhasz és mtsai, 2008; Low és mtsai, 2013; Takats és 

mtsai, 2015). A genomszintű génexpressziós változások vizsgálatát az MTA SZBK 

Funkcionális Genomika csoportjával együttműködésben, az Agilent által forgalmazott, teljes 

Drosophila transzkriptómot lefedő 4X44K oligonukleotid microarray-k segítségével végeztük 

(Erdi és mtsai, 2012). A teljes adatsor a www.ebi.ac.uk/arrayexpress honlapcímen, az E-

MEXP-3352 elérési szám alapján megtekinthető. 

 

Statisztikai kiértékelés 

A mikroszkópos képek kiértékelését ImageJ (National Institutes of Health) programmal 

végezzük, melyet az adatok rendszerint SPSS (IBM) programcsomaggal való kiértékelése 

követ. Ennek során az összehasonlítani kívánt adatsorok számának és eloszlásának megfelelő 

statisztikai próbát alkalmazunk (Nagy és mtsai, 2014b; Nagy és mtsai, 2013; Takats és mtsai, 

2013; Takats és mtsai, 2014b). Az állat szintjén jelentkező fenotípusok esetén (például az 

élethossz, a paraquat-kezelés túlélése vagy a negatív geotaxis reflex analízise során) szintén 
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SPSS vagy STATISTICA programcsomagot használtunk (Juhasz és mtsai, 2007a; Nagy és 

mtsai, 2013). 

 

Publikált ábrák megszerkesztése 

A cikkeinkben található ábrák elkészítéséhez az Adobe Photoshop programját használtuk, a 

megfelelő képrészletek kivágása és feliratozása mellett az egyes színcsatornák fényerejénék 

és kontrasztjának beállítását is így végeztük. Minden efféle utólagos változtatást a teljes képre 

alkalmaztunk. 
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EREDMÉNYEK 

 

1. Az autofagoszómák kialakulását az autofág géntermékek hierarchikus hálózata 

kontrollálja Drosophila-ban, melyek transzkripciója fokozódik autofág indukció során 

 

Atg1 kináz komplex (alegységei: Atg1, Atg13, FIP200/Atg17, Atg101) szerepe az autofágia 

során 

Az autofágia kezdeti lépése rendszerint a leginkább upstream ható Atg1/ULK1 kináz 

komplex aktiválódása, melyet az Atg1 túltermeltetés autofágiát indukáló hatása is jelez (Scott 

és mtsai, 2007). Egy korábbi, élesztősejteket vizsgáló cikk szerzői kémiai gátlószeren alapuló 

eredményeik alapján azt feltételezték, hogy az Atg1 kináz aktivitása nem szükséges az 

autofágia indukciójához (Abeliovich és mtsai, 2003). Ezt a hipotézist a kutatóközösség 

szkeptikusan fogadta. Kísérleteinkben mi is azt tapasztaltuk, hogy a Drosophila Atg1 fehérje 

pontmutáns, kináz inaktív változatát túltermeltetve nemhogy autofágia indukciót nem látunk, 

de még az éhezésre adott autofág válasz is gátlódik ezekben a sejtekben (Scott és mtsai, 

2007). 

Saját kutatólaborom megalapítása után is folytattuk a Drosophila Atg gének vizsgálatát. 

Azt találtuk, hogy az Atg1 kináz komplex egy másik alegysége, a FIP200/Atg17 

túltermeltetése is fokozza az autofág aktivitást, bár kevésbé hatékonyan mint ami az Atg1 

esetén tapasztalható (Nagy és mtsai, 2014b). Ez molekulárisan az Atg1 kináz komplex 

központi alegységének, az Atg13-nak az Atg1-függő hiperfoszforilációjában is tetten érhető. 

Atg1 és FIP200/Atg17 kiesésekor viszont nagymértékben csökkent az Atg13 foszforilációja. 

Eredményeink alapján tehát elmondható, hogy éhezés hatására az Atg13 Atg1- és FIP200-

függő módon hiperfoszforilálódik, míg jól táplált állatokban az Atg13 hiperfoszforilációját 

Atg1 vagy FIP200 túltermeltetéssel is elérhetjük (Nagy és mtsai, 2014b). 

Ebben a projektben létrehoztunk FIP200/Atg17 null mutáns legyeket és kimutattuk, 

hogy a lárvális zsírtestükben mind az alapszintű, mind az éhezési, mind pedig a fejlődési 

autofágia gátolt: a szelektív autofág szállítmány p62 felhalmozódik a sejtekben, nem 

alakulnak ki Lysotracker- és mCherry-Atg8a-pozitív autofág struktúrák, és 

elektronmikroszkóppal vizsgálva mind az autofagoszómák, mind pedig az autolizoszómák 

hiányoznak (Nagy és mtsai, 2014b). Ezen felül a mutánsok nyálmirigyének metamorfózis 

során történő hisztolízise, és a lárvális bél eliminálása is zavart szenvednek (Nagy és mtsai, 

2014b). Transzgénikus FIP200/Atg17-GFP expressziójával menekíteni tudtuk a mutánsunk 

autofágia hibáját és késői báb letalitását, és arra is figyelmesek lettünk, hogy a FIP200/Atg17 

fehérje éhezés során a lizoszómák körül található autofág szállítmány, a p62 fehérje 

aggregátumaival kolokalizál. Ez különösen érdekes abból a szempontból, hogy élesztőben a 

fagofór kialakulása mindig a vakuólum (lizoszóma) felszínén, egy élesztőre jellemző szelektív 

autofág szállítmány, a pro-Ape1 aggregátumain történik (Scott és mtsai, 2000), hiszen így az 
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autofagoszóma képződés helye és mikéntje is evolúciósan konzervált lehet, még ha a konkrét 

molekuláris lépések némileg különböznek is. 

Végezetül immunprecipitációs kísérletekben térképeztük az Atg1, Atg13 és 

FIP200/Atg17 fehérjék kölcsönhatásait. Azt találtuk, hogy az Atg13 erősen köti mindkét 

partnerét: C-terminálisa az Atg1-hez, míg feltehetően több régiója is a FIP200/Atg17-hez 

asszociál. Ezzel szemben az Atg1 és FIP200/Atg17 kölcsönhatása ezekben a kísérleteinkben 

alig volt kimutatható (Nagy és mtsai, 2014b). 

Az Atg1 kináz negyedik alegységét, az Atg101-et is vizsgáltuk kutatócsoportommal. 

Kimutattuk, hogy az Atg101 gén csendesítése szintén megakadályozza az éhezéssel kiváltott 

autofágiát a gátolt autolizoszómális Lysotracker festődés, továbbá az endogén Atg8a által 

jelölt autofagoszómák hiánya alapján, melyet elektron mikroszkópos vizsgálataink is 

igazoltak (Hegedus és mtsai, 2014). Emellett a p62 is felhalmozódik az Atg101 RNS 

interferenciás sejtekben, jelezve a szelektív autofágia hibáját. 

Az Atg101 fehérje és az Atg1 kináz komplex többi tagja közötti potenciális 

kölcsönhatásokat immunprecipitációs kísérletekben térképeztük. Azt találtuk, hogy az Atg1 

több régiója is köthet az Atg101-hez, míg az Atg13 fehérje N-terminális HORMA (Hop1p, 

Rev7p and MAD2) doménje mutatott erős kölcsönhatást az Atg101-gyel. Mivel a HORMA 

domének dimerizálódni képesek, ezért bioinformatikai módszerekkel próbáltuk megjósolni az 

Atg101 fehérje térszerkezetét, ami a várakozásainknak megfelelően szintén HORMA 

doménnek mutatkozott (Hegedus és mtsai, 2014). Ezt a predikciónkat azóta kristályszerkezeti 

vizsgálatokkal kísérletesen igazolták, mindkét cikkben idézve a mi munkánkat (Michel és 

mtsai, 2015; Suzuki és mtsai, 2015). 

 

A Vps34 lipid kináz szerepe az autofágia során 

Az autofág indukció során a Vps34 lipid kináz komplex (alegységei a Vps34, Vps15, 

Atg6/Beclin-1, és az Atg14 vagy az UVRAG fehérjék) aktivációja kulcsfontosságú. Ez a 

fehérjekomplex azonban az endoszómák érésében és a lizoszómába irányuló bioszintetikus 

transzportfolyamatokban is szerepet játszik (Kihara és mtsai, 2001). Ugyanakkor egy humán 

sejttenyészeti munkában leírták, hogy a Vps34 szükséges a TOR kináz aminosavak általi 

aktivációjához is, ami igen meglepő felfedezés volt (Nobukuni és mtsai, 2005). Ez utóbbi 

megfigyelés motiválta arra poszdoktori témavezetőmet, hogy a Vps34 szerepét Drosophila-

ban vizsgáljuk, mivel ő a sejtnövekedésben és sejtosztódásban szereplő jelátviteli utak 

tanulmányozását követően kezdett autofágia vizsgálatokba, és a TOR kináz aktivációjának 

szabályozását hosszú ideje kutatta akkor már (Zhang és mtsai, 2000). 

Kísérleteinket Vps34 null mutáns, és domináns-negatív Vps34-et túltermelő állatok 

létrehozásával kezdtük. Igazoltuk, hogy ezekben a funkcióvesztéses sejtekben a Vps34 

terméke, a foszfatidil inozitol 3-foszfát (PI3P) nem mutatható ki a széleskörben erre a célra 

használt GFP-2xFYVE (Fab1, YOTB, Vac1 and EEA1) doménből álló riporterrel (Juhasz és 

mtsai, 2008). Kimutattuk, hogy a Vps34 szükséges az autofagoszómák kialakulásához, mivel 
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hiányában nem alakultak ki GFP-Atg8a-pozitív autofagoszómák és Lysotracker-pozitív 

autolizoszómák éhezéskor, amit ultrastrukturális vizsgálatokkal is megerősítettünk. A 

komplex egy másik alegységének, a Vps15-nek egy korábban leírt mutációja szintén gátolta 

az autofágiát (Juhasz és mtsai, 2008). 

Felmerült a kérdés, hogy a Vps34 vajon az endocitózisban játszott szerepe révén 

szükséges-e az autofagoszómák kialakulásához. Hipotetikusan a Vps34 hiányában megrekedő 

endoszóma érés okozhatná azt, hogy a képződő autofagoszómák nem kapnak membránt az 

endoszómák felől. Ezt úgy vizsgáltuk, hogy a késői, multivezikuláris endoszómák 

kialakulásához szükséges ESCRT (endosomal sorting complex required for transport) 

komplexek működését gátoltuk Vps28 és Vps25 mutációk révén. Az ESCRT-hiányos 

sejtekben viszont felhalmozódtak az autofagoszómák GFP-Atg8a és ultrastrukturális 

vizsgálatok alapján, ami arra utalt, hogy a Vps34 más, specifikus szerepet játszik az 

autofagoszóma kialakulásban (Juhasz és mtsai, 2008). Meglepetésünkre a Vps34-ESCRT 

kettős mutáns sejtekben is találtunk autofagoszómákat. Ennek oka az lehet, hogy Vps34 

hiányában is képződhet valamennyi autofagoszóma, ami az ESCRT hibájakor nem tud 

amfiszómává, illetve autolizoszómává alakulni. Persze az is elképzelhető, hogy egyszerűen az 

anyai géntermék az ESCRT alegységek esetében hamarabb elfogy, mint a Vps34 esetében. 

Ezt a feltevést sajnos megfelelő ellenyagok hiányában nem tudtuk vizsgálni. 

A Vps34 lipid kináz enzim terméke, a PI3P foszfolipid nemcsak autofagoszómákon 

hanem endoszómákon is jelen van élesztő és emlős sejtekben. Ezzel összhangban azt láttuk, 

hogy a Vps34 szükséges az endocitózissal felvett, Texas Red-jelölt avidint hordozó 

endoszómák éréséhez, valamint a Vps34 mutáns szemdiszkusz sejtekben a Notch receptor 

felhalmozódik, mivel gátolt az endolizoszomális lebontása (Juhasz és mtsai, 2008). 

Bemutattuk, hogy a jelenlegi tudásunk szerint egymástól jórészt függetlenül kialakuló, ám 

PI3P-re pozitív endoszómák (amiken a Rab5-GFP is kimutatható) és autofagoszómák (amiken 

a GFP-Atg8a is kimutatható) keletkezése jól követhető a lárvális Drosophila zsírtestben: jól 

táplált állatokban főleg endoszómákat látni, méghozzá jellemzően a sejtmag körül, míg 

éhezéskor a citoplazmában elszórtan jelennek meg az autofagoszómák (Juhasz és mtsai, 

2008). Ez arra utal, hogy a Vps34 aktivitás helye megváltozik éhezés hatására. 

Megjegyzendő, hogy az élesztő adatokhoz hasonlóan Drosophila sejtek esetén is azt 

tapasztaltuk, hogy a lizoszómákon lokalizálódó vagy azokon keresztül transzportálódó 

fehérjék eloszlása is megváltozik Vps34 hiányában. Például a LAMP1-GFP riporter a Vps34 

mutáns sejtek perifáriáján halmozódik, és a spinster fehérje normálisan főleg 

plazmamembránban látható lokalizációja intracelluláris vezikulák irányába tolódik el (Juhasz 

és mtsai, 2008). 

 

PI3P effektorok és kölcsönható partnereik szerepe az autofágia során 

Kutatócsoportommal folytattuk a PI3P autofágiában játszott szerepének megértését 

célzó vizsgálatokat. A Vps34 termékéhez, a PI3P-hez több fehérje is képes kötni. A legjobban 

ismert ilyen foszfolipid effektor az Atg18, mely élesztőben az Atg2-vel együtt szabályozza az 
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Atg9 transzmembrán fehérje transzportját (Mizushima és mtsai, 2011). Az Atg18 egy WD40 

ismétlődéseket hordozó, béta-propeller szerkezetű domént tartalmazó fehérjecsaládba tartozik. 

Az Atg18 homológjai emlősökben a WIPI1-4 fehérjék. Drosophila-ban is három élesztő 

Atg18-hoz hasonló fehérje található, és ezek egyikéről, a Drosophila Atg18a-ról leírták, hogy 

szükséges az éhezési és a fejlődési autofágiához (Berry és Baehrecke, 2007; Scott és mtsai, 

2004). 

Érdekes módon azt tapasztaltuk, hogy a Drosophila Atg18a mutánsok fenotípusai 

különböznek az Atg2 mutánsokétól, mivel Atg8a-pozitív struktúrák csak az utóbbiak esetében 

alakulnak ki (Nagy és mtsai, 2014a). A későbbiekben ultrastrukturális vizsgálatokkal 

igazoltuk, hogy ezek a struktúrák fagofórok, amelyek nem képesek autofagoszómává záródni 

Atg2 hiányában (Nagy és mtsai, 2015). Az Atg9 fehérje is csak Atg2 (és Atg7 vagy Atg8a) 

mutánsokban halmozódik fel a p62 aggregátumokon, Atg18a vagy Vps34 mutáns állatokban 

nem (Nagy és mtsai, 2014a). Eredményeinkkel részben átfedő fenotípusokról számoltak be 

férgekkel és humán sejtekkel foglalkozó kutatók is (Lu és mtsai, 2011; Polson és mtsai, 

2010). Mindezek alapján elmondható, hogy az Atg18 csak élesztő esetén tölt be az Atg2-hez 

hasonló szerepet az autofagoszóma képződése során. 

 

Ubikvitin-szerű protein konjugációs rendszerek szerepe az autofágia során 

Az autofágiában szereplő ubikvitin-szerű fehérjék (Atg8a, Atg12, valamint az Atg5 

melynek két ilyen doménje is van) és a kovalens konjugációjukhoz szükséges enzimkaszkád 

(Atg4, Atg7, Aut1/Atg3, Atg10, Atg16) közül többet is vizsgáltunk. Talán nem meglepő az 

eddig leírtak alapján, hogy az Atg7, Atg8a és Atg3 mutációja, és az Atg8a vagy az Atg16 

gének csndesítése is az autofágia gátlását okozta az eddigiekben használt tesztjeinkben 

(Juhasz és mtsai, 2007a; Pircs és mtsai, 2012; Scott és mtsai, 2007). Az autofagoszómák 

kialakulásához fontos az Atg8 családba tartozó fehérjék lipidációja, azaz foszfatidil-

etanolaminhoz (PE) történő kovalens konjugációja. Ennek első lépése az, hogy az Atg4 

cisztein proteáz levágja az Atg8 C-terminusán található néhány aminosavat. Ezzel a limitált 

proteolízissel kerül a fehérje C-terminusára a további konjugációs lépésekben (E1: Atg7, E2: 

Atg3, E3: Atg5-12-16 komplex, és végül a PE molekula) részt vevő glicin. Szeretném e 

helyütt megemlíteni, hogy fiatal kutatócsoport-vezetőként még időm nagy részét a laborban 

dolgozva töltöttem, és sikerrel hoztam létre az Atg4 domináns-negatív transzgént túltermelő 

legyeket. Ennek az overexpressziója meggátolta az autofágiát Lysotracker festés, p62 

felhalmozódás és ultrastrukturális vizsgálatok alapján (Pircs és mtsai, 2012). 

Az autofág mutánsok és fehérje-lokalizációk vizsgálata során egyik említésre méltó 

megfigyelésünk az volt, hogy a bizonyos gének elveszésekor felhalmozódó, feltehetően 

fejlődésükben megrekedt autofág struktúrákon bizonyos, általunk korai, azaz upstream 

működésűnek gondolt fehérjék felhalmozódnak. Ez ugyan nem egy klasszikus episztázis 

analízis, azonban az autofágia kutatók körében gyakran használt és elismert módszer. Például 

az Atg7 vagy Atg8a mutáns sejtekben szembetűnő a FIP200/Atg17 felhalmozódása a szelektív 

autofág szállítmány p62 aggregátumain (Nagy és mtsai, 2014b). 
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Az autofágiában szereplő gének átírása fokozódik autofágia során 

Az autofágia szabályozása kapcsán sokan még ma is főként az Atg fehérjék 

poszttranszlációs módosításaira (pl. foszforiláció) fókuszálnak, pedig egyre inkább világossá 

válik, hogy ezen gének transzkripciója is jelentősen megváltozhat különböző hatásokra 

(Fullgrabe és mtsai, 2014). PhD disszertációm részét képezte az a szegedi kollégákkal 

közösen végzett nagyléptékű génexpressziós vizsgálat, melyben táplálkozó és vándorló lárvák 

zsírtest mintáit hasonlítottuk össze. Mivel az mRNS szintváltozásokat ott részletesen 

taglaltam, itt most csak annyit említek meg, hogy vándorláskor jónéhány Atg gén (például az 

Atg8a) átírása fokozódik a zsírtestben. 

A Forkhead transzkripciós faktor családba tartozó FOXO (Forkhead box O) fehérjéket 

akut mieloid leukémia és rhabdomioszarkóma betegek kromoszomális transzlokációinak 

vizsgálata során írtak le először. Később kiderült, hogy az emlősökben redundáns FOXO 

gének Caenorhabditis (DAF-16) és Drosophila (Foxo) homológja kritikus szerepet játszik az 

élethossz szabályozásában: a PI3K sejtnövekedési út hibája esetén megfigyelhető élethossz 

növekedéshez a Foxo elengedhetetlen férgek és legyek esetén is (Kenyon és mtsai, 1993; 

Yamamoto és Tatar, 2011). Egyesült Államokban végzett posztdoktori vizsgálataim során 

fedeztem fel a Foxo autofágia indukcióban betöltött kritikus szerepét. A vándorló zsírtestben 

represszálódó FKBP39 (FK506-binding protein of 39 kDa) gén termékének túltermeltése 

gátolja az autofágiát Lysotracker és elektron mikroszkópos tesztek alapján, és egyúttal 

éhezéskor megakadályozza a Foxo transzlokációját a citoplazmából a sejtmagba. Ezek az 

adatok azt sugallták, hogy a Foxo szerepet játszhat az autofágia indukciójában. Valóban azt 

találtam, hogy Foxo mutáns Drosophila lárvákban az éheztetéssel indukált autofág válasz 

gátolt, míg a Foxo túltermeltetése önmagában is elég az autofágia indukciójához a zsírtestben 

autolizoszómákat kimutató Lysotracker festések alapján (Juhasz és mtsai, 2007b). 

A Foxo autofág szerepéről szóló cikkem sikerén felbuzdulva első önálló kutatási 

pályázatom, egy posztdoktori OTKA projekt keretében szegedi kollégáinkkal ismét végeztünk 

egy - most már a teljes genomra kiterjedő - génexpressziós vizsgálatot. Azt tapasztaltuk, hogy 

éhezés hatására is megnő az autofágiában szereplő gének többségének mRNS szintje, mind 

vad típusú, mind pedig Atg1 vagy Atg7 mutáns lárvákban (Erdi és mtsai, 2012). Ez a változás 

leginkább az ubikvitin-szerű Atg8a és Atg8b, valamint az Atg9 transzmembrán fehérjét és 

kölcsönható partnereit kódoló gének esetén szembeötlő (3. ábra). Érdekes módon azt találtuk, 

hogy az Atg1 és az Atg7 mutáns lárvákban a DNS replikációban szereplő gének expressziója 

csökken a vad típusú kontrollhoz képest, ami arra utal, hogy autofágia hiányában éhezéskor 

gátlódik a sejtosztódás, illetve poliploidizáció. Természetesen az éhezés során rengeteg gén 

transzkripciója megváltozik, nem csak az Atg géneké. Ezen, feltehetően autofágiától független 

változások részletezésétől itt most eltekintek, elemzésük a cikkünkben olvasható (Erdi és 

mtsai, 2012). A génexpressziós vizsgálatokat követő kísérletek során bizonyítottuk az 

indukálódó gének egyikáről, a Rack1-ről (receptor of activated protein kinase C 1), hogy az 

éhezéssel kiváltott megfelelő autofág válaszhoz szükséges Lysotracker festés és 

ultrastrukturális vizsgálatok alapján. Ezzel összhangban kimutattuk, hogy a Rack1 fehérje a 
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korai autofág struktúrákon megtalálható: kolokalizál a GFP-Atg8a-val és immun-arany jelölés 

alapján jelen van a fagofórokon és autofagoszómákon. Ezen felül azt találtuk, hogy a Rack1 a 

cukoroldatban történő éheztetés során képződő glikogénszemcsék kialakulásában is szerepet 

játszik (Erdi és mtsai, 2012). 

 

 

 

3. ábra. Az autofágia központi mechanizmusában részt vevő gének mRNS szintjének 

változása éhezés hatására vad típusú, Atg7 mutáns és Atg1 mutáns Drosophila lárvákban. 

További magyarázat a szövegben és a kapcsolódó cikkünkben olvasható (Erdi és mtsai, 

2012).  

               dc_840_14



32 
 

2. Az autofágia szükséges az ubikvitinált fehérjéket és p62-t tartalmazó aggregátumok 

lebontásához, és hibája mozgásképtelenséget és rövid élethosszt okoz Drosophila-ban 

 

A metamorfózis során az autofágia nagymértékű indukciója figyelhető meg a lárva 

testtömegének többségét adó poliploid sejtekben. Feltételezések szerint ez a folyamat azt 

szolgálja, hogy a poliploid sejtekben felgyülemlett biomassza és energia a kifejlett imágót 

kialakító diploid sejtekbe helyeződjön át (Mulakkal és mtsai, 2014). Ennek fényében roppant 

meglepő volt az a felfedezésem, hogy az általam létrehozott Atg7 null mutáns legyek 

életképesek: csupán a metamorfózis mintegy 4 napos időtartamához adódik hozzá 4 óra 

(Juhasz és mtsai, 2007a). Itt jegyzem meg, hogy null mutánst csak másodszori nekifutásra 

tudtam izolálni, ugyanis poszdoktori témavezetőmmel teljes mértékben meg voltunk 

győződve arról, hogy a gén hiánya letális lesz. Mivel erre a feltételezett letális fenotípusra 

támaszkodtam (volna) a mutáns vonalak keresése során, így csak a szomszédos, szekrécióhoz 

nélkülözhetetlen Sec6 gént, vagy mindkét gént (Sec6 és Atg7) érintő deléciókat tudtam 

azonosítani. Szerencsére ez nem tántorított el a további, immáron sikeres próbákozástól. Ez jó 

tanulságként szolgált a további, immár kutatócsoport-vezetőként irányított munkákban is, 

hiszen az elmúlt években sikerrel hoztunk létre homozigóta életképes null mutánsokat további 

Drosophila központi autofág gének esetén: az Atg3, Atg5, Atg9 és az Atg16 gének deléciója 

sem okoz letalitást, bár a kikelő imágók életképessége már igen változó: az Atg3 mutáns 

állatok például gyakran pusztulnak el a bábállapot végén, a kikelés során. Ezen új mutánsaink 

vizsgálata jelenleg folyamatban van, még nem publikáltuk egyiket sem. 

Mint már korábban említettem, az Atg7 egy ubikvitin-aktiváló E1 enzimhez hasonló 

fehérje. Az Atg7 mindkét kisméretű, ubikvitin-szerű fehérje (Atg8 és Atg12) konjugációjának 

aktivációs lépésében szerepel, ezért választottam posztdoktori kutatásaim alanyának. 

Természetesen az Atg7 hiányában mind az éhezés indukálta, mind pedig a fejlődési autofágia 

gátlását láttuk az autofagoszómális GFP-Atg8a és az autolizoszómális Lysotracker jel hiánya, 

valamint ultrastrukturális vizsgálatok alapján (Juhasz és mtsai, 2007a). Érdekes módon azt 

láttuk, hogy a lárvális bél metamorfózis során megfigyelhető zsugorodásához az Atg7 nem 

igazán szükséges, ami szintén egy nem várt megfigyelés volt, tekintve hogy az autofágia 

poliploid lárvális szervek eliminációjában játszott potenciális szerepét feltételezni lehetett. 

Az Atg7 mutáns imágók életképessége megkönnyítette vizsgálatukat, hiszen olyan 

teszteket is el tudtunk végezni amikhez adult legyek szükségesek. Az imágók éhezés hatására 

a kontrol állatokhoz képest hamarabb elpusztultak, és a különféle oxidációs károsodásokat 

okozó kezeléseket (parakvat, hidrogén-peroxid) is kevésbé tolerálták, ami az Atg7-függő 

autofágia jótékony hatásaira utal. Ezen felül a mutánsok élethossza is jelentősen csökkent: az 

állatok fele átlagosan már 31 napos korukra elpusztult, míg a vad típusú kontrol esetén ez az 

érték 43 napnak adódott. A mutánsok 30 napos korukra (ami nagyjából középkorúnak 

tekinthető) már igen rosszul teljesítettek a neuromuszkuláris rendszer állapotát felmérő 

negatív geotaxis reflexet vizsgáló, ún. mászási tesztekben. Ekkor az idegsejtek többsége már 

pusztulófélben volt, mivel sejtmagi DNS állományuk fragmentálódott, ami megmagyarázza, 

hogy miért nem képesek már mászni ezek az állatok (Juhasz és mtsai, 2007a). 
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Kimutattuk továbbá az Atg7 mutáns imágók neuronjaiban az ubikvitinált fehérjéket 

tartalmazó aggregátumok felhalmozódását mind western blot kísérletben, mind pedig 

ultrastrukturális szinten immun-arany jelöléssel (4. ábra) (Juhasz és mtsai, 2007a). 

Feltehetően az abnormális, lebontásra kijelölt fehérjék akkumulációja ok-okozati viszonyban 

van a neuronok funkcióvesztésével és pusztulásával. 

 

 

 

4. ábra. Az ubikvitinált fehérjék lebontásához szükséges az autofágia. A Atg7 mutáns 

legyek idegsejtjeiben az ultrastrukturális kép alapján homogén szürkének látszó 

fehréjeaggregátumok halmozódnak fel (csillaggal jelölve). B Ezek az inklúziós testek 

ubikvitinált fehérjéket tartalmaznak az anti-ubikvitin elsődleges és 10 nm átmérőjű 

aranyszemcsékkel jelölt másodlagos ellenanyagokkal végzett immun-arany kimutatás alapján 

(fekete pöttyök a csillaggal jelölt aggregátum területén) (Juhasz és mtsai, 2007a). 

 

Vizsgálataink az akkortájt közölt, neuronspecifikus Atg7 és Atg5 génkiütött egerekről 

szóló publikációkkal együtt nemcsak megalapozták az alapszintű autofágia evolúciósan 

konzervált neuroprotektív hatását, hanem arra is rámutattak, hogy az autofágia az ubikvitinált 

fehérjék lebontásához nélkülözhetetlen, tehát ezt a feladatot a proteaszóma önmagában nem 

képes ellátni (Hara és mtsai, 2006; Komatsu és mtsai, 2006). A két fehérjebontó rendszer 

szoros kapcsolatával összhangban a kutatócsoportomban végzett későbbi vizsgálatainkban azt 

tapasztaltuk, hogy a proteaszóma genetikai inaktiválása - emlős sejtekhez hasonlóan - 

Drosophila-ban is kompenzáló autofágiát indukál (Korolchuk és mtsai, 2010; Low és mtsai, 

2013). 

Mind az autofág, mind pedig a proteaszomális lebontás gátlásakor a sejtekben 

felszaporodnak az ubikvitinált fehérjéket tartalmazó aggregátumok. Ezekben az inklúziós 

testekben az evolúciósan konzervált p62 fehérje is megtalálható, melyet emlősökben SQSTM-

1, Drosophila-ban pedig Ref(2)P (Refractory to sigma P) névvel is illetnek. Az autofágia 
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gátlásakor felhalmozódó p62 szintjének mérése igen gyorsan az egyik leggyakrabban használt 

tesztté vált tenyésztett emlős sejtekben (Bjorkoy és mtsai, 2009). Emiatt nem volt meglepő, 

hogy az általunk előállított Drosophila p62 ellenanyaggal legyekben is kiválóan tudtuk 

követni az autofágia hibáját western blot és indirekt immunfluoreszcenciás jelölést követő 

mikroszkópos kísérleteinkben (Pircs és mtsai, 2012). Ezen módszerek alapvető fontosságának 

és a kiváló reagensünknek köszönhetően p62 ellenanyagunkat kérések alapján eddig több 

mint 50 kutatócsoportnak küldtük el, és természetesen minden ezt követően publikált 

kísérletes cikkünkben használtuk. 

Szakirodalmi adatok alapján tudtuk, hogy p62 hiányában Atg mutáns sejtekben nem 

alakulnak ki ubikvitinált fehérjeaggregátumok sem Drosophila, sem pedig emlősök esetén 

(Komatsu és mtsai, 2007; Nezis és mtsai, 2008). Megfigyeléseink szerint a p62 az Atg8a 

mellett egyéb Atg fehérjékkel is kölcsönhatásba léphet. Feltehetően ennek köszönhető amit a 

kutatócsoportomban végzett kísérleteinkben tapasztaltuk: azt láttuk ugyanis, hogy a 

genetikailag később, downstream ható Atg génekre mutáns sejtekben a fagofór képződésben 

ismereteink szerint korábban, azaz upstream ható Atg fehérjék a p62 aggregátumokon 

halmozódnak fel, az Atg9 transzmembrán fehérjét hordozó vezikulumokkal együtt. Ezt mind 

fluoreszcens mikroszkópos kolokalizációs, mind pedig immun-arany jelölést követő 

ultrastrukturális eredményeink is alátámasztják (Nagy és mtsai, 2014a; Nagy és mtsai, 2014b; 

Nagy és mtsai, 2015). Ez felveti annak a lehetőségét, hogy ezek a p62-t és ubikvitinált 

fehérjéket tartalmazó aggregátumok az autofagoszóma képződés helyeként (platform) 

szolgálhatnak, tehát egy abnormális, fejlődésében megrekedt és ezért óriásira növekvő 

autofagoszóma összeszerelődési helynek tekinthetők. 

A későbbiekben részletesen tárgyalt autofagoszóma-lizoszóma fúzióhoz szükséges 

fehérje, a Syntaxin 17 hiányában szintén a lebontatlan p62 felhalmozódását láttuk, valamint 

mozgásképtelenség alakul ki és drasztikusan lerövidül az állatok élethossza (Takats és mtsai, 

2013), összhangban a központi Atg géneket érintő mutációk hatásával. 

 

3. Az ER stressz-indukált autofágia szükséges a Myc túltermeltetés által fokozott 

sejtnövekedéshez Drosophila-ban 

 

Új, autofágiát szabályozó gének azonosítása egy nagyléptékű genetikai 

szűrővizsgálatban 

2009 őszén kezdtünk el egy nagy léptékű genetikai szűrővizsgálatot, amelyet az önálló 

laborom megalapítását támogató Wellcome Trust finanszírozott. A projekt során a konzervált 

genom több mint 90%-át teszteltük, tehát az egyértelmű humán homológgal rendelkező 

Drosophila gének nagy részét megvizsgáltuk abból a szempontból, hogy RNS 

interferenciával történő csendesítésük befolyásolja-e az éheztetéssel indukált autofágiát. Ezt a 

széleskörben használt és már jól bevált klonális analízis segítségével teszteltük, tehát GFP-vel 

jelölt RNSi sejtek fenotípusát hasonlítottuk a szomszédos kontroll sejtekéhez, mCherry-Atg8a 
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riporter felhasználásával. Mivel a közel 8000 tesztelt RNSi vonal közül mintegy 1000 

esetében láttuk az mCherry-Atg8a jel szám-, méret- vagy intenzitásbeli csökkenését vagy 

növekedését, ezért ezeken a potenciális jelölteken további teszteket végeztünk. Többek között 

vizsgáltuk a zsírtestben autolizoszómákat jelölő Lysotracker Red festődést, a 

fehérjeaggregátumok számát anti-p62 immunjelöléssel, valamint az autofág flux teszthez 

széleskörben használt riporter, az mCherry-GFP-Atg8a fehérje eloszlását (Kimura és mtsai, 

2007). Az endogén Atg8a ugyanis az autofagoszómák belső membránjához is köt, ezért fúziót 

követően az autolizoszómában lebomlik. A fúziós riporter-fehérje esetén az mCherry 

viszonylag hosszú ideig fluoreszcens marad a lizoszómák belsejére jellemző savas pH-n és 

ellenáll a hidrolázoknak is, ezért autofágia során az autolizoszómákban felhalmozódik. Ezzel 

ellentétben a GFP savas pH-n gyorsan inaktiválódik, így egy kettős, tandem fúziós riporterrel 

vizsgálva kontroll sejtekben az autofagoszómák GFP és mCherry pozitívak, míg az 

autolizoszómák mCherry pozitívak és GFP negatívak lesznek. A különféle tesztek során 

készült mikroszkópos képek kiértékelése minden esetben úgy történt, hogy a párhuzamosan 

értékelő három doktorandusz hallgatóm nem ismerte sem az adott genotípust, sem pedig a 

társai által adott pontszámokat. Az ebben a szűrővizsgálatban azonosított gének (mint például 

a Myc, Syx17, usnp, Vamp7, és a HOPS pányvázó komplex alegységeinek génjei) analízise 

már jónéhány cikkünk alapjául szolgált, amelyeket a következő fejezetekben részletesebben 

tárgyalok. 

 

A Drosophila Myc szükséges az autofágiához 

Nagy léptékű genetikai szűrővizsgálatunkban azt találtuk, hogy a Myc gén csendesítése 

gátolja az éhezéssel kiváltott autofágiát a lárvális zsírtestben. A Myc-Max komplex egy 

heterodimer transzkripciós faktor, és a sejtnövekedésben szerepet játszó gének 

transzkripcióját fokozza a promóter régiókban található E-box szekvenciához kötődve. Ezt a 

hatást a transzkripciós represszorként működő Mad-Max komplex képes antagonizálni. 

További vizsgálatainkban kimutattuk, hogy Myc RNS interferenciával történő gátlása, vagy a 

Mad overexpressziója gátolja az alapszintű és az éhezés-indukálta autofágiát anti-p62, 

Lysotracker és anti-Atg8a festések alapján. Ezt Myc null mutáns állatok vizsgálatával is 

megerősítettük, szintén Lysotracker és ultrastrukturális vizsgálatokkal (Nagy és mtsai, 2013). 

 

A Myc ER stressz kiváltása révén fokozza az autofág aktivitást 

Mivel a Myc humán homológja egy onkogén és túlműködése a rák kialakulásának az 

egyik leggyakoribb kiváltó oka, ezért funkciónyeréses vizsgálatokat is végeztünk. Ismert volt, 

hogy a Drosophila Myc overexpressziója látványosan fokozza mind a poliploid, mind pedig a 

diploid sejtek növekedését (Pierce és mtsai, 2004). Mi azt tapasztaltuk, hogy a Myc 

túltermeltetése mindkét sejttípusban autofágiát indukál a megnövekvő Lysotracker és anti-

Atg8a festés, valamint mCherry-Atg8a riporter pöttyök megjelenése alapján. A mechanizmus 

felderítését keresve kimutattuk, hogy Myc túltermelés hatására a feltehetően nem megfelelő 

térszerkezetű fehérjék endoplazmás retikulumban történő felhalmozódása ER stresszt vált ki, 
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melyet a PERK kináz szubsztrátjának, az eIF2α-nak (Eukaryotic Initiation Factor 2α) a 

foszforilációja jelez. Ez mind western blot, mind pedig immunjelöléses mikroszkópos 

vizsgálatainkban egyértelmű volt (Nagy és mtsai, 2013). Az ER stressz szignalizációban 

szereplő PERK (protein kinase RNA-like endoplasmic reticulum kinase) gén csendesítése, 

vagy a kináz aktivitását antagonizáló Gadd34 (growth arrest and DNA damage-inducible 

protein) foszfatáz túltermeltetése valóban megakadályozta a Myc-indukált autofágiát az 

mCherry-Atg8a riporter pöttyszerű eloszlásának gátlása alapján. 

 

A Myc-indukált ER stressz-autofágia útvonal szükséges a fokozott sejtnövekedéshez 

Amennyiben a PERK-eIF2α jelátvitelt gátoltuk, az megakadályozta a Myc-indukált 

sejtnövekedést (Nagy és mtsai, 2013). RNS interferencia kísérletek és mutánsok, valamint a 

klinikai terápiában is használt lizoszomális lebontást gátló drog (klorokvin) felhasználásával 

kimutattuk, hogy az autofágia gátlásakor a Myc sem a poliploid, sem pedig a diploid sejtek 

növekedését nem képes fokozni. Ugyanakkor az autofágia vagy a PERK-eIF2α útvonal 

gátlása a normál sejtek növekedését nem változtatta meg számottevően. Ezekből a 

kísérletekből azt a következtetést vontuk le, hogy az ER stressz jelátvitel és az autofágia 

szükségesek a Myc-indukált túlnövekedéshez, azonban a vad típusú sejtek növekedését nem 

befolyásolják (Nagy és mtsai, 2013). Kísérleteink eredményeinek sematikus összefoglalását 

az 5. ábra mutatja be. 

 

 

 

5. ábra. A Myc és az autofágia kapcsolata. A Myc túltermelés ER stresszhez vezet, ami a 

PERK kináz aktiválódása révén autofágiát indukál. B A PERK és az autofágia (Atg gének) 

szükségesek a Myc-indukált túlnövekedéshez: a Myc túltermelése mozaik állatokban fokozza a 

sejtnövekedést (szürke színnel kitöltött, megnagyobbodó sejtek a képpanel felső sorának jobb 

oldalán), ez a hatás azonban a PERK vagy Atg gének gátlásakor elmarad (Nagy és mtsai, 

2013).  
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4. Az autofagoszóma-lizoszóma fúzióban egy Syntaxin 17-tartalmú SNARE komplex és a 

HOPS pányvázó komplex vesznek részt 

 

A nagyszabású genetikai szűrővizsgálatunkban azonosított RNSi vonalak között volt 

egy olyan csoport, amelynél igen érdekes fenotípust láttunk: minden általunk használt teszt 

alapján arra lehetett következtetni, hogy kialakulnak ugyan az autofagoszómák, ám nem 

képesek lizoszómákkal fúzionálni és emiatt felhalmozódnak a zsírtestsejtekben. Ugyanis 

éheztetést követően nem láttunk Lysotracker-pozitív autolizoszómákat a géncsendesített 

sejtekben, és az mCherry-Atg8a struktúrák száma megnőtt ugyan, de ezek lényegesen 

kisebbek és halványabbak mint a környező kontrol sejtekben. Három SNARE (soluble NSF 

attachment protein receptor) fehérjét kódoló gén került ebbe a csoportba: a Syx17 (Syntaxin 

17), az usnp/SNAP-29 (ubisnap/Synaptosomal-associated protein 29) és a Vamp7 (Vesicle-

associated membrane protein 7) (Takats és mtsai, 2013). A SNARE fehérjék rendszerint 

membránfúziót katalizálnak, így feltételeztük, hogy a fenti három fehérje által alkotott 

komplex az autofagoszómák késői endoszómával vagy lizoszómával történő egyesülésében 

szerepel. A Syntaxin 17 és Vamp7 mutáns állatok is az RNSi sejtekhez hasonló autofágia 

defektust mutattak, amit a Syx17 esetében vad típusú transzgén visszaadásával helyre tudtunk 

állítani. Az autofagoszómák felhalmozódását és az autolizoszómák hiányát ultrastrukturális 

vizsgálatokkal és western blot kísérletekben is megerősítettük (6. ábra). 

 

 

 

6. ábra. A Syx17 szükséges az autofagoszóma-lizoszóma fúzióhoz. A A Syx17 különböző 

mutáns allélkombinációi (WH vagy LL jelű transzpozon inszerció/deficiencia) és a Vamp7 

mutációja az Atg7 null mutánsokhoz hasonló mértékű p62 felhalmozódáshoz vezet éhező 

lárvákban a vad típusú, kontrol lárvákhoz képest western blot kísérletekben. Jól látható a 

lipidált, autofagoszóma-asszociált Atg8a-II felhalmozódása is a Syx17 és Vamp7 mutáns 

lárvákban. Természetesen ez az izoforma az Atg7 mutánsoknál hiányzik. A Syx17 fehérje 

expressziója gátolt mindkét Syx17 mutánsban. B Adult állatokban még egyértelműbb a Syx17 
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hiányában történő p62 és autofagoszóma-asszociált Atg8a-II felhalmozódás a vad típusú, 

vagy a további kontrolként használt Syx16 mutáns állatokhoz képest. 

 

Azt is kimutattuk, hogy ezek a SNARE fehérjék a p62 és az Atg8a-pozitív 

autofagoszómák jól táplált állatokban is látható felhalmozódása alapján az alapszintű 

autofágiához, valamint a vándorló lárvák zsírtestének Lysotracker-rel és mCherry-Atg8a-val 

történő vizsgálata alapján a fejlődési autofágiához is esszenciálisak (Takats és mtsai, 2013). 

Immunprecipitációs kísérletekkel igazoltuk, hogy ez a három SNARE fehérje valóban 

egy komplexet alkot. Tenyésztett Drosophila sejtekben overexpresszált, tag-elt fehérjéket 

használva azt láttuk, hogy a Syx17 mind az usnp-vel, mind a Vamp7-tel kölcsönhat, valamint 

hogy az usnp jelenléte erősíti a Syx17 és a Vamp7 kölcsönhatását (Takats és mtsai, 2013). 

Ezek az eredmények teljes mértékben egybevágnak a SNARE komplexek összeszerelődésével 

kapcsolatos tudásunkkal, hiszen a Syx17 egy Qa SNARE, az usnp-nek Qb és Qc doménjei is 

vannak, míg a Vamp7 egy R SNARE (a Q és R betűk a SNARE domén közepén, az ún. 

nulladik rétegben található aminosav egybetűs kódjára utalnak, ami glutamin vagy arginin). 

Ugyanis pontosan ez a négy SNARE domén található meg egy működőképes, fuzogén 

SNARE komplexben. Természetesen fontos volt igazolni azt is, hogy ez a komplex in vivo 

létezik, azaz hogy endogén fehérjék szintjén is látható kölcsönhatás. Ezt a Syx17 és az usnp 

fehérjék esetén sikerült kimutatnunk az általunk létrehozott ellenanyagokkal mind adult 

legyek, mind pedig tenyésztett sejtek lizátumában: a Syx17 immunprecipitációban jelent volt 

az usnp, és fordítva, az usnp immunprecipitációjával a Syx17-et is detektálni tudtuk (Takats 

és mtsai, 2013). 

Kolokalizációs eredményeink pedig arra engedtek következtetni, hogy a Syntaxin 17 az 

a SNARE fehérje, ami egyelőre még nem ismert módon az autofagoszómákra kerül: az 

endogén Syx17 jelen volt a GFP-Atg8a- illetve endogén Atg8a-pozitív autofagoszómák egy 

részén. Ezt immun-arany jelölést követő elektronmikroszkópos vizsgálatokkal is 

megerősítettük (Takats és mtsai, 2013). Tehát az autofagoszómák a Syx17 odatoborzásával 

válnak kompetenssé a késői endoszómákkal vagy lizoszómákkal való egyesülésre. 

A Syntaxin 17 mutáns állatok a korábban említett Atg7 mutánsokhoz hasonlóan 

életképesnek bizonyultak, ámbár a metamorfózis sikeres befejeztével kikelő imágók többsége 

3-4 napon belül elpusztul. A mutánsok agyában döbbenetes mértékű autofagoszóma 

felhalmozódást láttunk endogén Atg8a jelölés és ultrastrukturális vizsgálatok alapján, és - a 

feltehetően ennek következtében kialakuló idegsejt-működési zavarok miatt - ezek az állatok 

igen rosszul teljesítenek a neuromuszkuláris funkciót mérő mászási tesztekben (Takats és 

mtsai, 2013). Némi apoptotikus kaszpáz aktivációt és sejtmagi DNS fragmentációt is 

megfigyeltünk a mutáns állatok neuronjaiban, azonban az apoptózis gátlása (kaszpáz inhibitor 

fehérjék túltermeltetésével) nem menekítette a mászáshibát, ellentétben a vad típusú transzgén 

visszaadásával. Ezért feltételezzük, hogy a Syx17 hiányában felhalmozódó autofagoszómák 

és p62 megzavarja az idegsejtek (és talán szintén az izomsejtek) normális működését. 
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Élesztőben az autofagoszóma-lizoszóma fúzióhoz szükséges a HOPS (homotypic 

vacuole fusion and protein sorting) pányvázó (tethering) komplex. A HOPS-szal 

autofagoszóma-vakuólum fúzió során kölcsönható SNARE fehérjék (Vam3, Vam7, Vti1) 

közül azonban az első kettőnek nincsen állati homológja (Wang és mtsai, 2002). Emlős és 

Drosophila sejtekben a HOPS autofágiában betöltött szerepe némileg kérdéses volt, 

különösen mivel eredményeink alapján teljesen más SNARE fehérjék szerepelnek a fúzióban. 

RNS interferencia-alapú genetikai szűrővizsgálatunkban a HOPS komplex mind a hat 

Drosophila alegységét (car, dor, lt, Vps11, Vps16A és Vps39) az autofagoszóma-lizoszóma 

fúzióban hibás csoport tagjaiként azonosítottuk, éheztetett mozaikos lárvák zsírtestének 

Lysotracker festése és az mCherry-Atg8 riporter megváltozott eloszlása alapján. Ezt igazoltuk 

Vps16A és Vps11 mutánsok létrehozásával illetve karakterizálásával, továbbá korábban már 

leírt car, dor és lt mutánsok vizsgálatával: az autofagoszóma-asszociált endogén Atg8a és a 

p62 aggregátumok mikroszkópos és western blot kísérletekben felhalmozódtak. Az 

autofagoszómák akkumulációja és az autolizoszómák kialakulásának gátlása a Vps16A, Vps11 

és lt mutánsok zsírtestében szintén egyértelműen látszott az elektronmikroszkópos 

kísérleteinkben. Az ebben a munkában létrehozott Vps16A mutáns esetén pedig a vad típusú 

transzgén visszaadásával genetikai menekítő vizsgálatokban igazoltuk, hogy a látott 

fenotípusokat ténylegesen ennek a génnek a deléciója okozza (Takats és mtsai, 2014b). 

Kolokalizációs kísérletekben a Vps16A fehérjét ki tudtuk mutatni az Atg8a- és Syx17-

pozitív autofagoszómákon, és immunprecipitációs eredményeink szerint a HOPS komplex köt 

a Syntaxin 17 fehérjéhez: a car, dor és Vps16A esetén sejttenyészetben overexpresszált 

fehérjék, és a car esetében az endogén fehérjék közti kölcsönhatást is detektáltuk. Csonkolt 

Syx17 fehérjédarabokat használva pedig kimutattuk, hogy a HOPS leginkább a Syx17 

SNARE doménjéhez köt, különösen a Syx17 transzmembrán doménjeinek jelenlétében 

(Takats és mtsai, 2014b). 

Már ismert volt, hogy a HOPS komplex szerepel a késői endoszómák lizoszómákkal 

történő fúziójában és a lizoszómába irányuló bioszintetikus transzportban is. Az endocitotikus 

folyamat hibáját a fejlődő szemdiszkuszon végzett immunfestési kísérleteinkben a Notch és a 

Boss (endocitózissal lebomló, transzmembrán doménnal rendelkező jelátviteli molekulák) 

akkumulációja igazolta car, dor, Vps16A és lt mutánsok esetén. A lizoszómák biogenezise is 

zavart szenvedett a HOPS hiányában, amit lizoszómális fehérjék (LAMP, katepszin D) 

western blot kísérletekben látott felhalmozódása mellett a kifejlett muslica imágó szemének 

piros színét adó, lizoszóma-szerű pigment granulumok kialakulásának hibájaként is detektálni 

tudtuk. Mivel azt találtuk, hogy az endocitotikus és lizoszómális bioszintetikus folyamatok 

Syntaxin 17 mutáns állatokban normálisan zajlanak, ezért arra a következtetésre jutottunk, 

hogy a HOPS Syntaxin 17-tel való kölcsönhatása autofágia-specifikus, tehát az endoszóma-

lizoszóma fúzióban és a lizoszómába irányuló bioszintetikus transzportban nyilvánvalóan egy 

másik Qa SNARE fehérje szerepel (Takats és mtsai, 2014b).  

Egy másik projektben kimutattuk, hogy a kis GTPáz Rab11 az éhezés hatására képződő 

autofagoszómákra vándorol az endoszómákról, és a késői endoszómákkal és lizoszómákkal 

történő fúziójukat serkenti (Szatmari és mtsai, 2014). Ebben a munkában az ELTE Anatómia 

Tanszékén dolgozó kollégákat segítve, főként tanácsokkal és akkor még nem publikált 
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reagenseink és módszereink biztosításával vettem részt, ezért az eredmények részletes 

tárgyalásától most eltekintek. 

 

5. A lizoszómális lebontás hibájakor lecsökkenő TOR aktivitás miatt több 

autofagoszóma alakul ki 

 

Az utóbbi évek igen fontos felfedezése volt, hogy a TOR a lizoszómákhoz kapcsolódva 

aktiválódik, ami a lizoszómán elhelyezkedő ún. Ragulator komplex és a Rag kis GTP-áz 

fehérjék kötése révén valósul meg (Sancak és mtsai, 2010). Ehhez szükséges még az is, hogy 

a lizoszómák belsejében a szabad aminosavak megfelelő koncentrációban legyenek jelen, 

azaz hogy a lizoszóma fehérjéket bontson le a savas pH-t biztosító lizoszómális proton 

pumpa, a v-ATPáz közreműködésével (Zoncu és mtsai, 2011). A legújabb eredmények 

alapján az SLC38A9 (Solute Carrier Family 38, Member 9) nevű lizoszómális aminosav-

transzporter az a fehérje, ami valamiképpen jelez a TOR kináznak a lizoszómális aminosavak 

megfelelő szintjéről (Rebsamen és mtsai, 2015; Wang és mtsai, 2015).  

Ezek az eredmények azért lényegesek az értekezésem szempontjából, mert az autofágiát 

sejttenyészetben kutatók többsége rutinszerűen alkalmaz lizoszomális lebontást gátló szereket 

az autofág flux meghatározására, azaz annak megállapítására, hogy időegység alatt mennyi 

autofág szállítmány degradálódik (Mizushima és mtsai, 2010). Ilyen gátlószerek például a 

korábban már említett bafilomicin A1 és a klorokvin. Ez utóbbi egy lizoszomotróp ágens amit 

a savas beltartalmú lizoszóma felvesz, és az ezt követő protonáció révén az intralizoszómális 

pH megemelkedik. A flux vizsgálatok bevett módja az Atg8 egyik emlős homológjának, az 

LC3-nak a lipidált, autofagoszóma-asszociált mennyiségének meghatározása western blot 

segítségével, vagy az LC3 sejten belüli eloszlásának (az LC3-pozitív pöttyök számát) 

vizsgálata gátlószer nélkül és gátlószer jelenlétében. E kettő különbségéből szokás az autofág 

lebontó aktivitásra következtetni. Arra azonban senki sem gondolt, hogy a lizoszomális 

lebontás gátlása a TOR aktivitását csökkentheti, és így a gátlószer kezelés serkentheti az 

autofagoszóma képződést és emiatt meghamisíthatja a flux vizsgálatok eredményét (7. ábra). 

Ezt az elméletet egy önálló, egyszerzős publikációmban fogalmaztam meg, ami egy minor 

revíziót követően szinte rögtön publikálásra került (Juhasz, 2012). Ebben a fenti ötlet kifejtése 

mellett leírtam, hogy a lizoszómális lebontást gátló szerek alkalmazásakor fontos a TOR 

kináz aktivitását is meghatározni, például az általa foszforilált 4E-BP (eukaryotic Initiation 

Factor 4E-Binding Protein) vagy S6K (S6 kinase) vizsgálatával. 

Természetesen ezt a felvetést kísérletesen is meg szerettük volna vizsgálni, különösen 

mivel a Syx17 és HOPS analízisekor egyértelműen láttuk, hogy a HOPS hiányában jóval több 

autofagoszóma halmozódik fel, mint a Syx17 mutáns állatokban. Ezt csak úgy tudtuk 

magyarázni, hogy a HOPS mutánsokban valamilyen okból több autofagoszóma keletkezik, 

hiszen a Syx17 hiányában is teljes mértékben gátolt az autofagoszóma-lizoszóma fúzió. A 

HOPS lizoszómába irányuló bioszintetikus és endocitotikus transzportban játszott szerepe 

alapján azt vártuk, hogy az autofagoszóma képződés fokozódását a lizoszóma-asszociált TOR 
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kináz csökkent aktivitása okozza. Ezt sikerült is kimutatnunk anti-foszfo-S6K western blot és 

anti-foszfo-4E-BP immunfestési kísérleteinkben. Ez utóbbi eredményeink a doktori 

cselekményem megindításakor már rendelkezésünkre álltak, ezért bátorkodom a 

dolgozatomban utalni rájuk. Időközben - azaz a doktori értekezésem átdolgozásáig - a 

kapcsolódó publikációnk is megszületett, melyben számos e helyütt nem részletezett további 

eredményt közöltünk a fentiek alátámasztására (Takats és mtsai, 2015). 

 

 

 

7. ábra. A TOR aktivitás és az autofág lebontás összefüggése. A Az éhezés során 

autofágia révén keletkező aminosavak reaktiválják a v-ATPáz protonpumpa komplexhez 

kötődő TOR kinázt (a képen MTORC1, azaz mechanistic target of rapamycin complex 1 néven 

jelölve), ami az autofagoszóma keletkezést gátolja. B Autofág/lizoszomális lebontást gátló 

szerek alkalmazásakor a TOR reaktiválódása és lizoszomális transzlokációja zavart szenved, 

aminek hatására az A panelen jelölthöz képest több autofagoszóma keletkezhet 
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DISZKUSSZIÓ 

 

1. Az autofagoszómák kialakulását az autofág géntermékek hierarchikus hálózata 

kontrollálja Drosophila-ban, melyek transzkripciója fokozódik autofág indukció során 

 

Az autofág géntermékek aznosítását és funkcionális komplexekbe sorolását követően 

több kutatócsoport is megkísérelte az episztázis viszonyok felderítését. Kezdetben egyfajta 

lineáris sorba próbálták rendezni ezeket, rendszerint az Atg1 protein kináz komplexet említve 

elsőnek, másodiknak a Vps34 lipid kináz komplex került, majd ezt követte a lipid kináz 

effektor Atg18 és kötőpartnerei: az Atg2, valamint az egyetlen transzmembrán Atg fehérje, az 

Atg9, végül pedig az ubikvitinszerű protein konjugációs rendszerek. Élesztőben Dr. Yoshinori 

Ohsumi, az első autofág géneket felfedező kutatócsoport vezetője az Atg fehérjék a pro-Ape1 

szelektív autofág szállítmány által kijelölt PAS-hoz (phagophore assembly site/pre-

autophagosomal structure) történő lokalizációját vizsgálta különféle Atg mutáns háttereken. 

Az adataikat igen nehéz volt azonban értelmezni, ezek alapján végül arra a következtetésre 

jutottak, hogy az Atg9 már jóval hamarabb, az Atg1 komplex szintjén szerepel, és hogy az 

Atg2-Atg18 komplex az Atg8-Atg12 konjugációs rendszerekkel párhuzamosan hathat. Az 

efféle hierarchia-vizsgálatok másik fontos kutatója Dr. Noboru Mizushima csoportja, aki a 

fent leírt, egyszerűsített modellhez hasonló eredményekről számolt be kezdetben (Itakura és 

Mizushima, 2010). Egy újabb publikációjukban azonban leírták, hogy az autofág 

géntermékek kapcsolatai jóval bonyolultabbak egy egyszerű, lineáris sornál. Azt találták, 

hogy ugyan az Atg1/ULK1 protein komplex aktiválódik elsőként éhezés során emlős 

sejtekben, azonban az ezt követő Vps34 lipid kináz komplex aktiváció erre visszahat, mintegy 

megerősíti a kezdeti lépést (Koyama-Honda és mtsai, 2013). Megjegyzendő, hogy Dr. Terje 

Johansen kutatócsoportja, aki a p62 autofág szerepének felfedezéséről híres (Bjorkoy és 

mtsai, 2005; Pankiv és mtsai, 2007), kimutatta hogy az Atg1/ULK1 protein kináz komplex 

alegységei kötik az Atg8 családba tartozó fehérjéket funkcionális LIR motívumok révén 

(Alemu és mtsai, 2012). Ez világosan mutatja, hogy az Atg1/ULK1 kináz a lipidációja révén 

fagofórba horgonyzott Atg8-szerű fehérjékhez kötve fejtik ki aktivitásukat, tehát az Atg8/LC3 

is visszahat a tőlük upstream funkcionáló komplexekre. 

A vezetésemmel végzett Drosophila kutatásaink során az Atg gének homológjainak 

többségét már vizsgáltuk. Kezdetben én is igen lelkesem vágtam bele ezen gének 

hierarchiájának felderítésébe, azonban a saját és fent említett szakirodalmi adatok, valamint a 

Dr. Mizushimával és Ohsumival konferenciákon időről időre zajló egyeztetések kapcsán 

világossá vált, hogy ez a fajta analízis ma már nem feltétlenül kecsegtet kiemelkedő 

publikációkkal. Emellett meggyőződésemmé vált, hogy a Drosophila modell fő előnye az, 

hogy az autofágia szerepét sokféle, az emberéhez hasonló funkciójú sejtben, szövetben, 

szervben, és egy teljes állatban tudjuk vizsgálni. Emiatt az utóbbi években tudatosan 

elfordultunk az ilyenfajta kísérletektől, bár több korábban megkezdett projektünket sikerült 

publikációval lezárnunk az elmúlt néhány évben. Mint azt az Eredmények fejezetben 
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kifejtettem, mi is azt találtuk, hogy az Atg1 kináz komplex tagjai, azaz az Atg1 és a 

FIP200/Atg17 viszonylag upstream helyezkednek el. Fontos megfigyelésünknek tartom azt is, 

hogy autofágia gátlás esetén a szelektív szállítmány p62 aggregátumain - az élesztő pro-Ape1-

hez hasonlóan - felhalmozódnak az autofág géntermékek, mint például a FIP200/Atg17 és az 

Atg9 (Nagy és mtsai, 2014a; Nagy és mtsai, 2014b). 

Az autofágia és az endocitózis kapcsolata igen bonyolult és sokrétű. Feltehetően ennek 

köszönhető az, hogy a Drosophila Vps34-gyel kapcsolatos eredményeink széleskörben 

ismertek és idézettek. Posztdoktori kutatásaim során bizonyítottuk, hogy a Vps34 mind az 

autofagoszóma képződésben mind pedig az endoszóma érésben fontos szerepet játszik, sőt, 

még a lizoszómális fehérjék sejten belüli célbajuttatásához is hozzájárul. A Vps34 mutáns 

sejtek autofágoszóma képződési hibájával ellentétben a lebontásra szánt receptorokat 

osztályozó multivezikuláris endoszómák kialakításához szükséges ESCRT (endosomal 

sorting complex required for transport) mutánsokban - másokkal összhangban (Rusten és 

mtsai, 2007) - azt láttuk, hogy autofagoszómák normálisan képződnek (sőt felhalmozódnak, 

mivel nem képesek lebontó autolizoszómává alakulni), tehát a Vps34 autofág szerepe az 

endocitózisban játszott funkciójától független (Juhasz és mtsai, 2008). Más 

megfogalmazásban autofágia során az ESCRT mutáns fenotípus episztatikus a Vps34-hez 

képest, azaz kettős mutáns sejtekben az ESCRT elvesztésének hatása érvényesül. 

Az autofág géntermékek viszonyai, az autofágia során játszott szerepük kapcsán a 

szakirodalom döntő része a poszt-transzlációs szabályozási módokat boncolgatja, a gének 

kifejeződését és annak regulációját csak elvétve vizsgálják. Az Atg gének autofágia során 

általunk Drosophila-ban leírt transzkripciós indukciója világosan mutatja, hogy még jócskán 

van mit kutakodnunk az autofágia transzkripciós szabályozása kapcsán (Erdi és mtsai, 2012). 

Ennek kapcsán említem meg, hogy elsőként mutattam ki a Foxo transzkripciós faktor 

kulcsszerepét autofág indukció során (Juhasz és mtsai, 2007b), amit nem sokkal ezután emlős 

sejtekben is igazoltak, idézve az én munkámat (Mammucari és mtsai, 2007; Zhao és mtsai, 

2007). 

 

2. Az autofágia szükséges az ubikvitinált fehérjéket és p62-t tartalmazó aggregátumok 

lebontásához, és hibája mozgásképtelenséget és rövid élethosszt okoz Drosophila-ban 

 

Posztdoktori kutatásaim egyik legfontosabb eredménye az Atg7 null mutáns legyek 

létrehozása és vizsgálata volt. Az egyik legmeglepőbb felfedezésem az, hogy az Atg7-függő 

autofágia nem szükséges az életképességhez, azonban a kifejlett legyek agyában található 

neuronok funkciójának fenntartásában, az ubikvitinált fehérjék lebontásában, és a 

neurodegeneráció következtében kialakuló mozgásképtelenség és rövid élethossz 

elkerülésében kulcsszerepet játszik. Az eredményeim jelentőségét jelzi, hogy a cikkünk online 

megjelenésének napján kaptunk egy megkeresést a Cell szerkesztőitől, és így a Cell „Leading 

edge” rovatában megjelent egy, a munkánkat taglaló rövid leírás, valamint az Autophagy 

szaklap főszerkesztőjének felkérésére a cikkhez kapcsolódó és további Atg7 mutáns 
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fenotípusokat bemutató önkommentárt is írtunk (Anonymous, 2007; Juhasz és Neufeld, 

2008a). A későbbiekben neuromuszkuláris defektust és megrövidült élethosszt mutattunk ki a 

Syntaxin 17 mutáns állatokban is, összhangban azzal, hogy nemcsak az autofagoszómák 

kialakulása hanem a megfelelő lebontásuk is igen fontos (Takats és mtsai, 2013). 

Fent leírt megfigyeléseink tökéletesen egybevágnak a neuron-specifikus Atg génkiütött 

egerekben leírt fenotípusokkal (Hara és mtsai, 2006; Komatsu és mtsai, 2006). Ezek a 

publikációk - az én cikkemmel együtt - alapozták meg az autofágia ubikvitinált fehérjék 

lebontásában, valamint a neurodegeneráció elkerülésében játszott alapvető, evolúciósan 

konzervált szerepét. Mint az már közismert, ehhez az aggregátumok létrejöttét és autofág 

lebontását elősegítő p62 működése szükséges mind emlősök, mind pedig Drosophila esetén 

(Komatsu és mtsai, 2007; Nezis és mtsai, 2008). 

Egy másik munkában azt is kimutatták, hogy a Drosophila Atg8a neuron-specifikus 

túltermeltetése megnöveli a legyek élethosszát (Simonsen és mtsai, 2008), feltételezhetően az 

autofágia fokozásával (bár ezt kísérletesen nem igazolták az említett publikációban). Ez 

összhangban van azzal az elmélettel, miszerint az autofágia fokozása – sok más dolog mellett 

- hozzájárulhat a hosszú és egészséges élethez (Vellai és mtsai, 2009). Ezt a bevezetésben 

tárgyalt csökkent kalóriabevitel vagy sportolás, vagy esetleg megfelelő hatóanyag (mint 

például a spermidin) fogyasztásával el lehet érni. 

Persze azt is érdemes megjegyezni, hogy egy adott Atg gén deléciója nem feltétlenül 

jelenti azt, hogy az autofágia teljes mértékben gátolt. A Bevezetésben tárgyalt egyéb autofág 

lebontó útvonalak (mikroautofágia, chaperone-mediált autofágia) működése mellett ismertek 

szövet-specifikus különbségek az autofágia fő útvonalának szabályozásában. Nagy 

visszhangot kapott az a néhány éve megjelent cikk, amelyben leírtak egy ubikvitinszerű 

protein konjugációs rendszertől, azaz például az Atg5-től és Atg7-től független alternatív 

autofág utat (Nishida és mtsai, 2009). Ugyan ennek az eredménynek a jelentősége mindmáig 

nem igazán ismert, a közelmúltban hasonló megfigyeléseket tettek Drosophila-ban is. Azt 

találták, hogy ugyan éhezéskor a lárvális zsírtestben a nem-redundáns Atg gének szükségesek 

az autofágiához, ez a megfigyelés már nem igaz a metmorfózis kezdetén a lárvális középbél 

zsugorodásáért felelős fejlődési autofágiára (Xu és mtsai, 2015). Véleményem szerint ezek az 

adatok nagyon fontosak, hiszen így ha egy adott Atg gén hiánya nem befolyásolja a vizsgált 

fenotípust, akkor ez nem feltétlenül jelenti azt, hogy a folyamathoz az autofágia nem 

szükséges. Ebben az izgalmasnak tűnő kutatási irányban kutatócsoportomban jelenleg is 

végzünk kísérleteket. 

 

3. Az ER stressz-indukált autofágia szükséges a Myc túltermeltetése által fokozott 

sejtnövekedéshez Drosophila-ban 

 

A Myc transzkripciós faktor egy igen sokat vizsgált potenciális rákgyógyszer-célpont, 

de sajnos mivel nincs egy meghatározott aktív zsebe, mint például a katalitikus aktivitással 
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rendelkező enzimeknek, ezért nehéznek bizonyult ellene megfelelő gátlószert kifejleszteni. A 

Myc többféle effektor útvonalon át fejti ki hatását, ilyen például a megnövekedett 

riboszomális RNS szintézis (Gabay és mtsai, 2014). Feltételezték, hogy létezhetnek olyan 

onkogén-aktivált effektor folyamatok, melyek szükségesek a rákos sejtnövekedéshez, de a 

normál, vad típusú sejtekben nélkülözhetőek (ún. nem-onkogén addikciós útvonalak: non-

oncogene addiction pathways) (Luo és mtsai, 2009). Óriási jelentőségű lenne a 

gyógyszerfejlesztés szempontjából, ha az ilyen effektor-útvonalakat gátló hatóanyagokat a 

humán rákgyógyászatban alkalmazni lehetne. Adataink alapján feltételezhető, hogy az ER 

stressz-indukált autofágia egy ilyen potenciális nem-onkogén addikciós útvonal a Myc 

túlműködése során, hiszen az ebben szereplő PERK jelátvitel vagy a központi autofág gének 

genetikai, vagy az autofágia farmakológiai gátlása megakadályozza a Myc-indukált 

túlnövekedést. Szeretném hangsúlyozni, hogy ezek a genetikai manipulációk a normál, Myc-

et nem túltermelő sejtek növekedését nem befolyásolják, ami szintén a potenciális 

gyógyászati felhasználásra utal. 

A mi Drosophila kutatásainktól függetlenül, velünk párhuzamosan dolgozó kutatók 

tenyésztett emlős sejtekben és egerekben szintén kimutatták, hogy az ER stressz-autofágia 

tengely kiesése (PERK vagy Atg génkiütés vagy klorokvin kezelés révén) gátolja a Myc által 

kiváltott tumorigenezist (Hart és mtsai, 2012). Az is igazolásra került, hogy a Myc tenyésztett 

emberi sejtekben is szükséges az autofágiához (Toh és mtsai, 2013). Meglepő módon azt 

találták, hogy autofág indukció során fontos a JNK (c-Jun N-terminal kinase) jelátvitel Myc-

függő módon történő megnövekedése. Ez megmagyarázza azt, hogy miért nem láttuk az 

autofágiában szereplő gének transzkripciójának megváltozását a Myc genetikai manipulációja 

során végrehajtott kísérleteinkben, pedig sok ilyen irányú tesztet végeztünk (bár ezeket a 

negatív adatainkat végül nem vettük bele a publikációnkba). 

Ezek az emlős sejteken elért eredmények teljes mértékben alátámasztják azt, hogy 

Drosophila adataink potenciálisan humán gyógyászati szempontból is jelentősek lehetnek. 

 

4. Az autofagoszóma-lizoszóma fúzióban egy Syntaxin 17-tartalmú SNARE komplex és a 

HOPS pányvázó komplex vesznek részt 

 

Véleményem szerint az autofagoszóma-lizoszóma fúzióban szereplő SNARE fehérjék 

azonosítása hasonló horderejű felfedezés, mint a központi autofág gének leírása volt az 1990-

es években. Ezen cikkünk Dr. Qing Zhong javaslata alapján - jelentőségére való tekintettel - 

bekerült a Faculty of 1000 által javasolt, kiemelt publikációk közé. Eredményeink 

jelentőségét az is mutatja, hogy kéziratunk revíziója közben két cikk is megjelent, 

amelyekben a Syntaxin 17 autofágiában betöltött szerepét humán sejttenyészetben vizsgálták 

géncsendesítés segítségével (Hamasaki és mtsai, 2013; Itakura és mtsai, 2012). Meglepő 

módon a két cikk végkövetkeztetése egymásnak ellentmondó: a Cell cikkben - a mi 

munkánkhoz hasonlóan - a Syntaxin 17 autofagoszóma-lizoszóma fúzióban játszott 

kulcsszerepét írták le, míg a Nature cikkben - jóval felületesebb analízis alapján - azt 
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sugallták, hogy Syntaxin 17 géncsendesítés hatására nem képződnek autofagoszómák. 

Tulajdonképpen ez az ellentmondás, továbbá az hogy mi egy teljes állatban vizsgáltuk a  

Syntaxin 17 hiányának a hatását, még segítette is a munkánk publikálását. Cikkünk 

megjelenését követően az Autophagy szaklap főszerkesztője, Dr. Daniel J. Klionsky 

felkérésére nemcsak a cikkhez kapcsolódó önkommentárt írtunk, hanem egy külső bírálók 

által lektorált összefoglalót is, melyben a fenti három cikk eredményeit kritikusan elemezzük 

(Hegedus és mtsai, 2013; Takats és Juhasz, 2013). A Nature cikkben leírták, hogy a Syntaxin 

17 köt a Vps34 lipid kináz komplex Atg14 alegységéhez, ami az egyik legfőbb érv volt ezen 

SNARE autofagoszóma képződésben játszott szerepére. Fontos megemlíteni egy azóta 

született publikációt, amelyben leírták, hogy az Atg14 autofagoszóma kialakulásban valóban 

Vps34 kináz komplex alegységként tölti be szerepét, azonban önállóan dimerizálódni is 

képes. Az Atg14 dimer pedig vezikula-pányvázó aktivitással rendelkezik, és ekkor a Syntaxin 

17-et kötve serkenti az autofagoszóma-lizoszóma fúziót (Diao és mtsai, 2015).  

Az egy még nem ismert és igen fontos kérdés, hogy vajon miért szükséges két pányvázó 

faktor az autofagoszómák késői endoszómákkal és lizoszómákkal történő fúziójához. A 

HOPS komplex szükségessége ugyanis vitathatatlan ebben a folyamatban: szerepét a fúzióban 

saját kutatócsoportommal mi Drosophila-ban, valamint egy japán laboratórium tenyésztett 

emlős sejtekben is minden kétséget kizáróan demonstrálta. Itt jegyzem meg, hogy cikkünk 

publikálását a Dr. Noboru Mizushima vezette kutatócsoporttal koordináltuk, így a hasonló 

eredményeket Drosophila-ban és humán sejttenyészetben leíró két cikk ugyanazon újságban, 

egyszerre jelent meg (Jiang és mtsai, 2014; Takats és mtsai, 2014b). 

A két külön pányvázó faktor létezésének egyik magyarázata lehet, hogy az 

autofagoszómák késői endoszómákkal és lizoszómákkal történő fúziójában esetleg 

előfordulhatnak szövetspecifikus különbségek, mint ahogy az a központi autofág gének esetén 

is valószínűsíthető. Ennek vizsgálatára a Drosophila melanogaster egy kiváló modell lehet, 

ezért az Atg14 dimerizációját és ezáltal csak a vezikula-pányvázó aktivitását specifikusan 

gátló mutációkat hordozó légymodell létrehozásán jelenleg is dolgozunk. 

 

5. A lizoszómális lebontás hibájakor lecsökkenő TOR aktivitás miatt több 

autofagoszóma alakul ki 

 

Az autofág flux meghatározása kapcsán, azaz hogy mennyi anyag bomlik le autofágia 

révén adott időegység alatt, igen fontossá vált az ezt mérni hivatott kísérletek elvégzése. 

Mivel az autofágia kutatásában születő cikkek döntő többsége tenyésztett humán (esetleg 

egér) sejteken zajlik, ezért magától értetődő volt, hogy a már ismert lebontást gátló szereket 

használja mindenki. Ezek általában a bafilomicin A1 vagy a klorokvin. Ezt jelzi, hogy a 

PubMed adatbázisban a „bafilmycin autophag*” vagy a „chloroquine autophag*” 

kifejezésekkel végzett keresések közel 500, illetve 800 publikációt azonosítanak. Ez a 

gyakorlat mit sem változott annak felfedezésével, hogy az autofágiát gátló TOR kináz 

aktiválódásának egyik fő helye az aminosavakat tartalmazó, tehát emésztő lizoszóma felszíne. 
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Fontosnak éreztem, hogy a fenti lizoszómális lebontást gátló hatóanyagok potenciálisan TOR 

kináz aktivitást és ezáltal fokozott autofagoszóma kialakulást kifejtő hatására felhívjam a 

kutatóközösség figyelmét. Ez egy meglepően könnyen elfogadott, önálló, egyszerzős cikk 

keretében sikerült is (Juhasz, 2012). 

A későbbiekben ezt a feltevést kísérletesen is igazolta több független kutatócsoport 

humán sejttenyészeti kísérletekben, idézve az én cikkemet (Li és mtsai, 2013; Musiwaro és 

mtsai, 2013). Mi is kimutattuk, hogy a HOPS komplex hiányában több autofagoszóma 

keletkezik a lecsökkenő TOR aktivitás miatt mint vad típusú vagy Syntaxin 17 mutáns 

állatokban, amit feltehetően a lizoszómába irányuló endocitotikus és bioszintetikus transzport 

hibája okoz (Takats és mtsai, 2013; Takats és mtsai, 2014b; Takats és mtsai, 2015). A HOPS 

hiányában lecsökkenő TOR aktivitást élesztősejteket vizsgáló kutatók is kimutatták 

(Kingsbury és mtsai, 2014). Ezen eredményeink alapján a Syntaxin 17 gén mutációja vagy 

RNS interferenciával történő csendesítése nagyon is alkalmas teszt lehet az autofág flux 

vizsgálatára Drosophila-ban, hiszen egy teljes állatban a gátlószerek alkalmazása nehézkes. 

Azt tapasztaltuk ugyanis nem publikált kísérleteinkben, hogy a bafilomicin A1 kezelés egy 

órán belül a lárvák halálát okozza, míg a klorokvin esetén többórás kezelés szükséges a kívánt 

hatás eléréséhez, ami a TOR szisztémás, az állat egészére kiterjedő gátlása miatt valószínűleg 

befolyásolja a vizsgálni kívánt autofág lebontásra vonatkozó adatokat. Ezzel szemben a 

Syntaxin 17 gén expressziójának genetikai úton történő gátlásával specifikusan, a TOR 

jelátvitel befolyásolása nélkül lehet blokkolni az autofág lebontást. Sőt, mozaik állatok 

felhasználásával ezt sejt-autonóm módon is megtehetjük, így kizárva a teljes állatra kiterjedő 

gátlás esetleges indirekt hatásait. Ezt a hipotézist a Syntaxin 17 szerepéről írt 

összefoglalónkban fogalmaztuk meg először, részben az akkor már meglevő kísérletes 

eredményeinkre támaszkodva (Hegedus és mtsai, 2013). 
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ÖSSZEFOGLALÁS 

 

Doktori értekezésemet az általam posztdoktori kutatásaim során publikált elsőszerzős 

cikkeim egy részére, valamint a kutatócsoport-vezetőként utolsó szerzőként jegyzett cikkeim 

egy részére alapoztam. Elsőszerzős publikációimban a kísérletek döntő részét én magam 

terveztem meg és hajtottam végre, és ezeket a cikkeimet egyetlen kivétellel (Vps34) teljes 

egészében én írtam. Laborvezetőként én irányítottam és finanszíroztam a munkatársaim 

munkáját azokban a cikkekben ahol utolsó szerzőként szerepelek, és mindegyiket én magam 

írtam. A kutatócsoportom által kivitelezett munka önállóságát mutatja, hogy szenior szerzős 

kísérletes cikkeimben csak egy alkalommal szerepel egy külföldi szerző, és rendszerint saját 

csoportom tagjai végezték az összes kísérletet. 

Az ezekre a cikkekre alapuló leglényegesebb eredményeinket röviden összefoglalva 

kimutattuk, hogy: 

1. Az autofagoszómák kialakulását az autofág géntermékek hierarchikus hálózata 

kontrollálja Drosophila-ban, melyek transzkripciója fokozódik autofág indukció során. Ezt az 

állítást azokra a megfigyeléseinkre alapozom, miszerint: I. az Atg1 protein kináz komplexhez 

tartozó FIP200/Atg17 és az Atg9 az ubikvitinszerű protein konjugációs rendszereknél 

korábban (upstream) hatnak, Atg7 és Atg8a mutánsokban a p62 aggregátumokon 

felhalmozódnak, amihez Atg9 esetén a Vps34 lipid kináz és effektora, az Atg18a is 

szükségesek (Nagy és mtsai, 2014a; Nagy és mtsai, 2014b). II. a Vps34 lipid kináz komplex 

az ESCRT fehérjéktől eltérően hat autofágia során, és autofagoszóma kialakulásban játszott 

szerepe független az endocitotikus funkciójától (Juhasz és Neufeld, 2008a). III. éhezéskor az 

Atg gének többségéről átíródó mRNS-ek szintje megnő (Erdi és mtsai, 2012). IV. a Foxo 

transzkripciós faktor szükséges a megfelelő autofág válaszhoz (Juhasz és mtsai, 2007b). 

2. Az autofágia szükséges az ubikvitinált fehérjéket és p62-t tartalmazó aggregátumok 

lebontásához, és hibája mozgásképtelenséget és rövid élethosszt okoz Drosophila-ban. Ezt az 

állítást azokra a megfigyeléseinkre alapozom, miszerint: I. Atg7 null mutánsok neuronjaiban 

ubikvitinált fehérjéket tartalmazó aggregátumok halmozódnak fel, ami feltehetően kiváltja az 

állatokban látott neurodegenerációt és ennek következtében mozgásképtelenséget és 

megrövidült élethosszt eredményez (Juhasz és mtsai, 2007a). II. az Atg7 és további központi 

Atg gének funkcióvesztése az ubikvitinált fehérjék aggregációját és lebontását biztosító 

szelektív autofág szállítmány, a p62 akkumulációjához vezet (Pircs és mtsai, 2012). III. az 

autofagoszómális SNARE fehérje, a Syntaxin 17 hiánya szintén p62 felhalmozódást, 

neuromuszkuláris problémákat és megrövidült élethosszt eredményez, ámbár ebben az 

esetben a megfigyelt fenotípusokat nem a neuronok tömeges pusztulása okozza (Takats és 

mtsai, 2013). 

3. Az ER stressz-indukált autofágia szükséges a Myc túltermeltetés által fokozott 

sejtnövekedéshez Drosophila-ban. Ezt az állítást azokra a megfigyeléseinkre alapozom, 

miszerint: I. a Myc transzkripciós faktor hiányában elmarad a megfelelő autofág válasz (Nagy 
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és mtsai, 2013). II. a Myc túltermeltetése az ER stressz jelátvitel PERK útvonalának 

aktivációja révén autofágiát indukál (Nagy és mtsai, 2013). III. a PERK jelátvitel vagy az 

autofágia gátlása megakadályozza a Myc-indukált túlnövekedést (Nagy és mtsai, 2013). 

4. Az autofagoszóma-lizoszóma fúzióban egy Syntaxin 17-tartalmú SNARE komplex és 

a HOPS pányvázó komplex vesznek részt. Ezt az állítást azokra a megfigyeléseinkre 

alapozom, miszerint: I. bizonyítottuk, hogy a Syntaxin 17, usnp/SNAP-29 és Vamp7 fehérjék 

által alkotott SNARE komplex szükséges az autofagoszómák késői endoszómával vagy 

lizoszómával történő fúziójához (Takats és mtsai, 2013). II. kimutattuk, hogy a HOPS 

pányvázó komplex mind a hat alegysége szükséges az autofagoszómák késői endoszómával 

vagy lizoszómával történő fúziójához, feltehetően a Syntaxin 17 kötése révén (Takats és 

mtsai, 2014b). III. bemutattuk, hogy a HOPS- Syntaxin 17 kölcsönhatás autofágiára 

specifikus, mivel az endocitotikus és lizoszóma biogenezis transzportfolyamatokhoz a HOPS-

szal ellentétben a Syntaxin 17 nem szükséges (Takats és mtsai, 2014b). 

5. A lizoszómális lebontás hibájakor lecsökkenő TOR aktivitás miatt több 

autofagoszóma alakul ki. Ezt az állítást arra alapozom, miszerint: I. az autofág flux 

vizsgálatok során rutinszerűen használt lizoszómális lebontást gátló szerek csökkentik a TOR 

aktivitást, ami így az autofagoszómák kialakulását serkentheti (Juhasz, 2012). II. a HOPS 

komplex hibája a TOR aktivitásának csökkenése miatt megnöveli az autofagoszóma 

kialakulás mértékét, feltehetően azért, mert a Syntaxin 17 deléciójával ellentétben az összes 

lizoszómába irányuló transzportutat megzavarja (Hegedus és mtsai, 2013; Takats és mtsai, 

2013; Takats és mtsai, 2014b; Takats és mtsai, 2015). 

 

Egyre többet tudunk az autofágia fontosságáról és a folyamatot szabályozó útvonalakról. 

Kutatásainknak úttörő szerepe volt a 8. ábrán bemutatott molekuláris mechanizmusok 

Drosophila-ban végzett feltárásában. Az ábrán félkövér betűtípussal kiemeltem azokat a 

géntermékeket, amelyek funkcionális vizsgálatáról fő szerzőként kutatási cikket közöltem. 
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8. ábra. Az autofágiát szabályozó molekuláris mechanizmusok sematikus illusztrációja 

Drosophila példáján. Félkövér betűtípussal emeltem ki azokat a géntermékeket, amelyek 

funkcionális analíziséről első vagy utolsó szerzőként cikket közöltem a PhD fokozatom 

megszerzése óta. A Foxo transzkripciós faktor szükséges az éhezés-indukálta autofágiához. A 

TSC1/2 (Tuberous Sclerosis Complex 1/2) komplex a Rheb gátlásával inaktiválja a TOR 

kinázt. A TOR az Atg1-et közvetlenül foszforilálva akadályozza meg az autofágia kezdeti, 

iníciációs lépését. A fagofór kialakulásához a Vps34 lipid kináz komplex és az Atg9 

transzmembrán fehérje is szükségesek. A fagofór növekedését és autofagoszómává záródását 

lipid kináz effektorok és ubikvitin-szerű konjugációs rendszerek segítik elő. Az autofagoszóma 

lizoszómával (vagy késői endoszómával) egyesül, amihez szükség van a HOPS pányvázó 

komplexre és a Syntaxin 17 (Syx17), usnp (SNAP-29) és Vamp7 SNARE fehérjékre. Az így 

létrejött autolizoszómában zajlik az odaszállított anyagok lebontása. Ebben a folyamatban 

savas hidrolázok és a működésükhöz megfelelő pH-t biztosító, Vha fehérje alegységekből álló 

protonpumpa játszanak főszerepet.  

               dc_840_14



51 
 

TOVÁBBI TERVEK ÉS EREDMÉNYEK 

 

Bízom benne, hogy folytatódó saját kutatásaink és erősödő együttműködéseink révén 

továbbra is hozzá tudunk járulni a szakterület fejlődéséhez (Juhasz és mtsai, 2013). Ennek 

kapcsán abban a különleges helyzetben vagyok, hogy már némi fejleményekre is tudok utalni, 

ugyanis az eredetileg 2014. júniusában befejezett doktori értekezésemet a Magyar 

Tudományos Akadémia Doktori Tanácsának javaslatára újraírtam a kifogásolt formai és 

tartalmi hiányosságok orvoslása céljából. Publikációs aktivitásunk töretlen: 2015-ben eddig, 

azaz augusztusig hat darab lektorált folyóiratcikkünk jelent meg az autofágia témakörében 

összesen több mint 40 impakt faktor értékben, amiből három esetben szenior szerzőként 

szerepelek (Kim és mtsai, 2015; Lorincz és mtsai, 2015; Maruzs és mtsai, 2015; Mauvezin és 

mtsai, 2015; Nagy és mtsai, 2015; Takats és mtsai, 2015). Természetesen mivel ezek a cikkek 

a doktori eljárásom megindítása után születtek, ezért a bírálat során nem veendők figyelembe. 

Részletesen nem is kerülnek ismertetésre a dolgozatomban, bár néhányukra bátorkodtam 

röviden utalni, mivel szorosan kapcsolódnak az értekezésemhez. 

Kutatócsoportom felépítése is átalakulóban van. A 2009-es kezdést követő két évet a 

genomszintű genetikai szűrővizsgálattal töltöttük, ami a teljes labor munkaidejét nagyrészt 

igénybe vette. Kezdő kutatócsoport-vezetőként sok ihletet merítettem a Kenneth H. Blanchard 

nevével fémjelzett vállalatirányítási könyvekből. Ugyanis egy kutatócsoport vezetése a 

publikálj vagy pusztulj (publish or perish) elveknek való megfelelés kényszere miatt sokban 

hasonlít egy kis cég irányításához. A publikációkat egyfajta termékként kell „eladni”, azaz 

minél nívósabb szaklapokban leközölni, mert erre alapozva lehet újabb kutatási pályázatot 

nyerni. Ez esetemben különösen fontos, hiszen a kollégáim többségének fizetését (valamint 

teljes egészében a saját magamét is) laborom indítása óta pályázati pénzből teremtem elő. Ez 

igen sok tervezést igényelt: például az első 5-6 évben nemcsak a projekteket, hanem az összes 

molekuláris klónozási stratégiát és a szükséges primereket is én magam terveztem meg, és a 

laboromban zajló többi kísérletet szintén hasonló alapossággal felügyeltem. Jó és rossz 

döntéseim közül kiváló döntésnek bizonyult, hogy Nagy Péter Myc iránti érdeklődését, 

valamint Takáts Szabolcs autofagoszóma-lizoszóma fúzióval kapcsolatos ötleteit támogattam, 

hiszen ezekből születtek önálló kutatócsoportom talán legfontosabb publikációi. Mára már 

számos olyan kollégámra támaszkodhatok, akik sokéves vagy akár évtizedes rutinjuknak 

köszönhetően kutatásaikat egyre önállóbban végzik, szakdolgozó és doktorandusz hallgatóink 

munkáját felügyelik. A csoport fejlődését jól jelzi az is, hogy tanítványaim közül 2014-ben 

Hegedűs Krisztina, majd 2015-ben Nagy Péter posztdoktori OTKA pályázatot nyertek. 

Remélem Drosophila autofágia kutatócsoportunk működése hosszú távon is fenntarthatónak 

és eredményesnek bizonyul majd. 
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Programmed Autophagy in the Drosophila Fat Body
Is Induced by Ecdysone
through Regulation of the PI3K Pathway

In the resulting autolysosome, the inner membrane with
its contents is ultimately degraded. A thorough under-
standing of autophagy at the molecular level requires
identification of the central molecular machinery respon-
sible for the formation and maturation of autophago-

Tor Erik Rusten,1 Karine Lindmo,1 Gábor Juhász,3

Miklós Sass,3 Per O. Seglen,2

Andreas Brech,1 and Harald Stenmark1,*
1Department of Biochemistry
2 Department of Cell Biology
The Norwegian Radium Hospital somes as well as the signaling pathways that control the

process (Codogno and Meijer, 2004; Møller et al., 2004).Montebello, N-0310 Oslo
Norway Many essential components of the molecular machin-

ery for autophagy have been identified and character-3 Department of General Zoology
Eotvos Lorand University ized using yeast genetics (Klionsky et al., 2003). Two

ubiquitin-like conjugation systems are essential for thePazmany setany 1/C
Budapest H-1117 initiation and progression of autophagy (Noda et al.,

2002). Atg12, a small ubiquitin-like protein, is covalentlyHungary
attached to Atg5, forming an Atg12-Atg5 conjugate
(Mizushima et al., 1998). Atg8, a second small ubiquitin-
like protein, is conjugated to the lipid, phosphatidyletha-Summary
nolamine (PE), possibly allowing its membrane localiza-
tion (Ichimura et al., 2000; Kirisako et al., 2000). GeneticEukaryotic cells catabolize their own cytoplasm by

autophagy in response to amino acid starvation and analysis has revealed that the Atg5-Atg12 conjugate is
needed for Atg8 localization to the PAS and that bothinductive signals during programmed tissue remodel-

ing and cell death. The Tor and PI3K signaling path- conjugates are necessary for progression of autophagy
(Suzuki et al., 2001). Importantly, the Atg5-Atg12 conju-ways have been shown to negatively control autoph-

agy in eukaryotes, but the mechanisms that link these gation process and its requirement for autophagy are
conserved from yeast to mammals (Mizushima et al.,effectors to overall animal development and nutritional

status in multicellular organisms remain poorly under- 2001). Analysis of atg5-deficient mouse embryonic stem
cells revealed that Atg5 is necessary for membrane elon-stood. Here, we reveal a complex regulation of pro-

grammed and starvation-induced autophagy in the gation and autophagosome formation. Consistent with
a role of Atg5 and Atg8 in autophagy, both proteinsDrosophila fat body. Gain-of-function genetic analysis

indicated that ecdysone receptor signaling induces locate to nascent autophagic membrane structures in
yeast and mammals. Ultrastructural analysis shows thatprogrammed autophagy whereas PI3K signaling re-

presses programmed autophagy. Genetic interaction both yeast Atg5, Atg8, and their mammalian homologs
Atg5 and LC3 (Microtubule associated protein 1-lightstudies showed that ecdysone signaling downregu-

lates PI3K signaling and that this represents the ef- chain 3) localize to the isolation membranes (Kabeya et
al., 2000; Kirisako et al., 1999; Mizushima et al., 2001).fector mechanism for induction of programmed au-

tophagy. Hence, these studies link hormonal induction Upon closure of the membrane, Atg5 is lost from the
newly formed autophagosome while LC3 is still attachedof autophagy to the regulatory function of the PI3K

signaling pathway in vivo. (Kabeya et al., 2000; Mizushima et al., 2001). Upon fusion
with the lysosome, GFP-LC3 from the inner autophago-
somal membrane is still observable in the lysosomalIntroduction
lumen, making GFP-LC3 a useful marker for the autoph-
agy process (Mizushima et al., 2003).Macroautophagy (lysosomal degradation of cytoplasm,

hereafter referred to as autophagy) plays important roles The control of autophagy is nutritionally, hormonally,
and developmentally regulated through multiple signal-in regulating organelle turnover, growth, aging, cell

death, and the mobilization of amino acids upon starva- ing pathways (Codogno and Meijer, 2004; Levine and
tion (Baehrecke, 2002; Klionsky and Emr, 2000; Levine Klionsky, 2004). As in yeast, mammalian cells can initiate
and Klionsky, 2004; Melendez et al., 2003). Impairment autophagy upon starvation, both in cell culture and in
of this process has been implicated in a number of the intact organism (Kovacs et al., 1981a, 1981b; Mizu-
human diseases such as neurodegeneration, myopathy, shima et al., 2001, 2003). This starvation response is
and cancer (Edinger and Thompson, 2003; Klionsky, potently reversed by the presence of amino acids (Gor-
2004). During autophagy, cytoplasmic components are don et al., 1985; Kovacs et al., 1981b). The macrolide
enclosed by a cisternal isolation membrane, which in antibiotic, rapamycin, is able to induce autophagy even
yeast derives from a distinct cellular region called the in the presence of a good nitrogen source (Blommaart
preautophagosomal structure (PAS, Figure 1A) (Klionsky et al., 1995; Noda and Ohsumi, 1998). The target of
and Emr, 2000; Noda et al., 2002; Seglen et al., 1990). rapamycin (Tor) is an evolutionarily conserved kinase
Upon closure of the isolation membrane, a double mem- that is central in regulating several starvation responses,
brane-enclosed autophagosome is formed which even- including the control of cell cycle progression, growth,
tually fuses with the lysosome (Fengsrud et al., 2000). transcription, and protein translation (Miron and So-

nenberg, 2001; Oldham and Hafen, 2003).
Another central regulator of nutrient signaling is the*Correspondence: stenmark@ulrik.uio.no
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Figure 1. Lysotracker and GFP Fusions of
Atg5 or LC3 as Markers for Autophagic Ac-
tivity

Different stages of the autophagic process (A)
can be visualized in the fat body of transgenic
animals using the tub-Gal4 driver. Fly larvae
carrying inducible fusion transgenes encod-
ing human LC3 (green) or Atg5 (blue) (B) were
observed by confocal microscopy (C–E) or
electron microscopy (F and G).
(B) Western blot analysis detecting fusion
proteins using anti-GFP antibodies in whole
wandering L3 larvae. tub-Gal4�GFP-LC3 lar-
vae display one band at 43 kDa correspond-
ing to GFP-LC3-I and another band at 36 kDa
probably corresponding to GFP-LC3-II (Ka-
beya et al., 2000; Mizushima et al., 2003). A
weaker band at 27 kDa that probably repre-
sents GFP alone is also seen (Mizushima et
al., 2003). None of the bands are observed
in control larva (w1118). tub-Gal4�GFP-Atg5-
expressing animals display a 58 kDa band
corresponding to GFP-Atg5 and a less mobile
band possibly reflecting GFP-Atg5 with con-
jugated Atg12 (expected size of 71 kDa) (Mi-
zushima et al., 1998).
(C–C″) In mid-feeding L3 larvae expressing
GFP-Atg5, distinct 0.5 �m-sized structures
(arrow) do not colocalize with lysotracker (ar-
rowhead) and probably represent early au-
tophagic structures (PAS and isolation mem-
branes).
(D–D″) Similar structures are observed in
GFP-LC3-expressing larvae at the same
stage, in which small structures (arrow) do
not colocalize with lysotracker (arrowhead).
(E–E″) In wandering L3 larvae, larger 2–5 �m-
sized structures, representing autolyso-
somes (arrow), are colabeled by GFP-LC3
(arrows) and lysotracker (arrowhead).
(F and G) Immuno-gold electron microscopy
images from a similarly staged larva as in (E)
show enriched immunoreactivity within auto-
lysosomes (AL). (G) shows a higher magnifi-
cation of (F). Gold particles are labeled with
arrows in (G).
Size bars 2 �m (C–E) and 1 �m (F).

class I phosphoinositide (PI) 3-kinase (PI3K) which cata- cells is also able to inhibit autophagy (Arico et al., 2001).
The level of PIP3 is negatively controlled by PTEN (phos-lyzes the formation of phosphatidylinositol-3,4,5-tris-

phosphate (PIP3) (Britton et al., 2002; Simonsen et al., phatase and tensin homolog deleted from chromosome
10), which specifically dephosphorylates the 3� position2001). PI3K is a downstream component of tyrosine

kinase receptors, including the insulin signaling pathway of PIP3. Expression of a lipid phosphatase-deficient form
of PTEN leads to inactivation of autophagy due to aknown to be a potent repressor of autophagy in mamma-

lian cells and Caenorhabditis elegans (Melendez et al., failure to antagonize the inhibitory effect by the PI3K
pathway (Arico et al., 2001).2003; Seglen and Bohley, 1992). In HT-29 cells, activa-

tion of the class-I PI3K pathway by the cytokine interleu- Developmentally programmed autophagy and subse-
quent cell death occur in mammalian luteal cell regres-kin-13 is able to inhibit autophagy (Petiot et al., 2000).

Generation of PIP3 at the cell membrane recruits the sion and in tissue remodeling during insect metamor-
phosis (Baehrecke, 2002; Juhász et al., 2003; Thummel,effectors Akt/PKB and PDK1 through their plextrin ho-

mology (PH) domains (Oldham and Hafen, 2003). Con- 2001). This form of programmed autophagy is likely to
be controlled by hormones. In holometabolous insects,sistently, expression of Akt/PKB in human colon cancer
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the main hormone regulating global synchronization and (Kabeya et al., 2000; Mizushima et al., 2001, 2003). We
concluded that the three populations of structures ob-progression of developmental stages, 20-hydroxyecdy-

sone (ecdysone), is the best candidate for this control served in GFP-LC3-expressing flies (GFP-LC3-positive,
lysotracker-positive, or GFP-LC3/lysotracker-positive)(Riddiford, 1993). Programmed autophagy in the midgut

and fat body during the last larval stage of Pieris brassi- should allow us to follow the dynamics of autophagy in
live and fixed tissue using a simple microscopy-basedcae and Mamestra brassicae can be prematurely in-

duced by administration of ecdysone (Komuves et al., assay.
1985; Sass and Kovacs, 1975, 1977).

To begin to understand the regulation, molecular The Drosophila Fat Body Has Defined Stages
mechanisms, and role of autophagy in a multicellular of Progressive Programmed Autophagy
animal, we have chosen the Drosophila fat body as a During insect metamorphosis, the salivary gland, fat
model system. Using a microscope-based autophagy body, and midgut undergo precisely timed periods of
assay, we first show that starvation and Tor and PI3K programmed autophagy before dying (Supplemental
signaling control autophagy in this system. We then Figures S1A–S1L [http://www.developmentalcell.com/
demonstrate that programmed autophagy in the Dro- cgi/content/full/7/2/179/DC1]) (Butterworth et al., 1988;
sophila fat body is controlled by ecdysone and effected Butterworth and Forrest, 1984; Lee and Baehrecke,
through inhibition of PI3K signaling. 2001; Lee et al., 2002a; von Gaudecker and Schmale,

1974). We chose the fat body as a model system for
studying programmed and starvation-induced auto-Results
phagy with GFP-LC3, GFP-Atg5, and lysotracker as re-
porters. Small feeding early L3 larvae (feL3, 72 hr afterVisualizing Autophagy with GFP-Atg5, GFP-LC3,

and Lysotracker egg laying, AEL) contained small, 0.5 �m-sized GFP-
Atg5 and GFP-LC3 structures (Figures 1C and 1D andIn order to initiate studies of autophagy in Drosophila,

we sought to establish molecular markers and an assay Figure 2A). Few structures labeled with lysotracker, con-
sistent with earlier findings that no autolysosomes werefor the process. The fly genome contains two putative

homologs of Atg8 (CG32672, CG12334) and one homo- observed at this stage (Butterworth et al., 1988; Butter-
worth and Forrest, 1984). In large L3 feeding larvaelog of Atg5 (CG1634) (Baehrecke, 2002; Juhász et al.,

2001). We established several transgenic fly lines ex- (feeding late L3, flL3), small (0.5–1 �m) strongly acidic
lysosomes were numerous and overlapped frequentlypressing LC3 and Drosophila Atg5 as fusion proteins

with green fluorescent protein (GFP) under control of the with GFP-LC3, indicating the presence of autolyso-
somes (Figure 2B). Autophagy is known to be initiatedGal4-UAS system (Brand and Perrimon, 1993). Western

blotting of extracts from stage 3 (L3) larvae confirmed at 108 hAEL, when autolysosomes, typically containing
glycogen and mitochondria in various stages of degen-expression of the transgenes. Animals ubiquitiously ex-

pressing GFP-LC3 or GFP-Atg5 under tub-Gal4 control eration, are present (Butterworth et al., 1988; Butter-
worth and Forrest, 1984). In both wandering stage L3were viable and showed no obvious phenotypic defects

or growth delay (Figure 1B and data not shown). larvae and in white pupae, most of the cytoplasm con-
tained large, 2–5 �m-sized structures colabeling weaklyThe membrane permeant dye, lysotracker, labels

acidic organelles such as lysosomes and autolyso- for GFP-LC3 and lysotracker (Figures 2C and 2D). This
finding is consistent with earlier reports in which smallsomes and has been used as a probe for autophagy

(Munafó and Colombo, 2001). We reasoned that a com- acidic lysosomes display reduced acidity upon fusion
with autophagosomes (Dunn, 1990).bination of GFP fusion constructs and lysotracker

should allow us to visualize the three compartments Consistent with the idea that the small structures ob-
served in early L3 larvae represent early autophagicrelevant for autophagy, i.e., the lysosomes (lysotracker-

positive), the forming autophagosomes (GFP-Atg5- or structures, we also observed structures labeled with
GFP-Atg5 (data not shown). Quantification of the threeGFP-LC3-positive), and the autolysosomes (lyso-

tracker- and GFP-LC3-positive). In larval L3 stage, au- populations of structures, acidic structures (lysosomes
and late endosomes), PAS/autophagosomes, and auto-tophagy is active in the fat body (Butterworth and For-

rest, 1984). As expected, by confocal microscopy of lysosomes, revealed a dynamic progression of autoph-
agy in the larval fat body during the L3 stage (FigureGFP-Atg5 larvae, we observed small punctate struc-

tures of 0.5 �m in size that did not overlap with the 2H). Initially, small early autophagosomes or preauto-
phagosomal structures predominated, followed by anlysotracker probe, consistent with labeling PAS and

early autophagosomal structures in this tissue (Figure increased appearance of acidic lysosomes and autoly-
sosomes. At the white prepupal stage, essentially all1C). Analysis of GFP-LC3 larvae revealed two popula-

tions of GFP-positive structures (Figures1D and 1E). One GFP-LC3 structures contained lysotracker and were
thus likely to represent autolysosomes. It is worth notingpopulation consisted of 0.5 �m-sized lysotracker-nega-

tive profiles whereas the other population contained that the lysosomes in fat body cells of wandering larvae
and white prepupae were larger than at feeding L3larger structures, typically ranging 1–5 �m in size and

positive for both GFP-LC3 and lysotracker. To confirm stages, consistent with the idea that several autophago-
somes may fuse with the same autolysosome as devel-that the LC3 fusion constructs indeed labeled autopha-

gic structures, we carried out immunogold labeling and opment proceeds.
The relative paucity of structures labeling with lyso-electron microscopic analysis of L3 larval fat bodies. As

reported in yeast and mammalian cells, tagged LC3 was tracker at early L3 stages of development was surpris-
ing. This could either be due to a predominance of inac-enriched in autolysosomes as opposed to the general

diffuse labeling in the cytoplasm (Figures 1F and 1G) tive, nonacidic lysosomes or may simply indicate that
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Figure 2. Progressive Programmed Autophagic Activity in the L3 Fat Body

The progress of programmed autophagy during the L3 stage and white prepupa (wpp) was followed in the fat body using lysotracker and
GFP-LC3 in cg-Gal4�GFP-LC3 animals ([A]–[D], quantified in [H]). (A) Feeding early L3 (feL3) animals displayed little lysotracker staining
(arrowhead [A�]) and small GFP-LC3 structures (arrow [A�]) indicative of early autophagic structures. (B–D) Increasing numbers and size of
both GFP-LC3 (B�–D�)-, lysotracker (B�–D�)-, and GFP-LC3/lysotracker-positive structures were observed as the larval L3 stage proceeded
into the early pupal stages (B–D). (E–G) The number of lysosomes as assayed by the lysosomal marker HRP-Lamp1 increased during the L3
stage in Adh-Gal4�HRP-Lamp1 animals. A dynamic and progressive development of early autophagic profiles (black, GFP-LC3), lysosomes
(white, lysotracker), and autolysosomes (gray, GFP-LC3/lysotracker) can be observed (H). Feeding late L3 (flL3), wandering L3 (wL3), white
prepupa (wpp). Arrows, GFP-LC3 or GFP-LC3/lysotracker; arrowheads, lysotracker. Size bars 10 �m (A–D) and 2 �m (A�–D� and E–G).

lysosomes were fewer in number. To investigate this Autophagy in the Fat Body Can Be Induced
by Amino Acid Starvation, Ecdysonequestion, we used flies expressing a tagged version of

the lysosomal membrane protein, Lamp1 (Lloyd et al., Signaling, and Rapamycin
Larvae fed on amino acid-deficient food display a quick2002). Larvae expressing HRP-Lamp1 under control of

tub-Gal4 displayed a similar developmental profile as starvation-induced response in the fat body, leading to
the aggregation of storage vesicles (Britton et al., 2002;lysotracker staining during the different stages of larval

development. This finding supports the idea that the Colombani et al., 2003; Zhang et al., 2000). To investigate
starvation-induced autophagy at different develop-biogenesis of acidic lysosomes in this tissue is develop-

mentally regulated, perhaps in preparation for the tissue mental stages in the fat body, we subjected L2 and early
feeding L3 larvae with few GFP-LC3 structures and littleto undergo autophagy (Figures 2E–2G). The emergence

of early GFP-LC3 and GFP-Atg5 structures and the later lysotracker activity to 4 hr of starvation in an amino acid-
deficient sucrose medium. As a control medium, thecoappearance of GFP-LC3 with lysosomes meant that

we could account for all three populations of the path- sucrose solution was supplemented with heat-killed
yeast as an amino acid source. Confocal microscopy ofway, early autophagosomes, lysosomes, and autolyso-

somes, respectively. live fat bodies showed that starvation resulted in an
induction of structures labeled with GFP-Atg5, GFP-We confirmed by electron and confocal microscopy

that GFP-LC3 faithfully reports programmed autophagy LC3, as well as GFP-LC3 overlapping with lysotracker
(Figures 3A, 3B, 3D, and 3E). We then investigated thealso in salivary gland and midgut cells (Supplemental

Figures S1A–S1L). Taken together, these results demon- dynamics of autophagic induction during starvation, us-
ing the established assay. Animals were starved instrate that the dynamics of the autophagic process (ear-

lier followed by electron microscopy) can indeed be sucrose for up to 4 hr. A rapid induction of GFP-LC3-
positive structures was observed after 1 hr, and lyso-visualized by confocal microscopy. This provides the

opportunity to study the dynamics and progression of somes increased both in number, acidity, and size over
the duration of the experiment (Figure 3F). Similarly, theautophagy in live or fixed tissues.
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Figure 3. Autophagic Induction in the eL3 Fat Body

Early L3 larvae were challenged with amino acid starvation (see Experimental Procedures for details), rapamycin, or the ecdysone agonist
RH5849. Amino acid starvation for 4 hr led to an increase in lysotracker-, GFP-LC3 (D and E)-, and GFP-Atg5 (A and B)-containing structures.
The increase in early autophagosomal structures defined as GFP-LC3 or GFP-Atg5 positive alone increased after 1 hr of starvation and then
decreased again as lysosotracker-positive structures appeared and fused with GFP-LC3 (C and F). The number of lysosomes as assayed by
the lysosomal marker HRP-Lamp1 increased markedly after 3 hr of starvation ([L] compared with [K]). Both rapamycin (rap [G]) and RH5849
(H) were also able to induce GFP-LC3-, lysotracker-, and GFP-LC3/lysotracker-positive structures (compare with [D]). Fat body lobules from
a larva with the genotype UAS-GFP-LC3/�; cg-Gal4/� showed increased levels of lysotracker, GFP-LC3, and GFP-LC3/lysotracker structures
when cultured with ecdysone (J) compared to control tissue (I). (M and N) Increased appearance of lysotracker-positive structures was seen
in a PTEN-expressing clone (dashed line) in early L3 larvae of the genotype hsflp/�; Act�CD2�Gal4/�;UAS-PTEN/UAS-GFP. Size bar 2 �m.
Arrows, GFP-LC3 or GFP-LC3/lysotracker; arrowheads, lysotracker (A, B, D, E, G–J) or HRP-Lamp1 (K and L).

number of GFP-Atg5 structures increased after 1 hr of of HRP-Lamp1 structures was observed during the star-
vation period (Figures 3K and 3L). We conclude that thestarvation and then gradually declined as more lyso-

somes appeared (Figure 3C). The number of structures formation of acidic lysosomes and autophagic activity
can be induced by starvation at stages of developmentlabeling with GFP-LC3 alone increased after 1 hr of star-

vation and then declined as more lysosomes and GFP- when autophagy is normally suppressed. Thus, the fat
body has the capacity for both developmentally pro-LC3/lysotracker structures appeared. These results can

best be explained by a rapid induction of preautophago- grammed and starvation-induced autophagy.
Rapamycin is a specific inhibitor of Tor and is fre-somal structures and autophagosomes within 1 hr of

starvation, followed by fusion with recently acidified ly- quently used to induce autophagy as it is generally as-
sumed to phenocopy amino acid starvation. Addition ofsosomes.

To investigate the dynamics of lysosome biogenesis rapamycin to cells or to the food of feeding larvae leads
to effects similar to those induced by mutations thatupon starvation, we followed HRP-Lamp1 during a star-

vation period of 5 hr. A strong increase in the number inactivate dTor and phenocopies starvation (Oldham et
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al., 2000; Zhang et al., 2000). We therefore asked whether area, and the disappearance of structures labeling for
GFP-LC3 alone (Figures 4B and 4G). The autolysosomalrapamycin can induce autophagy in the fat body of feed-
structures were also less acidic than in the wild-typeing early L3 larvae. As expected, rapamycin led to effects
situation, possibly as a consequence of dilution of acid-similar to starvation, with fat bodies showing GFP-LC3/
ity due to more incoming autophagic material. Differen-lysotracker overlap after 4 hr of stimulation (Figure 3G).
tial interference contrast microscopy showed the aggre-In the moth, Mammestra brassicae, ecdysone is able
gation of fat droplets, a typical phenomenon observedto induce autophagy before its normal onset (Sass and
during the starvation response (Colombani et al., 2003;Kovacs, 1975, 1977). Autophagy in the fat body, followed
Zhang et al., 2000). Giant autolysosomes up to 10 �mby wandering behavior of larvae, is likely to be induced
in size were frequent. Strong fluorescent structures wereby a low but rising titer of ecdysone, which can be
often observed within the autolysosomes, possibly rep-detected by radioimmune assay measurements (R. Far-
resenting recently fused autophagosomes (autophagickas, personal communication). We noted that the devel-
bodies) (Figure 4B�). These findings suggest that inhibi-opmental appearance of autolysosomes in the fat body
tion of Tor kinase activity increases the flux of autopha-correlated well with the rise in ecdysone concentration
gosomes into autolysosomes and that the Tor pathway(Figure 2; see Discussion). To investigate if ecdysone is
is not completely inhibited during developmental au-the responsible hormone inducing programmed autoph-
tophagy in the fat body.agy in this tissue, we therefore challenged larvae for 4

Both ecdysone and the ecdysone agonist RH5849 arehr with sucrose and yeast supplemented with the ecdy-
potent inducers of autophagy at stages normally lackingsone agonist RH5849 (Wing, 1988). A rapid induction of
autophagic structures (Figure 2 and 3H–3J). This stronglylysotracker- and GFP-LC3/lysotracker-positive struc-
suggested that ecdysone is the bona fide inducer oftures was observed, showing that the presence of an
programmed autophagy in this tissue. To directly testecdysone agonist is indeed sufficient to induce autoph-
this hypothesis, we took advantage of the recently pub-agy (Figure 3H). Curiously, the appearance of acidic
lished dominant-negative versions of the ecdysone re-structures, presumably reflecting acidic lysosomes,
ceptor, EcRF645A and EcRW650A (Cherbas et al., 2003; Hucould be stimulated in a similar manner by starvation,
et al., 2003). These mutant receptors are able to bindrapamycin treatment, or addition of the ecdysone ago-
their heterodimeric partner (ultraspiracle) and DNA butnist. Electron microscopy was used to verify that the
produce strong dominant-negative effects on ecdysonefluorescent markers indeed reflected induction of au-
signaling, both in cell culture and in vivo (Cherbas ettophagy and formation of autolysosomes. Highly in-
al., 2003; Hu et al., 2003; Kozlova and Thummel, 2003;creased numbers of autolysosomes were seen under all
Riddiford et al., 2000). Overexpression of either EcRF645A

inducing conditions in comparison to the control-fed
or EcRW650A under Lsp-GAL4 control led to a strong re-animals (Supplemental Figures S2A–S2H). To verify that
duction of both the number and size of GFP-LC3/lyso-RH5849 reflected a direct autophagy-inducing capacity
tracker-positive structures relative to the control (Fig-of 20-hydroxyecdysone on the fat body, we performed
ures 4C and 4G). A strong accumulation of small 0.5–1in vitro organ culture experiments of the fat body (Sass
�m-sized GFP-LC3 structures, few small lysotracker-and Kovacs, 1975, 1977). Fat body lobules from the
positive structures, and little detectable overlap be-same early feeding L3 larvae were cultured either in
tween GFP-LC3 and lysotracker suggested that earlyinsect medium alone or supplemented with 20-hydroxy-
autophagosomal structures were able to form but didecdysone. A marked increase of autophagic activity was
not acidify, perhaps as a failure to fuse with lysosomes.observed in the presence of 20-hydroxyecdysone (Fig-

To investigate this possibility, we analyzed fat bodyures 3I and 3J). Taken together, these results show that
tissue from Lsp-Gal4�EcRW650A animals by electron mi-the Drosophila fat body can be induced to undergo
croscopy (Figures 5C and 5D). At the wandering L3 stagestarvation-, rapamycin-, and ecdysone-induced autoph-
of control animals, the cytoplasm was filled with auto-

agy before the normal onset of programmed autophagy.
phagosomes and large 2–5 �m-sized autolysosomes
with far-progressed degradation of internal structures

Effects of Ecdysone, PI3K, and Tor Signaling and little visible organelle remnant material (Figures
during Programmed Autophagy in the Fat Body 5A–5B and 1F). In contrast, animals with decreased ec-
Next, we asked whether Tor, PI3K, and ecdysone signal- dysone signaling lacked large autolysosomes (Figure
ing would have a regulatory role during the period of 5C) and instead contained numerous small, 0.2–0.5
programmed autophagy in the fat body. For this pur- �m-sized structures, probably representing aberrant
pose, we performed a gain-of-function genetic analysis autolysosome-related structures (Figures 5D, 5H, and
using a fat body driver, Lsp-Gal4, that initiates expres- 5I). Within these structures, tightly packed membrane
sion at the mid-L3 transition (Cherbas et al., 2003). material was found. The number of autolysosome-like
Amino acid sensing is suggested to exert its effects structures observed by electron microscopy correlated
through inhibition of the Tor kinase complex (Colombani closely with the numbers of GFP-LC3 structures ob-
et al., 2003; Hara et al., 2002; Kim and Sabatini, 2004; served by confocal microscopy, arguing that they are
Loewith et al., 2002; Scott et al., 2004). To investigate indeed the same structures (Figures 4G and 5I). The
the effect of Tor inhibition during programmed autoph- facts that (1) no large autolyosomes were observed, (2)
agy, we expressed a dominant-negative version of Tor the autophagic area was strongly reduced, and (3) many
(TorTED) (Hennig and Neufeld, 2002). Expression of TorTED small nonacidic GFP-LC3-positive profiles yet few acidic
led to a marked increase in autolysosomal size, a 30% structures occurred, indicate a strong inhibition of au-
increase in the autophagic area (quantified by electron tophagy (Figure 5H).

In mammalian HT-29 cells, elevated PI3K signalingmicroscopy, not shown), a reduction of cytoplasmic
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Figure 4. Inhibition of Ecdysone Signaling or Activation of the PI3K Pathway Blocks Programmed Autophagy

The progression of programmed autophagy was measured by GFP-LC3 and lysotracker in wL3 larvae by confocal microscopy ([A–F], enlarged
in [A�]–[F�]), and fat droplet aggregation by Nomarski optics (A″–F″). Constructs affecting Tor, ecdysone, and PI3K signaling were expressed
in the fat body under Lsp-Gal4 control at 29�C to achieve high expression levels.
(A–A″) Lsp-Gal4 control larvae showed extensive GFP-LC3/lysotracker overlap diagnostic of autolysosomes with a diameter of 2–5 �m.
(B–B″) Expression of a dominant-negative form of Tor (Lsp-Gal4�TORTED animals) resulted in an increase of autolysosomal size up to 10 �m,
reduced acidity, reduced cytoplasmic area, and a relative loss of GFP-LC3 structures alone. Fat droplet aggregation was more pronounced
than in control larvae ([B″] compare with [A″]).
(C–C″) Lsp-Gal4�UAS-EcRW650A larvae, in which ecdysone signaling is blocked, displayed a dramatic accumulation of GFP-LC3 structures
alone, reduced amounts of acidic vesicles, and few GFP-LC3/lysotracker-positive structures. A reduced fat droplet aggregation relative to
control animals was observed.
(D–D″) Similar phenotypes were observed in Lsp-Gal4�Dp110 larvae in which PI3K signaling was activated, while no visible effects were
observed in Lsp-Gal4�Dp110D954A larvae, in which PI3K signaling was blocked (E–E″).
(F) Autophagy is restored by simultaneous expression of UAS-EcRW650A and UAS-PTEN under Lsp-Gal4 control.
(G) GFP-LC3, lysotracker, and GFP-LC3/lysotracker structures were quantified in each genotype (see text for details). Size bars 10 �m (A–E)
and 2 �m (A�–E�).
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Figure 5. Block of Autophagic Activity by Increased PI3K and Reduced Ecdysone Signaling

Fat bodies from late-stage wandering L3 larvae of control Lsp-Gal4, Lsp-Gal�Dp110, and Lsp-Gal4�EcRW650A were prepared for conventional
EM as described in Experimental Procedures.
(A) In control larvae, the fat body contained numerous large autolysosomes (arrowheads). These vesicles were characterized by their content
of more or less degraded ER and organelle remnants.
(B) Another prominent feature was the occurrence of double-membrane limited autophagosomes, mostly containing sequestered ER.
(C) The fat body of Lsp-Gal4�EcRW650A larvae was devoid of large autolysosomal structures, but contained numerous large fat droplets (whose
“striped” appearance is an EM artifact). In addition, the Gal4�EcRW650A fat body contained many small, dense autolysosome-like vesicles,
which often contained tightly packed matter forming characteristic layers (arrows in [D]).
(E) Lsp-Gal4�Dp110 cells were also characterized by the absence of large autolysosomes and showed a variety of autophagic and multilamellar
vesicles and a striking accumulation of glycogen particles (arrows). At higher magnification, typical autophagosomes containing sequestered
ER were observed (F), as well as multilamellar bodies and structures with a dense core and a multivesicular appearance around the vesicle
periphery (arrow in [G]).
(H) A quantification of autophagic area showed a 5-fold decrease in Dp110- and EcRW650A-expressing larvae (I). Conversely, the number of
autophagic structures was strongly increased in dEcRW650A larvae.
Abbreviations: Nu, nucleus; AF, autophagosome; AL, autolysosome.

can suppress autophagic activity (Petiot et al., 2000). and Lsp-Gal4�UASdAkt animals showed a strong re-
duction of GFP-LC3/lysotracker-positive structures,The lipid product of PI3K, PIP3, recruits the effectors

Akt/PKB and PDK1 through their plextrin homology (PH) reminiscent of the effect of inhibiting ecdysone signaling
(Figures 4D and 4G). In both cases, there was a notice-domains, and overexpression of Akt/PKB is able to in-

hibit autophagy (Arico et al., 2001; Oldham and Hafen, able absence of large autolysosomes (Figures 5E and
5F). Some larger GFP-LC3/lysotracker-positive struc-2003). We investigated the effect of elevating PI3K sig-

naling activity by expressing the catalytic subunit of tures were present, though, suggesting incomplete in-
hibiton (Figure 4D). The presence of these autolyso-PI3K, Dp110, or dAkt (Britton et al., 2002; Leevers et al.,

1996; Verdu et al., 1999). Both Lsp-Gal4�UASDp110 somes was confirmed by electron microscopy (Figures
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5F and 5G). As observed when ecdysone signaling is observed in all cells of the fat body in Lsp-Gal4�EcRW650A

animals (Figures 6E–6H, compare with Figures 4C–4C″).blocked, the cytoplasm contained small autophago-
In live cells, the presence of the clonal marker GFPsomes and autolysosomes. A pronounced accumulation
reports the cells expressing EcRW650A. The EcRW650A-of glycogen was also observed in these animals, per-
expressing clones contained smaller and fewer acidichaps due to a failure of autophagy to degrade glycogen
structures as well as more defined cell borders, and aor an increased accumulation resulting from elevated
different appearance of fat droplets compared to wild-PI3K signaling. As in Lsp-Gal4�EcRW650A animals, the
type cells (Figures 6E–6H). This marked phenotypic dif-autophagic area was severely decreased compared to
ference between cells allowed an identification of cellscontrol animals, demonstrating a strong inhibition of
expressing EcRW650A and observation of PI3K activity us-autophagy (Figures 5H and 4G).
ing the GFP-PH probe in live cells. EcRW650A-expressingThe level of PIP3 is negatively controlled by the lipid
clones had strong membrane localization of GFP-PH,phosphatase PTEN, which dephosphorylates the 3� po-
indicating strong PI3K signaling compared to neigh-sition of the inositol head group of PIP3. Expression of
boring cells with low PI3K activity (Figures 6I–6L anda dominant-negative form of PTEN leads to a decrease
6C). To directly label the EcRW650A-expressing clones, wein autophagic activity in colon carcinoma cells (HT-29)
performed the same experiment in fixed tissue in which(Arico et al., 2001). Overexpression of PTEN, the regula-
the absence of the surface marker CD2 reports the ex-tory subunit of PI3K (p60), and a dominant-negative ver-
pressing clone. Again, the membrane localization ofsion of the catalytic subunit of PI3K, Dp110D954A can each
GFP-PH was higher than in neighboring cells (Figuresblock PI3K signaling and prevent the cell growth effect
6M and 6N), although the difference in GFP-PH mem-of PI3K signaling (Britton et al., 2002; Gao et al., 2000;
brane localization in fixed tissue was not as clear as inLeevers et al., 1996; Weinkove et al., 1999). However,
live cells, a phenomenon also observed by others (Brit-Lsp-Gal4�Dp110D954A, Lsp-Gal4�UASPTEN, and Lsp-
ton et al., 2002; Colombani et al., 2003).Gal4�UASp60 animals did not show an obvious effect

If the mechanism of autophagic regulation is governedon the autophagic activity or the fat droplet aggregation
through regulating the level of PI3K signaling and PIP3in the larval fat body (Figures 4E and 4G and data not
levels, then the presence of the ecdysone agonistshown). This suggests that in the late wL3 larva, autoph-
RH5849 in the feeding medium would be predicted toagy cannot be further increased by experimental sup-
promote PIP3 downregulation. We therefore challengedpression of PI3K signaling, as probably PI3K signaling
feL3 larvae for 4 hr with RH5849 and observed the mem-is completely inhibited already. In contrast, clonal over-
brane localization of the GFP-PH probe. A significantexpression of PTEN before the onset of programmed
reduction of plasma membrane localization of the GFP-autophagy did result in an increase of lysotracker posi-
PH probe was observed in the RH5849-treated animalstive structures, indicative of increased autophagy (Fig-
in comparison to control animals (Figure 6D, compareures 3M and 3N). In conclusion, inhibition of ecdysone
with 6A). This indicates that ecdysone signaling canreceptor activity or an increase in PI3K signaling can
negatively regulate PI3K signaling.result in a severe inhibition of programmed autophagy.

If downregulation of PI3K signaling is the mechanism
of autophagic induction by ecdysone signaling, then

PI3K Activity Is Regulated through Ecdysone
inhibition of the PI3K pathway should restore autopha-

Receptor Signaling in a Cell-Autonomous gic activity in animals with blocked ecdysone signaling.
Fashion to Allow Programmed Autophagy Indeed, larvae simultaneously expressing EcRW650A and
A constitutively active PI3K pathway or a decrease in PTEN displayed a complete rescue of autophagic activ-
ecdysone receptor activity leads to very similar inhibi- ity (Figures 4F and 4G). Taken together, the genetic data
tion of autophagy. We therefore investigated normal demonstrate that ecdysone signaling can downregulate
PI3K activity during the L3 stage using a GFP-PH domain PI3K signaling in a cell-autonomous fashion and that
fusion protein as a reporter for PI3K activity (Britton this downregulation is the only downstream requirement
et al., 2002). The GFP-PH marker clearly reported the for developmental initiation of programmed autophagy.
presence of PIP3 at the cell membrane in early L3 larvae.
This labeling gradually disappeared by the wandering Discussion
L3 stage (Figures 6A–6C). The fact that no appreciable
PIP3 formation was observed in the fat body at the wL3 While the molecular machinery of autophagic progres-
stage can explain the failure of overexpressed PTEN, sion is largely conserved from yeast to mammals, the
p60, or Dp110D954A to cause any effect on autophagic control of autophagy in multicellular animals is neces-
activity, since no further downregulation of the pathway sarily more complex than in yeast as it is likely to be
was possible. The correlation between a loss of PI3K involved in functions other than the starvation response
signaling and the necessity and sufficiency of the ecdy- (Levine and Klionsky, 2004). For example, class I PI3K
sone pulse for autophagic activity suggests that ecdy- signaling (which is absent from S. cerevisiae) has been
sone exerts its effect through inhibition of PI3K sig- shown to suppress autophagy in mammalian cells and
naling. in C. elegans, but the context of its biological function

To directly test this hypothesis, we induced expres- in autophagic regulation is not known (Melendez et al.,
sion of EcRW650A in clones of cells using the Flp-Gal4 2003; Petiot et al., 2000; Seglen and Bohley, 1992). In
technique and assayed for PI3K activity using the GFP- this work, we have used the Drosophila fat body as a
PH probe in both live and fixed tissue at the wandering model system to study the regulatory mechanisms of
L3 stage (Britton et al., 2002; Neufeld et al., 1998; Pignoni programmed autophagy. We found that PI3K signaling
and Zipursky, 1997). Clones overexpressing EcRW650A suppresses autophagy in the fat body and that this nega-

tive regulation is abolished during the last larval stage byshowed an indistinguishable phenotype from what was
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Figure 6. Ecdysone Signaling Cell-Autonomously Downregulates PI3K Activity in the Fat Body

The GFP-PH probe, which binds PIP3 at the cell membrane, was used to assay PI3K signaling activity. (A–C) PI3K activity (arrow) was gradually
reduced during the L3 stage in the fat body. (A and D) GFP-PH membrane localization (arrows) was reduced in eL3 larvae fed on 20% sucrose/
yeast supplemented with RH5849 after 4 hr of incubation.
(E–H) Clones of live cells expressing EcRW650A were recognized by GFP expression and showed a marked reduction of lysotracker staining
(G), prominent cell outline, and failure of lipid aggregation observable by DIC microscopy (H).
(I–L) Cells expressing EcRW650A displayed a prominent GFP-PH membrane localization.
(M–P) Clones expressing EcRW650A were identified by the lack of the CD2 membrane marker in fixed tissue. More membrane localized GFP-
PH was seen within the clone than in surrounding tissue.
Size bars 10 �m (A–L) and 20 �m (M and N).

ecdysone signaling, allowing programmed autophagy to levels of ecdysone during the L3 stage of development
in Drosophila have only been detected at low levels attake place.
the wandering-L3 stage and increase markedly before
puparium formation in most studies (Richards, 1981;Ecydsone Signaling Induces Programmed

Autophagy in the Fat Body Riddiford, 1993), a small hormonal peak before the initia-
tion of wandering has been reported (Berreur et al.,The fat body is a primary nutrient-responsive tissue that

emulates the functions of the liver and adipose tissue 1984). We found that expression of dominant-negative
ecdysone receptors from the mid-L3 stage under Lsp-of vertebrates (Colombani et al., 2003). Fat body cells

undergo programmed autophagy during the last larval Gal4 control resulted in a dramatic reduction of autoph-
agy. The autophagic area was severely reduced, andstage (L3) preceding pupariation. We focused on the

genetic regulation of programmed autophagy. Earlier fewer acidic structures were observed. Since we did not
observe complete inhibiton of autophagy, we closelyfindings in Mamestra brassicae demonstrated that au-

tophagy could be induced by ecdysone (Sass and Ko- followed the timing of Lsp-Gal4 expression and found
that it initiated reporter gene expression 20–30 min aftervacs, 1975, 1977). In Drosophila, autophagy is develop-

mentally upregulated from mid-L3 stage in fat body cells programmed autophagy had been started (data not
shown). Most likely, this latency of Lsp-Gal4 expression(Butterworth and Forrest, 1984). Although previously the
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accounts for the incomplete penetrance of the pheno- downregulates PI3K signaling. In addition, a reduction in
PI3K signaling failed to increase the autophagic activitytypes. In fact, driving expression of the dominant-

negative EcR using a constitutive fat body Gal4 driver during programmed autophagy, in line with the idea that
it is in the same pathway and is already inhibited com-(cg-Gal4) (Asha et al., 2003), or placing a temperature-

sensitive mutant of ecdysoneless (ecd1) (Berreur et al., pletely. In contrast, reducing Tor signaling in the fat
body could further increase autophagic activity during1984) to restrictive temperature at the start of the L3

stage, led to a complete inhibition of autophagy (data developmental autophagy, suggesting that Tor is not
inhibited completely, or not involved in programmednot shown). This suggests that ecdysone has a regula-

tory role on programmed autophagy already at the early autophagy. Elucidating the role of Tor signaling during
this process requires further studies.L3 stage and that the ecdysone titer at this stage of

development is at the threshold of detection. The issue Several lines of evidence support a role for PI3K sig-
naling in ecdysone-induced programmed autophagy inof ecdysone levels during larval development has re-

cently been revisited: radioimmunoassay measure- the fat body: (1) Inhibition of ecdysone receptor activity
or an increase in PI3K signaling produced very similarments detected low but continuously increasing levels

of ecdysone during mid-L3 stage (R. Farkas, personal phenotypes, indicating that these pathways perform op-
posite regulatory roles on programmed autophagy. (2)communication). Taken together, these results suggest

that programmed autophagy is due to this low but rising Administration of the ecdysone analog RH5849 to feed-
ing larvae promoted attenuation of PI3K signaling. (3)level of ecdysone during the L3 stage of development.
Clonal inactivation of ecdysone receptor signaling led
to a failure of this attenuation. (4) Simultaneous down-Autophagic Regulation Downstream
regulation of PI3K signaling and inhibiton of ecdysoneof Ecdysone Signaling
receptor activity restored programmed autophagy toA simple explanation of ecdysone-induced programmed
wild-type levels. Thus, ecdysone signaling is both nec-autophagy could be the initiation of wandering and
essary and sufficient for downregulation of the PI3Ktherefore starvation-induced autophagy. This is not
pathway during programmed autophagy. Taken to-likely, however, for the following reasons. Develop-
gether, these results suggest a model in which ecdysonemental autophagy is initiated in fat bodies of late feeding
receptor signaling has the ability to promote autophagyanimals at least 6 hr before the animals stop feeding
through the downregulation of PI3K signaling.and leave the food, and 12 hr before ingested food starts

to disappear from the anterior part of the midgut (Lee
Experimental Procedureset al., 2002a; Butterworth et al., 1988; this study). In

addition, the autophagic response in fat body cells is Fly Strains
uncoupled from the change in feeding behavior since All transgenic lines were of the p[w�] variant except hs-FLP122. w1118

(control in most experiments), y,w, hs-FLP122; UAS-dTORTED (Hennigexpression of a dominant-negative ecdysone receptor
and Neufeld, 2002), w; UAS-EcRF645A, and w; UAS-EcRW650A(Cherbascell autonomously inhibited programmed autophagy in
et al., 2003), w; tub-Gal4/TM6b (Lee and Luo, 1999), w; Lsp2-Gal4late wandering L3 animals that ceased feeding 8 hr
(Cherbas et al., 2003), w; Adh-Gal4 (Fischer et al., 1988), w; cg-Gal4earlier.
(Asha et al., 2003), w; UAS-dPTEN (Gao et al., 2000), y,w, hs-FLP122;

PI3K signaling is able to regulate autophagy and is UAS-Dp110D945A, and y,w, hs-FLP122; UAS- Dp110(Leevers et al.,
unlikely to be a part of the amino acid sensing mecha- 1996), y,w, hs-FLP122; UAS- p60 (Weinkove et al., 1999), y,w, hs-

FLP122; UAS-dAkt (Verdu et al., 1999), Act�CD2�Gal4; tGPH (Brittonnism during an acute starvation response, as amino
et al., 2002), y, w, Act�Cd2�Gal4;UAS-GFP (Neufeld et al., 1998;acids and insulin have been shown to control autophagic
Pignoni and Zipursky, 1997), w, UAS-GFP-LC3#10, w; UAS-GFP-proteolysis through different signaling pathways in rat
Atg5#16.hepatocytes (Kanazawa et al., 2004). This is supported

by the fact that the presence of the PIP3 binding probe, Construction of GFP-LC3 and GFP-Atg5 Transgenes
GFP-PH, at the cell membrane is not affected by amino Human LC3-B was PCR-amplified from a human brain cDNA library

(Marathon ready, Clontech), and Drosophila Atg5 was PCR-ampli-acid deprivation in the fat body (Colombani et al., 2003).
fied from a lambda-ZAP ovary cDNA library (Szabó et al., 2001). TheThe loss of PI3K signaling was only observed after 24
PCR products were subcloned as in-frame fusions with eGFP intohr of starvation, long after the acute starvation response
pUASp (Rørth, 1998). The resultant UAS-GFP-LC3 and UAS-GFP-of autophagy (Britton et al., 2002). This concurs with
Atg5 constructs were injected into w1118 embryos for transformation.

observations in cultured mammalian cells in which insu- A minimum of two independent transgenic lines on different chromo-
lin signaling and PI3K activity do not respond to varia- somes were established and tested in each case.
tions in nutrient levels (Shah et al., 2000).

Electron MicroscopyWhat is then the physiological significance of PI3K
Fat bodies for conventional plastic embedding were fixed in 2%signaling regulating autophagy? We modulated PI3K
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2. Samples weresignaling in the fat body to see if it can influence the
postfixed with 2% OsO4 and 1.5% KFeCN in the same buffer, and

autophagic response to ecdysone. Elevation of PI3K sig- 40–50 nm sections were observed in a Philips CM10 electron micro-
naling during the period of programmed autophagy pre- scope. For cryo-immunocytochemistry, the fat body was fixed in

4.0% formaldehyde, 0.1% glutaraldehyde in 0.1 M Sørensen phos-vented the biogenesis of autolysosomes. This epistatic
phate buffer (pH 7.4). The samples were washed in PBS, infiltratedregulation of PI3K signaling over ecdysone-induced pro-
with 2.3 M sucrose, mounted on sample stubs, and frozen in liquidgrammed autophagy suggests that PI3K signaling is a
nitrogen. Sectioning was done on a Leica FCS cryomicrotome. Sec-part of the same pathway or a dominant repressor. A
tions were collected with a 1:1 mixture of 2% methyl cellulose and

strong reduction and ultimately loss of PI3K signaling 2.3 M sucrose, transferred to formvar/carbon-coated grids and la-
was observed in the fat body during the induction of beled with monoclonal mouse anti-GFP #Z378A (Promega) followed

by a secondary rabbit anti-mouse bridging antibody (Dako) andprogrammed autophagy, suggesting that ecdysone
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Protein A-gold conjugate, essentially as described (Liou et al., 1996; References
Slot et al., 1991).
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Abstract

The major cell death pathways are apoptosis and autophagy-type cell death in Drosophila. Overexpression of
proapoptotic genes in developing imaginal tissues leads to the activation of caspases and apoptosis, but most of them
show no effect on the polytenic cells of the fat body during the last larval stage. Surprisingly, overexpression of Hid
induces caspase-independent autophagy in the fat body, as well as in most other larval tissues tested. Hid mutation
results in inhibition of salivary gland cell death, but the disintegration of the larval midgut is not affected. Electron
microscopy shows that autophagy is normally induced in fat body, midgut and salivary gland cells of homozygous
mutant larvae, suggesting that Hid is not required for autophagy itself. Constitutive expression of the caspase inhibitor
p35 produces identical phenotypes. Our results show that the large, post-mitotic larval cells do not react or activate
autophagy in response to the same strong apoptotic stimuli that trigger apoptosis in small, mitotically active imaginal
disc cells.
r 2005 Elsevier GmbH. All rights reserved.
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Introduction

Programmed cell death is used to selectively remove
unwanted or dangerous cells in multicellular animals.
On the basis of the morphology, two major forms can be
recognized: apoptosis and autophagy-type cell death.
Apoptosis serves as a targeted elimination of individual
cells during physiological circumstances, followed by
endocytosis of cellular remnants by macrophages and
subsequent degradation in lysosomes. Autophagy is

basically a self-defense reaction that ensures survival of
the cells or organism in case of nitrogen starvation, by
turning over most of the cytoplasm including organelles
for re-use in synthetic processes. During autophagy, a
membrane sac of uncertain origin called the isolation
membrane engulfs portions of the cytoplasm and finally
forms a double-membrane-layered initial autophagic
vacuole (often referred to as autophagosome). After
fusion with a lysosome, a degrading autophagic vacuole
(often referred to as autolysosome) is formed, where the
sequestered material is digested by lysosomal hydrolases
(Ohsumi, 2001; Rusten et al., 2004). In multicellular
animals, autophagy was integrated to multitudinous cell
death events to cope with the mass of cytoplasm to be
degraded in a short time, thereby lowering the need for
macrophages to clear up the corpses (Baehrecke, 2002;
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Gozuacik and Kimchi, 2004). The regulation of
apoptosis and autophagic cell death can involve
common, ‘‘upstream’’ factors that mediate the actual
death stimulus, and possibly different, ‘‘downstream’’
factors that are involved in the decision how to die.

During apoptosis, the activation of caspases (cysteine
aspartyl proteases) rapidly results in selective cleavage of
many intracellular proteins like lamin or actin, ulti-
mately leading to chromatin margination in the nucleus,
cytoskeletal collision, membrane blebbing and subse-
quent phagocytosis of emerging apoptotic bodies
(Kaufmann and Hengartner, 2001). But this generalized
picture is only true for some, but not all systems
(Lockshin and Zakeri, 2002, 2004). For example, in case
of the now classical apoptosis model Caenorhabditis

elegans, cells eliminated during normal development
share the above-mentioned morphological and molecu-
lar features (Horvitz, 2001), like dying embryonic and
imaginal disc cells of Drosophila, as well as mammalian
lymphocytes in tissue culture or in vivo (Baehrecke,
2002). However, in large, post-mitotic, often polyploid
cells like larval insect tissues usually autophagy is
induced, often as an early step of cell death which is
sometimes considered the preparative phase (Butter-
worth and Forrest, 1984). The advantage of this is that
self-material is delivered into lysosomes to ensure the
degradation of cytoplasm that could otherwise overload
macrophages, or that nutrients can be stored in these
cells until needed by developing tissues, when cell death
releases the reusable and pre-degraded components, as
seen in case of the larval fat body of insects (Baehrecke,
2002; Lockshin and Zakeri, 2002; Neufeld, 2003).
Autophagic cell death is independent of caspase activity,
and is clearly different from the morphology of
apoptosis: cytoskeleton is maintained, the cytoplasm
retains its synthetic capacity but most of it is
sequestered into autophagic vacuoles for lysosomal
breakdown (Gozuacik and Kimchi, 2004). Of course,
the process of autophagy is also caspase-independent,
as its involvement in certain cell death events is
only one of its many roles (Neufeld, 2003; and this
study).

Often both types can be observed in the same cell, like
in case of several neurodegenerative diseases
(Yuan et al., 2003), or certain larval tissues of
metamorphosing insects, in which autophagy is ob-
served during the preparative phase of cell death,
but the last phase involves caspase activation and
apoptotic features (Lockshin and Zakeri, 2002, 2004;
Neufeld, 2003).

A large amount of data is available on the regulation
of apoptosis. The central proteases, caspases are tightly
controlled to prevent accidental activation that would
lead to catastrophic events. Inhibitor of apoptosis
proteins (IAPs) bind to and inactivate caspases by
targeting them to proteasomal degradation (Palaga and

Osborne, 2002). Both extra- and intracellular signals can
culminate in caspase activation (i.e. through inhibition
of IAP function) and apoptosis. Extracellular signals
triggering activation of caspase-8 and apoptosis include
tumor necrosis factor (TNF), interferon-gamma and
FasL. Intracellular changes that can lead to cell
death are the activation of p53 in response to DNA
damage, or mitochondrial dysfunction resulting in the
release of several proapoptotic proteins into the
cytoplasm. These include cytochrome c and Apaf-1
(apoptosis activating factor 1), the components
of the apoptosome where the activation of caspase-9
takes place, and Smac/DIABLO, that binds to
IAPs and deliberates caspases this way (see Kaufmann
and Hengartner, 2001 for a more detailed review).
The molecular mechanisms outlined above
are fully conserved in Drosophila, making it an
excellent model system for these studies (Aravind
et al., 2001).

Recently, the core components and most important
regulators of autophagy were also identified. Two,
ubiquitin-like protein conjugation systems are necessary
for the formation of autophagic vacuoles (Ohsumi,
2001). Autophagy is activated by reduced phosphatidy-
linositol 3-kinase and Tor kinase signaling (see Neufeld,
2003 for a review). However, very little is known about
the regulation of autophagic cell death. So far, only
death-associated protein kinase (DAPk), the DAPk-
related protein 1 (DRP-1), the hypoxia inducible protein
BNIP-3 and the transmembrane protein Spin are known
to induce this form of cell death when overexpressed in
cancer cell lines, and their mode of action is not yet
described (Gozuacik and Kimchi, 2004).

How is autophagy induced during autophagy-type
cell death? Possible hypotheses are that different
signaling molecules are activated in different cell death
processes, or there are signaling molecules capable of
inducing apoptosis in one cell type and autophagy in the
other, regardless of the last step that can be caspase
activation and apoptosis finally, or the excess of
autophagy leading to the death of the cell (as reviewed
in Gozuacik and Kimchi, 2004).

Most papers dealing with cell death concentrate on
relatively small, mitotically active cells like tissue culture
systems or embryonic or imaginal disc cells in case of
Drosophila (Lockshin and Zakeri, 2002). However,
large, post-mitotic cells like adult neurons or muscle
cells, or in Drosophila, polytenic larval tissues usually
react differently to similar stimuli (Lee et al., 2003). To
characterize the role of well-known proapoptotic genes
in these large, post-mitotic larval cells, we undertook a
gain-of-function study. We chose the fat body (the
functional equivalent of the human liver) as a model
tissue, because of its enormous autophagic capacity. No
autophagic vacuoles can be identified during the first
half of the last larval stage. However, by the end of this
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stage, degrading autophagic vacuoles fill the cytoplasm
of each cell (usually more than 20 vacuoles are seen in
cross-sections containing the nucleus), making the fat
body a very convenient model system: essentially a
plus–minus response can be evaluated, as the area
occupied by autophagic structures (isolation mem-
branes, initial and degrading autophagic vacuoles) rises
from 0% to 11% of the cytoplasm (Butterworth and
Forrest, 1984). The hormonal control of the process is
also known: the elevation of the 20-hydroxy-ecdysone
level in mid-third instar at a low concentration of
juvenile hormone induces autophagy, and also leads to
wandering behavior of the larvae (Sass and Kovacs,
1975). Four to six hours before the onset of wandering
and developmental autophagy in fat body, autophagy
can be effectively induced by ectopic 20-hydroxy-
ecdysone administration (Rusten et al., 2004). Starva-
tion or rapamycin treatment (a drug that is widely used
for induction of autophagy) are also very potent
inducers of the process in this tissue (Rusten et al.,
2004). Interestingly, larval fat body histolysis is delayed,
as more than half of the cells die only on the first day
following the eclosion of the adult fly, approximately 4
days after the induction of autophagy (Butterworth and
Forrest, 1984). In contrast, autophagy is also induced in
the larval midgut and salivary gland preceding meta-
morphosis, like in fat body, but all these cells die within
24 h in a caspase-dependent manner (Baehrecke, 2002;
Rusten et al., 2004). As fat body cells represent the
primary nutrient and energy reservoir of larvae and
pupae, their final phase of death is delayed and not
synchronous, probably in order to continuously provide
all the necessary components for successful metamor-
phosis and eclosion.

The main question of our work is: how do those
polyploid larval Drosophila cells react to direct apopto-
tic stimuli that are developmentally programmed for
autophagy before dying, or as a way of cell death?
Overexpression of key signaling molecules in these cells
at a time when they normally show no sign of
degeneration can lead to three different, but not
mutually exclusive theoretical outcomes: (1) apoptosis
is observed like in case of dividing cells, as the same
signaling pathway operates in these cells also, but
autophagy is induced (perhaps by a different stimulus)
during normal development; (2) no effect is observed, as
the apoptotic signaling molecule being tested is not
functional or the pathway is suppressed in these cells; (3)
autophagy is induced, as probably it is the primary
reaction of that particular cell type to cell-death
inducing stimuli, or because autophagy always precedes
and is required for the actual death of these cells (due to
the widespread expression of these genes in our system
that leads to organismal lethality, we can not distinguish
between these two different theories). Our results
support version 2 in nearly all cases, showing that these

cells are surprisingly resistant to apoptotic signals.
However, Hid induces autophagy in most larval tissues
tested, suggesting that autophagy may be the default
degradatory pathway activated first in these cells
(see below).

Overexpression of the caspase Dronc, p53, or the
functional counterparts of Smac/DIABLO (Reaper,
Hid, Grim and Sickle) was evaluated in the fat body.
Only one of these, Hid produced any detectable effect
on fat body cells (trophocytes), namely, the strong
induction of autophagy. Overexpression of Hid also
induced autophagy in most other polyploid larval tissues
tested. Further studies showed that this effect is caspase
independent, similar to naturally occurring develop-
mental autophagy, unlike its mode of action during
apoptosis. Careful examination of a Hid mutant
suggested that the gene is not required for normally
occurring autophagy in larval Drosophila tissues, or its
function is redundant. In conclusion, we have shown
that the same proapoptotic stimulus leads to strikingly
different effects in larval post-mitotic and imaginal
tissues.

Materials and methods

Fly strains

The Gal4 drivers hs-Gal4, act-Gal4, cg-Gal4, GMR-
Gal4, tub-Gal4 and UAS-Rpr, two independent UAS-
p35 and two independent hs-Hid transgenic lines and
the lines l(3)05014, Df(3L)Cat were obtained from the
Bloomington Stock Center. UAS-Hid, UAS-Grim,
UAS-Sickle and UAS-DIAP1 were kindly provided by
John R. Nambu; UAS-p53 was a gift of Imre Boros;
UAS-Dronc was kindly provided by John M. Abrams.
Fly crosses were set up in vials containing standard fly
food at 25 1C. Heat shocks were applied by immersing
the vials in a water bath at 37 1C for 1 h, followed by a
3.5-h incubation at 25 1C before sample preparation.
For the scoring of larval genotypes, we used the
dominant mutant phenotype of Bc (Black cells; located
on the second chromosome) in case of CyO hsHid. For
the third chromosome, we scored Tb (Tubby), located
on the TM6B balancer chromosome in case of act-Gal4,
tub-Gal4, TM3 hsHid, l(3)05014 and Df(3L)Cat. The Bc
mutation causes the emergence of black hemocytes in
larvae (visible through the cuticle), whereas the Tb
mutation leads to an abnormally short larval body.
After the crosses, in the first generation, all non-marked
(non-Bc or non-Tb) larvae carry the chromosome of
interest. All other insertions are homozygous viable. All
of the Gal4-responsive UAS lines were crossed to the
eye-specific GMR-Gal4 line as a control and expected
phenotypes were seen.

ARTICLE IN PRESS
G. Juhász, M. Sass / European Journal of Cell Biology 84 (2005) 491–502 493

               dc_840_14



Histology and transmission electron microscopy

Dissected tissues were fixed overnight at 4 1C in 0.1N
Na-cacodylate (Sigma) buffer, pH ¼ 7.4, containing
3.2% paraformaldehyde (TAAB), 0.5% glutaraldehyde
(TAAB), 1% sucrose (Sigma), and 40mM CaCl2
(Reanal) and embedded in Araldyte (Fluka). Semi-thick
sections (500 nm) were processed for silver impregnation
according to standard procedures. Ultrathin sections
(80 nm) were post-contrasted by immersing the grids in
lead citrate (Reanal) and observed with a JEOL CM-II
100 transmission electron microscope. Samples from
three different animals at least were evaluated for each
genotype.

Results

Hid, but not Grim, Sickle, Reaper, Dronc, or p53,

induces autophagy in larval Drosophila tissues

Heat shock-mediated overexpression of Hid, Grim,
Reaper, Sickle, p53, and the caspase Dronc in the larval
fat body were evaluated by transmission electron
microscopy. In case of Grim, Reaper, Sickle, p53, and
Dronc, no effects were observed in trophocytes,
similarly to control animals overexpressing green
fluorescent protein (GFP) (Fig. 1a and not shown).
However, Hid induced a very strong autophagic
response in all fat body cells (more than 10 autophagic
structures in all cells in cross-sections that contain the
nucleus, Fig. 1b). Three different genotypes of Hid-
overexpressing larvae (see Materials and methods) were
examined and found to give indistinguishable results. To
further characterize the autophagy-inducing effect of
this gene, we analyzed its effect on other larval tissues.
Overexpression of Hid also strongly induced autophagy
in the larval epidermis (Fig. 1c and d), midgut,
salivary gland (Fig. 1e–h), Malpighian tubules, trachea
epithelium, but autophagic structures were scarcely
observed in somatic and visceral muscle cells (not
shown). As expected, overexpression of Hid resulted in
apoptosis of imaginal disc cells and brain neurons
exhibiting condensed chromatin in the nucleus and dark

cytoplasm without the emergence of autophagic struc-
tures (Fig. 2a–d).

Hid-induced autophagy in fat body is independent of

caspase activity

Caspases are the most important mediators of
apoptosis, and overexpression of Hid in imaginal disc
cells also results in caspase-dependent cell death
(Grether et al., 1995). To gain further insight in the
possible mechanism of Hid-mediated induction of
autophagy in larval tissues, we studied the effect of
Hid overproduction in animals that express the pan-
caspase inhibitor p35 (Hay et al., 1994) in the fat body
(Fig. 3a and b). The same strong effect was seen in all
cells as without the presence of caspase inhibitors. As a
control, we expressed the oncogenic RasV12 mutant
protein, which is a powerful inhibitor of Hid activity
(Kurada and White, 1998; Bergmann et al., 2002).
Expression of the constitutively active Ras form did
indeed block the autophagy-inducing effect of Hid
(Fig. 3c and d). Expression of the oncogenic mutant
alone had no effect on developmental or starvation-
induced autophagy (not shown).

Hid is not required for developmental autophagy

As Hid is required for the apoptosis of many cells
during normal development (Grether et al., 1995), we
wanted to examine its potential involvement in auto-
phagy. A hypomorphic Hid mutation caused by the
insertion of a transposon in the first intron of the gene in
line l(3)05014 (Peterson et al., 2002) was used for our
studies. These Hid mutant flies of the genotype
l(3)05014/f(3L)Cat die during the prepupal and pupal
stages. In wild-type controls, larval midgut and salivary
gland tissue undergoes histolysis during metamorphosis
(Jiang et al., 1997). The destruction of the larval midgut
can be illustrated by the disappearance of gastric caeca
at 5 h after puparium formation (apf), and by the
shortening of the midgut (Fig. 4a and b). In the Hid
mutant, the larval midgut exhibits the wild-type changes
including the scheduled disappearance of gastric caeca
(n ¼ 21=21; Fig. 4c). However, the salivary glands that
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Fig. 1. Overexpression of Hid induces autophagy in larval fat body and epidermis, midgut and salivary gland cells. Similarly to the

wild-type situation, no autophagy is observed in the larval fat body during the feeding period in a green fluorescent protein-

expressing animal (a). Overexpression of Hid strongly induces autophagy in the larval fat body, leading to the appearance of initial

(arrowheads) and degrading autophagic vacuoles (arrows) (b); inset is an enlargement of (b) showing a degrading autophagic

vacuole that contains a still recognizable mitochondrion. In the larval epidermis, autophagy is never observed (c), whereas

overexpression of Hid also leads to the emergence of autophagic structures (d). No autophagy is observed in larval midgut (e) and

salivary gland cells (g) during the first half of the last larval stage in the control animals. Overexpression of Hid induces autophagy in

both midgut (f) and salivary gland cells (h). Cuticle (C), lipid droplets (L), midgut lumen (Lu), microvilli (mv), mitochondria (*), and

nuclei (N) are marked. Arrowheads indicate initial, whereas arrows mark degrading autophagic vacuoles. Bars equal 1 mm.
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normally disappear at 14–16 h apf (Fig. 4e and f) persist
in Hid mutants even at 24 h apf (n ¼ 8=24; Fig. 4(g).
Only the animals that normally underwent head ever-
sion at 12–14 h apf were scored.

We analyzed autophagy in larval tissues by transmis-
sion electron microscopy again. Hid mutant animals
exhibited wild-type autophagy in larval fat body
(Fig. 5b, compare to Fig. 5a), larval and prepupal
midgut (Fig. 5e, compare to Fig. 5d) and pupal salivary
gland cells (Fig. 5g).

Developmental autophagy is also caspase

independent

As caspases are the major mediators of Hid, we
examined the effect of the constitutive expression of the
caspase inhibitor p35, mediated by the constitutive
promoters of actin or tubulin. While tub-Gal4 mediated
expression of p35 resulted in embryonic lethality due to
the inhibition of essential embryonic cell death events
(not shown), act-Gal4-mediated expression of p35
allows proper larval development and results in late
prepupal-pupal lethality. Interestingly, act-Gal4-

mediated constitutive expression of p35 nearly comple-
tely phenocopied the Hid mutation in case of larval
midgut and salivary gland destruction. The larval and
prepupal midgut displays wild-type changes (n ¼ 23=23;
Fig. 4d) whereas salivary gland cell death is blocked
(n ¼ 21=22; Fig. 4h). Again, autophagy was normally
induced in larval fat body (not shown, see Fig. 5c) and
larval and prepupal midgut, as well as in pupal salivary
gland (Fig. 5f and h). Higher-level expression of p35 or
DIAP1 (Hay et al., 1995) (using a heat shock-responsive
promoter and heat shocks or the fat body and
hemocyte-specific cg-Gal4 driver (Asha et al., 2003))
did not affect developmental or starvation-induced
autophagy in the larval fat body either (Fig. 5c showing
sections of fat body cells expressing p35 driven by cg-
Gal4, and not shown).

Discussion

Programmed cell death became a popular research
field in the last two decades, with many groups showing
the important role of this process during normal
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Fig. 2. Overexpression of Hid leads to apoptosis of imaginal disc and brain cells. Part of the wild-type eye-antenna disk (a) and the

brain (c) is shown here. Note that overexpression of Hid during the first half of the last larval stage induces apoptosis (cells with dark

cytoplasm and condensed chromatin) in the eye-antenna disk (b) and in the brain (d), but no autophagy is observed in these cells.

Axons (Ax), lumen (Lu), mitochondria (*), microvilli (mv), and nuclei (N) are marked. Bars equal 1 mm.
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development, tumorigenesis, neurodegeneration dis-
eases, and in response to stress stimuli like hypoxia or
irradiation (Baehrecke, 2002; Kaufmann and Hengart-
ner, 2001; Yuan et al., 2003). As the morphology and
molecular mechanism of the process can be different in
case of various research objects, several different terms
were suggested to describe the phenomenon (Lockshin
and Zakeri, 2002). The two major pathways of
programmed cell death are apoptosis and autophagy-
type cell death (see Introduction for details). Usually,
the apoptotic morphology is caused by the activation
of caspases, while autophagic cell death is independent
of caspase activity, although exceptions were reported
(see Baehrecke, 2002; Lockshin and Zakeri, 2002, 2004
for reviews).

Experimental inhibition of caspase activity can also
lead to activation of a different pathway, resulting in the
appearance of cells with necrotic morphology (Chautan
et al., 1999), or in cells unable to activate caspases to
apoptotic stimuli, the activation of the lysosomal system

or autophagy can occur (Lockshin and Zakeri, 2004).
Interestingly, a recent paper identified caspase-8 as a
suppressor of autophagic cell death in L929 fibroblast
cells as well as different macrophage lineages (Yu et al.,
2004). The in vivo importance of this pathway awaits
further characterization, but the fact that caspase-8-
deficient cell lines can be established (Varfolomeev et al.,
1998) suggests cell type-specific differences again.

Often the features of both apoptosis and autophagy
can be observed in the very same cell, like in case of
neurodegeneration diseases or dying Drosophila salivary
glands (Baehrecke, 2002). Inhibition of caspase activity
is sufficient to block these cell death events, but
autophagy is normally induced in this case also.
Unfortunately, at the moment no direct evidence is
available about the importance of autophagy in these
cases. Transcriptional profiling of salivary gland cell
death identified many lysosomal hydrolases that can be
involved in the process indeed (Lee et al., 2003; Gorski
et al., 2003). Atg8 is a well-known marker of the major
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Fig. 3. Expression of the caspase inhibitor p35 does not inhibit Hid-induced autophagy, whereas expression of the hyperactive Ras

mutant (V12) does. Expression of the pan-caspase inhibitor p35 in the larval fat body does not interfere with the autophagy-

inducing effect of Hid overexpression (a, b is an enlargement of a), whereas expression of the constitutively active Ras mutant

(RasV12) strongly inhibits Hid-induced autophagy (c, d is an enlargement of c). Insets show light microscopic images of the same

samples; note the presence of small granules that correspond to Hid-induced autophagic vacuoles in the cytoplasm of the fat body

cell expressing p35 (a, inset). These structures are absent from hyperactive Ras-expressing cells (c, inset). Initial (arrowheads) and

degrading autophagic vacuoles (arrows), lipid droplets (L), mitochondria (*), and the nucleus (N) are marked. Bars equal 1 mm for

electron microscopic and 10mm for light microscopic images.
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autophagy pathway (Ohsumi, 2001). Its homologs are
upregulated during autophagy in starving yeast cells
(Klionsky and Emr, 2000) and Drosophila larvae (Zinke
et al., 2002), as well as in case of developmental

autophagy in Drosophila larval fat body (manuscript
in preparation). However, Drosophila homologs of
Atg8 were not induced during salivary gland cell death
(Lee et al., 2003; Gorski et al., 2003), and transgenic
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Fig. 4. Mutation of Hid or expression of the caspase inhibitor p35 block salivary gland cell death, but do not affect the destruction

of the larval midgut. The scheduled destruction of the larval midgut is characterized by the disappearance of gastric caeca (asterisks

in a), and the shortening of the organ (from gastric caeca to the proximal part of Malpighian tubules located between the thicker

midgut and thinner hindgut regions [arrowhead in a–d]). The changes are apparent between the time of puparium formation (a) and

5 h after puparium formation (apf) (b). Larval midgut is normally destroyed in Hid mutants (c) and in animals expressing the pan-

caspase inhibitor p35 (d) at 5 h apf. Asterisks mark the anterior part of the midgut lacking gastric caeca in (b–d). The larval salivary

gland persists through the puparial stage (e), and the histolysis of the organ occurs at 14–16 h apf (f). Destruction of the larval

salivary gland is blocked in Hid mutants (g) and in animals expressing p35 (h). Numbers in the bottom right corner refer to the age

of the animal apf.
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animals carrying a GFP fusion transgene of human
Atg8 rarely show GFP-positive structures in dying
salivary gland cells (Rusten et al., 2004), questioning
the role of the major pathway of autophagy during the
destruction of this tissue. Although lysosomal degrada-
tion can be readily observed in dying salivary gland
cells, as well as in case of Hid mutation or inhibition of
caspase activity, it can be due to a different mechanism
than the classical pathway of autophagy, like lysosomal
wrapping, when lysosomes directly engulf portions of
the cytoplasm (see Fig. 5g and h) (Sakai et al., 1989). In
other systems, lysosomal hydrolases were also shown to
contribute to the activation of caspases and apoptosis
(Lockshin and Zakeri, 2004).

To address the complicated question of possibly
existing common regulators of apoptosis and auto-
phagy, we tested the effect of many apoptosis-inducing
proteins in larval Drosophila fat body. These cells
proved highly resistant to apoptosis-inducing stimuli,
at least before pupariation. Overexpression of p53,
Reaper, Grim, Sickle and the caspase Dronc has no
effect on these cells. The possible reason for this is that
other, perhaps hormonal factors are necessary for them
to reach the competence to die, as it was already shown
in case of dying salivary gland cells (Lee and Baehrecke,
2001) — an attractive hypothesis that needs further
testing. To our surprise, Hid was a very potent inducer
of autophagy in larval fat body cells, and also in case of
most other larval tissues investigated here.

The apoptosis-inducing ability of Hid was shown to
mostly rely on activation of caspases (Grether et al.,
1995). In our test, inhibiting caspase activity did not
influence the autophagy-inducing ability of Hid in larval
fat body, unlike direct inhibition of Hid by elevated Ras
signaling.

As the genes Reaper, Hid, Grim and Sickle are usually
grouped together on the basis of their shared amino-
terminal IAP-interacting motif, it is intriguing that only
Hid is capable of inducing autophagy in the larval fat
body. One apparent difference is the presence of a
homologous GH3 domain in Reaper, Grim and Sickle,
that is also able to induce apoptosis but is absent from
Hid (Claveria et al., 2002). The expression of these
proapoptotic genes usually foreshadows cell death
events, except for Hid, which is also expressed in cells
not destined to die during development (Bangs et al.,
2000). The activity of Hid is modulated by growth factor
signaling, acting through the Ras pathway, which can
inhibit Hid both transcriptionally and posttranslation-
ally through phosphorylation (Kurada and White, 1998;
Bergmann et al., 2002). Thus, cells expressing Hid
undergo cell death only in the absence of growth factor
signaling. Further differences are also seen with certain
gain-of-function mutations of DIAP1. One class of
mutations suppresses killing by ectopically expressed
Reaper and Grim, but has no effect on killing by Hid.

The other class of DIAP1 mutations instead suppresses
killing by ectopically expressed Hid, but has no
appreciable impact on Reaper or Grim killing (Lisi et
al., 2000). Although locating the autophagy-inducing
motif inside the Hid protein requires further experi-
ments, this ability clearly reflects previously described
differences in sequence, expression and in the ways of
inducing apoptosis between Hid and the other three
members of this group.

To test the potential involvement of Hid in develop-
mental autophagy, we studied the hypomorphic Hid
mutant l(3)05014 (Peterson et al., 2002). Dissection of
prepupae revealed that the degeneration of larval
midgut tissue occurs normally, but salivary gland cell
death is blocked in animals that otherwise normally
underwent head eversion, which occurs just before
salivary gland cell death. A very recent study using
RNA interference to reduce Hid expression similarly
reported that downregulation of Hid is able to inhibit
salivary gland cell death, but influences midgut degen-
eration only if it is combined with loss of Reaper
expression (Yin and Thummel, 2004). Inhibition of
caspases, the major components of apoptosis by
constitutive expression of the caspase inhibitor p35
resulted in completely identical phenotypes. This is
slightly contradicting with the reports of Jiang et al.
(1997), showing that heat shock-mediated expression of
p35 is capable of inhibiting midgut cell death. In our
system, p35 is expressed at a relatively low level in both
salivary gland and midgut cells as assayed by reporter
gene analysis (not shown). As salivary gland cell death is
completely blocked by this expression level, we conclude
that the difference seen in case of midgut might originate
from the very high level of p35 combined with possible
developmental abnormalities induced by subsequent
heat shocks used in the other study. Electron micro-
scopic analysis of larval fat body and larval and
prepupal midgut as well as pupal salivary gland cells
reveals that developmental autophagy is normally
induced in both Hid mutants and p35-expressing
animals. Although it is possible that a minor remaining
amount of Hid is enough for autophagy, or there is
some residual caspase activity in spite of p35 expression,
the clear effects on salivary gland cell death and
organismal lethality support our hypothesis in both
cases. Similarly, in a parallel study, no caspase activity
was detected during autophagy in the fat body of the
tobacco hornworm (Manduca sexta) (Muller et al.,
2004). Further support for the different regulation of
autophagy and apoptosis is provided by evaluating
autophagy in E93 mutants. E93 is a transcription factor
that is required for the induction of proapoptotic genes
in dying larval tissues. E93 expression foreshadows
larval cell death events during metamorphosis (Baeh-
recke, 2002). However, autophagy is normally induced
in fat body and midgut cells of wandering stage E93 null
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mutant larvae (kindly provided by Eric H. Baehrecke;
our unpublished results).

In conclusion, we have shown that although one of
the tested apoptosis regulators, i.e. Hid, is a potent
inducer of autophagy in larval Drosophila tissues, it is
most likely not required for developmental autophagy,
based on the mutant phenotype. These results can be
ascribed to an overexpression artifact, or simply reflect
functional redundancy that compensates for the loss of
Hid function, as it was shown in case of Hid and Reaper
in the degenerating midgut (Yin and Thummel, 2004).
Further studies are necessary to address this question.
Nevertheless, the autophagy-inducing effect of Hid does
not rely on caspase activation, as is the case for
developmental autophagy. Thus, the same cell death-
inducing stimulus can lead to the markedly different
effects of caspase-dependent apoptosis and caspase-
independent autophagy, depending on the cell type
examined in the experiments even in the same animal.
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INTRODUCTION
Apical and effector caspases lie at the core of the apoptotic
program (Danial and Korsmeyer, 2004). Upon interaction with
adaptor molecules, apical caspases are stimulated to activate
effector caspases by proteolysis. dark, the Drosophila homolog of
nematode Ced-4 and mammalian Apaf1, is thought to regulate the
apical caspase Dronc (Nc – FlyBase), through interactions
involving respective caspase recruitment domains (CARD)
(reviewed by Mills et al., 2005). As in mammalian systems, fly
caspases are also subject to negative regulation by IAP proteins
(Danial and Korsmeyer, 2004), and, among Drosophila members
of this family, Diap1 (Thread – FlyBase) is known to exert
important control over apoptosis (Goyal, 2001; Wang et al., 1999).
This protein binds Dronc and the effector caspase Drice (Ice –
FlyBase), inhibiting the activity of each via multiple mechanisms
(Ditzel et al., 2003; Hays et al., 2002; Martin, 2002; Meier et al.,
2000; Ryoo et al., 2002; Wilson et al., 2002; Wing et al., 2002b).
Diap1 itself is under tight regulation and is effectively antagonized
by proapoptotic proteins [reaper (rpr), grim, hid (also known as
Wrinkled) and skl] encoded in the reaper region (Chai et al., 2003;
Christich et al., 2002; Silke et al., 2004; Wing et al., 2002a; Wing
et al., 2002b; Wing et al., 2001; Wu et al., 2001; Yoo et al., 2002;
Zachariou et al., 2003). Together, these linked genes specify

virtually all programmed cell death (PCD) in the fly embryo, as the
combined deletion of these eliminates PCD at this stage (Abrams,
1999).

Three broadly conserved protein families, represented by Ced-
9/Bcl2, Ced-4/Apaf1 and Ced-3/Caspase 9, define fundamental
components in pathways of caspase control. However, a unified
mechanism for their action in cell death remains elusive, as
analogous physical interactions seen between nematode Ced-9 and
Ced-4 do not occur among orthologous mammalian counterparts
(Moriishi et al., 1999). Instead, mammalian Bcl2 proteins indirectly
engage Apaf1 by controlling the mitochondrial release of
cytochrome c, which promotes the formation of a multimeric
complex referred to as the apoptosome (Danial and Korsmeyer,
2004; Spierings et al., 2005). Although the fly counterparts of these
genes add provocative clues, particularly with respect to the negative
regulators of caspase activity (Salvesen and Abrams, 2004), they
also complicate the picture, as cytochrome c appears dispensable for
Drosophila Apaf1 (Dark)-dependent cell death, despite the
conservation of a WD domain thought to be necessary for
cytochrome c binding and regulation (Adrain et al., 1999; Dorstyn
et al., 2004; Hu et al., 1998; Rodriguez et al., 1999; Zimmermann et
al., 2002). Previous data from us, and from others, on viable
hypomorphic alleles (Kanuka et al., 1999; Rodriguez et al., 1999;
Zhou et al., 1999) have established that Dark shares functional
properties with its counterparts in C. elegans, where Ced-4 is
required for all PCD, and in the mouse, where context-specific
apoptogenic requirements for Apaf1 are seen. However, central
questions, approachable only with a null allele, remained open.

Here, we isolate a single-gene null mutation at dark and
demonstrate a general requirement for this gene in PCD and stress-
induced apoptosis. The role for dark in PCD was not absolute,
however, as rare cell deaths were observed. We show that a required
focus of dark– organismal lethality maps to the central nervous
system and also describe the first hypermorphic allele within the
Apaf1/Ced-4 gene family. In a model of tissue histolysis, dark was
essential for cell death but dispensable for characteristic features of
the autophagic program, indicating that the stimulation of autophagy

Autophagy occurs upstream or parallel to the apoptosome
during histolytic cell death
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per se is not the mechanism of cell killing but lies upstream, or
parallel to dark. These data establish that common effector
pathways, regulated by the apoptosome, specify apoptotic and
histolytic forms of PCD.

MATERIALS AND METHODS
Mutagenesis
To isolate deletions that eliminate dark without compromising the function
of adjacent neighboring genes, a P insertion associated with darkCD4

(Rodriguez et al., 1999) was remobilized and candidates were tested in trans
to existing alleles and against lethal mutations in flanking genes. Promising
‘hits’ were screened by PCR. dark82 failed to complement darkCD4, but
complements adjacent lethal alleles in the neighboring genes, RhoGEF and
a new lethal P mutation in CG8963 that we fortuitously obtained in our first
round of mutagenesis. Genomic PCR across the deletion junction and RT-
PCR were used to validate the mutation and define the dark82 lesion. yw was
the parental wild-type strain for molecular analysis and for ex vivo hemocyte
studies. RNA extraction and QRT-PCR were conducted as described by
Gorski et al. (Gorski et al., 2003). Ages at 25°C were normalized from 18°C
(Park et al., 1996). Genomic PCR and RT-PCR were performed as described
by Chew et al. (Chew et al., 2004), with relevant gene-specific primers.

Transgenic ‘rescue’ and genetic manipulation
Full-length dark with 8�His-tags at the N terminus and 3�Myc-tags at the
C terminus was cloned into the BamHI/XhoI sites of the pFastBac1 vector
(Invitrogen). The BamHI/XhoI insert was then subcloned into the pUAST
vector to produce pUAST-darkWT. pUAST-darkV was generated by changing
Aspartate 1292 to Alanine using a QuikChange Site-Directed Mutagenesis
Kit (Stratagene). The pUAST constructs were injected into fly embryos
following standard procedures to obtain transformants. Independent
transgenic lines were mapped and crossed to the dark82 background. For
rescue experiments, dark82/CyO, actin-GFP;UAS-darkWT or dark82/CyO,
actin-GFP;UAS-darkV flies were crossed to dark82/CyO, actin-GFP; Tub-
Gal4/TM3, Sb flies (or other drivers). The number of homozygous dark82;
UAS-dark/Tub-Gal4 progeny and number of heterozygous dark82/CyO,
actin-GFP; UAS-dark/Tub-Gal4 progeny were counted. The percent of
rescue was calculated by dividing the number of rescued dark82

homozygotes by the Mendelian value expected if dark82 homozygotes were
fully viable. Similar crosses were used to obtain dark82; UAS-dark/Hml-
Gal4 L3 larvae for hemocyte isolation. c81-Gal4, c833-Gal4 and Hml-Gal4
strains (Drapeau et al., 2003; Goto et al., 2003; Hrdlicka et al., 2002;
Manseau et al., 1997) were obtained from the Bloomington Stock Center.

Germline clones and AO staining
The dark82 allele was recombined onto the FRT2R-G13 chromosome. To
generate dark82 maternal-null embryos, the Dominant Female Sterile (DFS)
technique was used, as described previously (Chou and Perrimon, 1996). hs-
Flp/+; OvoD FRT2R-G13/dark82 FRT2R-G13 females were crossed with dark82/
CyO, actin-GFP males to generate maternal and zygotic dark-null embryos.
To detect cell death, Acridine Orange (AO) staining was carried out (Abrams
et al., 1993).

Ex vivo hemocyte analyses
Wandering L3 instar larvae were prepared as described by Chew et al. (Chew
et al., 2004), with the following modifications. Hemolymph was collected
from six larvae and agents were added after media addition. Membrane
blebbing, a characteristic feature of apoptosis, was used to quantify
apoptosis. At ~6 hours post-treatment, cells were stained with a fluorescent
membrane dye, 10 uM CellTracker (Molecular Probes) in DMSO, to
facilitate the visualization of apoptotic membrane blebbing (without
fluorescent labeling it was difficult to assess membrane blebbing owing to
the phagocytic nature of hemocytes).

Immunohistochemistry and western blotting
Immunohistochemistry on dissected salivary glands was conducted as
described by Farkas and Mechler (Farkas and Mechler, 2000). For actin
counterstaining, fluorescein-conjugated phalloidin (1:200; Molecular
Probes), or AlexaFluor488-Phalloidin or AlexaFluor546-Phalloidin
(Molecular Probes) was used; for nuclear counterstaining, 0.5 �g/ml

Hoechst 33258 (Calbiochem) or 1 �g/ml OliGreen (Molecular Probes); and
for caspase activity, rabbit anti-cleaved caspase-3 antibody (1:500; Cell
Signaling Technology). Optical sections (0.5 �m thick) were collected
using a Zeiss LSM-510 Meta laser confocal microscope equipped with a
40� planapochromat oil objective. Recombinant Dark protein was
prepared as described previously (Yu et al., 2005). Transgenic Dark protein
was detected in extracts from adult heads, with an anti-Myc antibody at a
dilution of 1:2000. Anti-Dark polyclonal antibody was used at a dilution of
1:3000.

Electron microscopy
Samples were prepared and processed for electron microscopy as described
previously (Juhasz and Sass, 2005).

Visualization of MDC and GFP-LC3
Transgenic flies containing UAS-GFP-LC3 were kindly provided by the
Harald Stenmark Laboratory (Rusten et al., 2004) and crossed to flies
containing the salivary gland driver D59-Gal4 (Gustafson and Boulianne,
1996) (kindly provided by Carl Thummel). Salivary glands of the progeny
were dissected in Drosophila Schneider’s medium (Invitrogen) and
transferred to the same medium with MDC (0.1 mM) for 30 minutes at room
temperature. Samples were then rinsed once and mounted (both in
Schneider’s medium). Salivary glands were analyzed by fluorescence
microscopy using a Zeiss Axioplan 2 microscope.

RESULTS
dark82 is null allele
To investigate the molecular genetic properties of the Drosophila
apoptosome, and to illuminate possible ‘non-death’ roles for the
dark gene in development, we recovered a null mutation at dark in
a screen for excision derivatives of anexisting P insertion (Rodriguez
et al., 1999). dark82 is a 6.3-kb deletion spanning the entire open-
reading frame and nearly the entire transcription unit (Fig. 1A-C).
Animals homozygous for this allele arrest as late pupae and often
present a characteristic dark blister located centrally along the
midline. The mutation fails to complement all existing hypomorphic
dark alleles, but complements flanking genes (see Materials and

RESEARCH ARTICLE Development 133 (8)

Fig. 1. Generation of a dark82 null mutation. (A) Schematized
view of the genomic structure of the dark locus, relevant alleles and
the dark82 null mutation. The dark transcript spans 6.6 kb. dark82 is a
6324 bp deletion (dashed line) generated by imprecise excision of
the indicated P-element in the darkCD4 strain (Rodriguez et al., 1999).
The allele was mapped by sequencing a 1.3 kb genomic PCR
fragment (see B) using a primer pair (designated 1 and 2) spanning
the junctional interval. In dark82, sequences from –1277 bp
(upstream of the translation start codon) to 19 bp downstream of
the stop codon are absent such that the entire dark ORF and part of
the untranslated first exon are missing. Note that 396 bp of
sequence from the CD4 transposon remain at this junction. (C) RT-
PCR with primer pair 3 and 4, using total RNA from prepupae,
confirms complete loss of the dark transcript in the dark82 allele. Two
different isolates of dark82 from the screen were assayed here, 82 (1)
and 82 (2). rp49 is a control.
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methods). Homozygous dark82 animals were rescued to viability
using a transgene containing a full-length dark cDNA (see Table 1).
Hence, dark82 is a lethal, single-gene null mutation.

Elimination of maternal and zygotic dark
Because animals homozygous for dark82 survive to pupation, we
used the Dominant Female Sterile technique to examine the
phenotypes of animals lacking maternally supplied dark (see
Materials and methods). We found normal PCD patterns in embryos
that retained zygotic, but lacked maternal, dark (Fig. 2A,B). By
contrast, embryos devoid of both maternal and zygotic dark were
almost entirely cell death defective, with rare cell deaths noticeable
in later-staged animals (Fig. 2C,D). These observations demonstrate
a global need for dark in PCD. However, the requirement is not
absolute, as occasional apoptotic cell deaths did occur in the
complete absence of dark function. Embryos lacking maternal and
zygotic dark failed to hatch and were also defective for head
involution, similar to cell-death defective mutations in the Reaper
region (Grether et al., 1995; White et al., 1994) and dronc (Chew et
al., 2004). At the same time, gastrulation, segmental patterning and
extension of the germ band appeared grossly normal in the absence
of dark. Hence, to the extent that these events involve migration
and/or movement, we note that the proposed role for dark in cell
motility evidently does not generalize to these morphogenic
processes (Geisbrecht and Montell, 2004). We also tested larval

hemocytes in ex vivo models of stress-induced cell killing (Fig. 2E-
G). In contrast to wild-type counterparts, dark– hemocytes were
completely resistant to a Smac mimetic, which antagonizes inhibitor
of apoptosis proteins (IAPs) and is thought to simulate the action of
reaper proteins (Li et al., 2004; Salvesen and Abrams, 2004).
Likewise, dark– cells were completely insensitive to the apoptogenic
effects of cycloheximide, a protein synthesis inhibitor. Together,
these data establish a central role for the action of dark in
programmed and unprogrammed apoptosis.

Tissue-specific restoration in the CNS reverses
dark– lethality
To confirm and extend these studies, we restored dark using a
transgene (designated UAS-darkWT) that places a full-length cDNA
under the control of the yeast-derived UAS promoter, which permits

1459RESEARCH ARTICLEAutophagy is upstream of/parallel to the apoptosome

Table 1. Tissue-specific rescue by wild-type dark and a
hypermorphic allele

Percentage of rescued 
Driver dark82 homozygous flies 

UAS-darkWT.H4 No 0% (27)
UAS-darkWT.B6 No 0% (24)
UAS-darkV.C8 No 33% (18)
UAS-darkV.G6 No 23% (30)
UAS-darkWT.H4 Tubulin-Gal4 100% (27)
UAS-darkWT.B6 Tubulin-Gal4 95% (38)
UAS-darkV.C8 Tubulin-Gal4 92% (25)
UAS-darkV.G6 Tubulin-Gal4 97% (30)
UAS-darkWT.H4 Dal-Gal4 100% (34)
UAS-darkWT.B6 Dal-Gal4 96% (25)
UAS-darkV.C8 Dal-Gal4 103% (35)
UAS-darkV.G6 Dal-Gal4 95% (29)
UAS-darkWT.H4 Hml-Gal4 0% (22)
UAS-darkWT.B6 Hml-Gal4 0% (33)
UAS-darkV.C8 Hml-Gal4 29% (35)
UAS-darkV.G6 Hml-Gal4 18% (29)
UAS-darkWT.H4 pCNS-Gal4 (c81) 16% (62)
UAS-darkWT.B6 pCNS-Gal4 (c81) 18% (80)
UAS-darkWT.H4 c833-Gal4 0% (23)
UAS-darkWT.B6 c833-Gal4 0% (25)

Data from transgenic rescue experiments is summarized. Reversal of dark82 lethality
was scored in contexts where tissue-specific expression of a wild-type transgene
(UAS-darkWT) or a dark variant transgene (UAS-darkV) were tested. The left-hand
column indicates the transgene tested in combination with the tissue ‘driver’ listed
in the middle column. In each case, a single dose of the dark transgene and driver
are tested. The right-hand column indicates the percentage of rescued animals
relative to the expected Mendelian value, listed in parentheses. Note that, for each
transgene, at least two independent lines were tested (H4 and B6 for UAS-darkWT,
and C8 and G6 for UAS-darkV). dark82 lethality is fully rescued if UAS-darkWT is
driven by Tubulin-Gal4 or by Dal-Gal4, which both confer ubiquitous expression. By
contrast, no rescue is observed if UAS-darkWT is combined with an embryonic
CNS/larval disc driver (c833-Gal4) or a hemocyte-specific driver (Hml-Gal4). However,
substantial rescue of dark82 lethality occurs when expression of UAS-darkWT is
restored in the post-embryonic CNS using the pCNS-Gal4 driver, also called c81-Gal4
and expressed diffusely throughout brain lobes, but not in embryos, egg chambers
or imaginal discs (Drapeau et al., 2003; Manseau et al., 1997). Surprisingly, in the
absence of any Gal4 driver, ‘leaky’ expression of darkV partially rescued dark82

lethality, but wild-type dark did not.

Fig. 2. dark is essential for programmed and unprogrammed
apoptosis. (A-D) Maternal and zygotic sources of dark were removed
using a Dominant Female Sterile strategy (see Materials and methods).
The resulting embryos lacked nearly all PCD, shown here by Acridine
Orange (AO) staining (green). A and B show mid-staged embryos
eliminated for maternal dark but heterozygous for zygotic dark; C and
D show comparably staged embryos lacking both maternal and zygotic
dark. Note that without a source of dark, embryos are head involution
defective with only few AO-positive cells (C,D). (E-G) Requirement for
dark in models of stress-induced cell death. Hemocyte aspirates from
dark82 and wild-type (wt) wandering third instar larvae were treated
with chemical stressors ex vivo and stained with CellTracker (see
Materials and methods). Induction of apoptosis in wild-type (E) but not
dark82 (F) hemocytes is exemplified here with micrographs taken 6
hours after Cycloheximide (CHX) treatment. (G) Quantification of
apoptosis 6 hours after challenge with either CHX or a Smac mimetic
(Li et al., 2004) are plotted as the incidence of cell death in
percentages. Error bars indicate s.d.

               dc_840_14



D
E
V
E
LO

P
M
E
N
T

1460

conditional expression when combined with tissue-specific Gal4-
driver strains. Table 1 shows that, in two independently transformed
lines, ubiquitous expression of wild-type dark, using either Tubulin-
Gal4 or Daughterless-Gal4 drivers, completely rescued dark82

lethality. In parallel studies, the expression of UAS-darkWT in
mutant hemocytes (via the Hml-Gal4 driver) did not rescue
viability, but did partially restore sensitivity to Smac mimetic
killing to these cells (Fig. 3G). Surprisingly, exclusive restoration
of dark to the post-embryonic central nervous system using pCNS-
Gal4 (also called c81-Gal4) reversed dark82 lethality, but restoration
of dark to the embryonic CNS and imaginal discs (c833-Gal4
driver) did not. Although we cannot exclude the possibility that
maternal dark is depleted in the CNS earlier than in other tissues,
these results demonstrate that, at minimum, expression of dark in
the post-embryonic CNS is necessary to reverse organismal
lethality and to produce a viable adult. We also note here that male
and female adults rescued by pCNS-Gal4 driven dark were sterile.
However, in DAPI-stained preparations, no associated defects in
germ line formation were detected at the gross morphological level.

A caspase cleavage site in Dark confers
hypermorphic gene activity when mutated
Exploratory in vitro studies with recombinant Dark identified a
putative caspase cleavage site that was mapped to Asp1292 (Fig.
3A,D). Consistent with this, studies using Drosophila S2 cells
detected a cleavage of Dark that matched predictions from in vitro
studies (Fig. 3B) and was caspase dependent, as it was prevented by
the caspase inhibitor ZVAD (Fig. 3C). To examine the biological

effects of this site in vivo, we tested a variant darkv (see Materials
and methods) that substitutes Ala for Asp at position 1292. Like
wild-type transformants, ubiquitous restoration of this dark variant
(UAS-darkv) reversed the lethality caused by dark82 (Table 1).
However, in the absence of any Gal4 driver, ‘leaky’ expression of
UAS-darkv also rescued dark82 lethality but, surprisingly, wild-type
dark did not (Table 1). Therefore, darkv exhibits hypermorphic gene
action relative to wild-type dark. In fact, adult flies rescued to
viability with darkv displayed split thorax phenotypes and bristle
abnormalities in the notum (Fig. 3E) that resemble darkcd4

homozygotes (Rodriguez et al., 1999). Together, these observations
indicate that leaky expression of darkV restores gene function to null
animals, not to the wild-type level but, instead, to levels comparable
to those seen in darkcd4. Hypermorphic properties related to darkv

were also noted in ex vivo hemocyte assays. Expression of the wild-
type cDNA in dark82 hemocytes only mildly restored stimulus-
dependent apoptosis after treatment with a Smac mimetic. However,
darkV almost completely restored this apoptotic response to dark82

hemocytes (Fig. 3G). We considered the possibility that altered
expression of UAS-darkv might explain the hypermorphic properties
conferred by darkV but, as shown in Fig. 3F, the expression levels of
wild-type and variant transgenes were equal. Therefore, in studies
of organismal viability and hemocyte apoptosis, darkV conferred
striking hypermorphic gene activity without detectable effects upon
steady-state expression. These results are consistent with negative-
feedback models whereby the action of the Dark protein may be
directly repressed by effector caspases, thereby setting an apoptotic
threshold in cells that are specified for death.

RESEARCH ARTICLE Development 133 (8)

Fig. 3. Alteration of a caspase cleavage
site produces a hypermorphic Dark
variant. (A) Recombinant Dark protein (lane
1) was incubated with cytosolic S20 fractions
prepared from control S2 cells (lane 2) or
cycloheximide (CHX)-treated S2 cells (lane 3).
Asterisk denotes the small Dark C-terminal
fragment after cleavage. (B) Consistent with
in vitro studies (A), stimulus-dependent
cleavage of Dark is detected here in
Drosophila S2 cells. Samples from
unchallenged (Ctrl) S2 cells or cells treated
with 20 �M Cycloheximide (CHX) or 200
mJ/cm2 UV were harvested after 4 hours.
(C) Cleavage of Dark as seen in panel B with
CHX treatment, is reversed by the caspase
inhibitor z-VAD (100 �M), shown here 5
hours post-treatment. In A,B and C, Dark was
visualized with an anti-Dark polyclonal
antibody. (D) The cleavage site, detected in
vitro at residue 1292, is shown (arrow) in the
schematized domain structure of the Dark
protein. (E) Illustration of the defective
anatomy of dark82 flies rescued by leaky
expression of UAS-darkV, which mutates the
caspase site mapped in D. The notum of a
dark82 homozygote rescued to viability by
UAS-darkV, shown here next to a wild-type fly
notum (left), exhibits a ‘split thorax’ phenotype and bristle abnormalities. (F) Levels of transgenic Dark protein in various UAS-dark transgenic lines
in the absence of any driver or under Tubulin-Gal4 were examined by immunoblot using an anti-Myc antibody. Arrowhead denotes Dark-myc;
asterisk indicates an irrelevant cross-reacting band showing equal loading on each lane. Note that the levels of wild-type Dark and DarkV are
comparable when expressed from the Tubulin-Gal4 driver or when examined for basal expression. (G) Hemocyte aspirates from dark82; Hml-
Gal4:UAS-darkWT (Hml:darkWT) and dark82; Hml-Gal4:UAS-darkV (Hml:darkV) L3 larvae were treated with DMSO or the Smac mimetic (Li et al.,
2004), a potent apoptotic inducer. Expression of UAS-darkWT in dark82 hemocytes only mildly restored apoptosis after Smac mimetic treatment.
However, UAS-darkV almost completely restored this apoptotic response to dark82 hemocytes.
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Elimination of dark prevents salivary gland
histolysis
To determine whether dark might function in autophagic cell
death, we examined larval salivary glands, which normally
histolyse at 16 hours after puparium formation (APF), manifesting
vesicular features that are morphologically distinct from apoptosis
(see Fig. 4A, Fig. 5A) (Lee and Baehrecke, 2001; Thummel,
2001). In dark mutants, these organs did not histolyse and,
instead, persisted intact, even in 36-hour APF animals (Fig. 4B).
Wild-type and dark glands were also stained for immunoreactivity
with anti-cleaved caspase 3, an antibody that detects effector
caspase activity in Drosophila tissues (Yu et al., 2002). In early
pupariation stages (4 and 8 hours APF), wild-type salivary glands
show little or no immunoreactivity (data not shown), but, four
hours later (12 hours APF), widespread staining with anti-cleaved

caspase 3 can be observed in the cytoplasm of these cells (Fig.
4C). By contrast, levels of anti-cleaved caspase 3 staining in dark–

glands were starkly attenuated for reactivity at comparable stages
and later (Fig. 4D).

These defects could reflect specific functional requirements for
dark in histolysis or, alternatively, could result from a more
generalized arrest in prepupal development. We can exclude the
latter possibility, as persisting glands were always sampled from
animals that had passed through the ‘head eversion stage’ into
pupation (Ashburner, 1989) and numerous associated landmarks
also proceeded on schedule (see below). Like many changes that
occur during metamorphosis, salivary gland histolysis is tightly
controlled by ecdysone and, hence, failure to histolyse might
formally derive from a disruption of this hormonal axis (Yin and
Thummel, 2005). To address this possibility, we examined

1461RESEARCH ARTICLEAutophagy is upstream of/parallel to the apoptosome

Fig. 4. dark82 salivary glands are defective for histolysis. (A,B) Confocal micrographs of salivary glands from wild-type (A) and dark82 (B)
animals at 16 hours APF stained for a cytoplasmic protein, p127 (green), and a nuclear protein, BR-C (red). Head eversion, which marks the
prepupal-pupal transition, has occurred in these animals. In wild type, larval salivary glands are completely histolysed, but in dark82 animals
the glands persist and structural integrity is maintained. (C,D) Confocal micrographs showing immunohistochemical staining of salivary glands
for anti-cleaved caspase 3 (blue), a marker for active DRICE (Yu et al., 2002), together with anti-actin, (red) and OliGreen, a nuclear stain
(green). (C) Caspase activity (blue) in wild-type salivary glands is shown here at 12 hours APF, ~4 hours before final histolysis. (D) Caspase
activity is starkly reduced in salivary glands of dark82 animals, shown here at 16 hours APF. (E-G) Ecdysone signaling and expression of death-
related genes are unperturbed in dark mutant salivary glands. Immunohistochemical staining (E,F) shows nuclear accumulation of ecdysone-
responsive transcription factors in persisting dark salivary glands at 16 hours APF. The confocal image in E shows coincident nuclear
accumulation of Ecdysone Receptor (EcR, red) and BFTZ-F1 (green), counterstained for actin (blue). Overlapping stains for EcR and BFTZ-F1
produces a robust yellow signal in gland cell nuclei. In F, nuclear accumulation of E74A (red) is shown, with counterstaining for actin (blue)
and the cytoplasmic protein Rab11 (green). (G) Pre-death expression profiles for the genes indicated were determined using real-time
quantitative RT-PCR on RNA prepared from salivary glands dissected from wild-type (OreR) and dark82 animals at 11 hours and 13 hours APF
(normalized from 18°C). The gene set analyzed here is a surrogate for profiles of pre-histolytic gene expression (Gorski et al., 2003).
Expression levels are represented by �Ct values, where �Ct=Ct of no template control (set at 38 PCR cycles) – Ct of sample. Ct, or threshold
cycle, is the PCR cycle at which a statistically significant increase in fluorescent signal can be detected above background. Drosophila rp49,
used here as a control, showed no significant differences in expression. dark transcripts were not detected in mutant salivary glands, but, in all
other respects, profiles between wild-type and dark glands were highly comparable.
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ecdysone-dependent signaling events known to occur during the
period from 3 to 9 hours prior to histolysis (7-13 hours APF). For
example, without dark function, ecdysone receptor (EcR) and
other regulatory factors, such as BFTZ-f1 (Fig. 4E), E74A (Fig.
4F) and Kruppel homolog (not shown), accumulated in the
nucleus of salivary gland cells. Likewise, in a survey of
transcripts that anticipate salivary gland histolysis (Gorski et al.,
2003; Lee et al., 2003), gene expression profiles from wild-type
and dark82 glands were highly comparable (see Fig. 4G). As an

indicator of developmental progression, equivalent expression
profiles (Fig. 4G) offer considerable statistical power, as a bulk
analysis of 20-30 pairs of glands is represented at each time
point. Therefore, by each criterion examined, hormonal signaling
and associated target responses were unperturbed in dark
animals. Together, these observations establish a specific
requirement for the action of dark in salivary gland cell death and
exclude generalized arrest or developmental delay as an
explanation for defective histolysis.

RESEARCH ARTICLE Development 133 (8)

Fig. 5. Autophagy proceeds normally in dark mutant salivary glands. (A-C) Transmission EM of salivary gland cells. (A) A cytoplasm saturated
with small vesicles and an electron dense nucleus (N) are indicative of ongoing cell death in wild-type cells at 14 hours APF. By contrast, salivary
gland cells appear healthy in 14-hour APF dark82 (B) and 24-hour APF dark82 (C), showing no sign of cell death (compare the appearance of the
nucleus in C with the nucleus in A). Arrows indicate autolysosomes in A-C, demonstrating that dark is not required for autophagy. Insets in panel C
show enlargements of representative autophagosomes (top right corner) and autolysosomes (top left corner) seen in mutant glands. N, nucleus;
g, secretory granule; asterisks indicate mitochondria. Scale bars: 1 �m; 250 nm for the insets. Arrowheads in C indicate autophagosomes.
(D-I) Salivary glands dissected at the indicated time points (25°C) and stained with the acidic marker monodansylcadaverine (MDC) to detect
autolysosomes (Munafo and Colombo, 2001). F shows a merged image of MDC staining (red) and detection of GFP-LC3 (green) (Rusten et al.,
2004), a transgenic GFP marker for autophagosomes and autolysosomes in wild-type salivary glands (14 hours APF). At this stage, prior to histolysis,
the overlap between MDC and GFP-LC3 is extensive, indicating an abundance of autolysosomes. (D-G) Time course of MDC staining in wild-type
salivary glands. (D) At 9 hours APF, MDC staining is barely detectable. (E) At 11 hours APF, some punctate MDC-positive staining can be observed.
However, by 14 hours APF (F) and in 15-hour APF glands (G), large MDC-positive structures are very conspicuous. Likewise, in comparably staged
mutant glands, prominent MDC-positive vesicles are seen, shown here at 12 hours APF (H) and in persisting salivary glands 4 hours later (I).
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Stimulation of autophagy occurs normally in
persisting dark glands
We performed a series of histological and ultrastructural studies of
mutant glands, with the goal of determining how dark might
function in the histolysis of this organ. Two hours prior to histolysis
of wild-type glands, the nucleus becomes electron dense, polytene
chromosomes lose definition, vesicles saturate the cytoplasm and
autolysosomes are prominent (Fig. 5A) (Farkas and Sutakova,
1998; Jiang et al., 1997; Juhasz and Sass, 2005). By stark contrast,
comparably aged dark glands show no signs of vesicular saturation
(Fig. 5B). Similarly, pre-histolytic changes that otherwise occur in
the nucleus are not seen (Fig. 5C) and, instead, features
characteristic of earlier-staged nuclei are retained. Like wild-type
counterparts, however, numerous autolysosomes were evident in
dark glands (Fig. 5B,C), indicating that dark function is not
required for autophagy per se. To extend this analysis, we
confirmed that monodansylcadaverine (MDC), an acidic marker
that detects autolysosomes (Munafo and Colombo, 2001),
overlapped with the signal derived from GFP-LC3 (Rusten et al.,
2004), a transgenic marker of autophagy (Fig. 5F). Next, we
established that, in wild-type salivary glands, dramatic
accumulation of MDC staining anticipates PCD several hours prior
to overt histolysis (Fig. 5D-G). We applied this methodology in
dark animals and, likewise, observed a comparable abundance of
MDC-stained structures in mutant glands (Fig. 5H,I), indicating
that stimulation of autophagy, which normally anticipates
histolysis, is not dependent on dark activity. Therefore, in this
tissue, the action of dark in histolysis functions downstream of, or
parallel to, an autophagic program.

DISCUSSION
Here, we show that dark encodes generalized functions in PCD.
Loss of maternal and zygotic product caused profound defects,
abolishing nearly all apoptotic deaths in the embryo. Likewise,
elimination of zygotic dark prevented the histolytic death of
salivary gland cells and also reversed drug-induced killing of
hemocytes. These results establish widespread functions for dark
in distinct models of programmed and stress-induced cell death.
Moreover, because both apoptotic and histolytic forms of cell
death were affected, it is clear that common effector pathways
regulated by the apoptosome can specify apoptotic and non-
apoptotic forms of PCD. The role for dark in PCD is not
absolute, however, as rare apoptotic cell deaths were observed in
animals lacking both the maternal and zygotic product. Although
reminiscent of phenotypes associated with complete deletions in
the Reaper region, loss of dark did not appear to perfectly
phenocopy these, as occasional apoptotic cell deaths were
observed. To substantiate this idea, we carefully compared the
incidence of dark-independent cell deaths to the rare cell deaths
that occur in H99 homozygous embryos. Among animals lacking
both maternal and zygotic dark, an average of 8.9±2.0 cell deaths
were found in late embryonic stages. However, only 3.1±2.1 cell
deaths were found in comparably staged H99 embryos. Hence,
in this respect, animals devoid of dark emulate cell death defects
seen in animals lacking dronc (Xu et al., 2005). Together, these
observations establish that, for a small population of embryonic
cells, apoptotic activators in the reaper region can specify
apoptosis without engaging the fly apoptosome. Similar
pathways might occur in post-embryonic stages, but we caution
against deriving firm conclusions in unaffected larval tissues,
given the caveats relating to perdurance of maternally derived
product.

Unlike its counterparts in the worm or the mouse, genetic
elimination of dark produced a strictly lethal phenotype. Because
ubiquitous and ‘driver-specific’ expression of a dark transgene
complemented this phenotype, it was possible to map the focus of
genetic activity responsible for restoring viability. We found that
dark82 lethality was reversed when expression was restored to cells
of the post-embryonic CNS, but that complementation failed if dark
was restored to hemocytes or imaginal discs. These results highlight
essential functions for zygotic dark in the post-embryonic CNS and
suggest that the action of this gene within other tissues may not be
necessary for viability. Transgenic complementation also proved to
be an effective means for distinguishing the wild-type gene action
from that of derivatives with altered activities. By this approach, we
determined that darkv encodes striking hypermorphic activity
without affecting transgenic expression levels. As darkv is mutated
at a caspase cleavage site (Fig. 3A-D), the data are consistent with
negative-feedback models whereby the action of Dark is directly
repressed by effector caspases, perhaps setting an apoptotic
threshold in cells that are specified to die. These findings describe
the first hypermorphic point mutation among all known alleles in the
ced-4/Apaf1 gene family, and raise intriguing possibilities for
investigating how life histories and stress responses might be
impacted in adults with excessive apoptosomal activity. It is worth
noting that, unlike cultured cell models, where full-length dark
exhibits mild killing activity (Rodriguez et al., 1999), we found no
evidence of dominant phenotypes associated with the forced
overexpression of either the wild-type or the variant transgenes in
tissues presented here (Fig. 3), or in other tissues, such as the eye
(not shown). The different effects seen in culture cells versus
transgenic animals might reflect authentic context-specific variance,
or, alternatively, there may be a mild killing activity that does not
manifest as a gross phenotype in the animal. Nevertheless, at least
for most tissues and cells, it is unlikely that the levels of Dark protein
alone qualify as a determinant of apoptosome activity. This
inference, together with studies that exclude a fundamental
requirement for Drosophila cytochrome c in formation of the
apoptosome (Yu et al., 2005) or in models of apoptosis (Dorstyn et
al., 2004; Zimmermann et al., 2002), suggests that, to function
properly, Dark must be activated through an unknown mechanism.

Regression of Drosophila salivary glands in pupal development
is a classic model of histolytic cell death, and dying cells in this
gland appear morphologically distinct from cells undergoing
apoptosis, indicating that novel cell death pathways may control
forms of histolytic cell death (reviewed by Thummel, 2001). We
assessed morphological, ultrastructural and molecular indicators to
establish that, without dark, developmental progression was
unperturbed, histolytic regression of this organ failed and salivary
gland cells remained morphologically intact. Our results clearly
establish a requisite function for Dark in the histolysis of salivary
gland cells, despite the fact that PCD of these cells appears dissimilar
from classical apoptosis. These observations are consistent with
effects produced by p35, a broad-spectrum caspase inhibitor (Jiang
et al., 1997; Lee and Baehrecke, 2001; Martin and Baehrecke, 2004),
and with animals mutated for the apical caspase dronc (Daish et al.,
2004). Because apoptotic and histolytic forms of cell death are
similarly impacted by the same mutation, we conclude that common
effector pathways, regulated by the apoptosome, underlie
morphologically distinct forms of PCD.

The induction of autophagy that anticipates salivary gland
histolysis may act as part of a novel killing mechanism in these cells
(Lee and Baehrecke, 2001; Myohara, 2004; Thummel, 2001), and
in mammalian cell death models as well (Shimizu et al., 2004; Yu et
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al., 2004). However, in other circumstances, ‘self-digestion’ clearly
promotes survival when apoptosis in prevented (Lum et al., 2005),
and, consequently, it is important to understand how links between
autophagy and cell death may instruct cell fates (Levine and
Klionsky, 2004). As dark82 organs do not regress like their wild-type
counterparts, dark82 animals afford a unique opportunity to dissect
the relationship between histolysis and autophagy. Because the
stimulation of autophagy continued in glands that failed to histolyse,
we suggest that induced autophagy per se is not the ‘lethal event’
mediating histolysis of this organ. Instead, the epistasis experiments
described here demonstrate that the induction of autophagy lies
upstream of, or parallel to, the apoptosome in this model of histolytic
cell death.
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A
utophagy is the major self-degradative process in 
eukaryotic cells, with fundamental roles in cellular 
and organismal homeostasis, and is involved in 

many developmental and pathological situations. Structures 
targeted for autophagic destruction are sequestered 
into newly emerging double-membrane vesicles called 
autophagosomes, and delivered for lysosomal degradation. 
Despite recent advances in understanding the molecular 
mechanisms of autophagy, a long-standing question 
concerning the source of the autophagic membrane remains 
unresolved. Two major alternatives can be considered: the 
membrane may be derived from a pre-existing cytoplasmic 
organelle such as the endoplasmic reticulum (maturation 
model), or assembled from constituents at its site of genesis 
(assembly model). 

Introduction

The stability of all biological systems—from single cells to 
ecological communities—is based on the continuous turnover 
of individual units. Just as new organisms are born to replace 
dying ones, turnover of constituents within a cell ensures that 
old or damaged macromolecules and organelles are replaced 
by newly synthesized ones. This constant replacement 
underlies the adaptability of biological systems, for example 
allowing cells to rapidly change their metabolism in response 
to a changing environment. Cellular homeostasis (the ability 
to maintain a stable condition inside the cell) is therefore 
based on the proper balance of synthesis and destruction.

In eukaryotic cells, various specialized cytoplasmic enzymes 
are responsible for the specifi c degradation of proteins (the 
ubiquitin-proteasome pathway), lipids, ribonucleic acids, 
sugars etc.; these degradation events can be crucial to the 
execution of cellular signaling and metabolic pathways. 
In contrast, nonspecifi c degradation of these materials 
occurs through autophagy (“self-eating” in Greek; in this 
case at a subcellular level) [1]. This process plays several 
important roles in the life of a cell. During times of starvation, 
autophagy ensures survival by randomly degrading bulk 
cytoplasm including organelles to provide breakdown 
products that can be used for energy and synthetic processes 
[2]. In response to a change in available nutrients, autophagy 
is also used to specifi cally eliminate obsolete metabolic 
organelles in several yeast species [3]. In multicellular 
organisms, autophagy is tightly controlled through several 
signaling pathways [4,5], and has been integrated into 
various developmental and physiological events, such as the 
remodeling of cells, tissues, organs, or even the entire body. 
To take an extreme example, nearly all of the larval tissues of 
a metamorphosing insect are self-digested inside the pupal 

case, making room and providing nutrients for the cells that 
will eventually give rise to the adult insect [6]. In mammals, 
autophagy occurs in virtually all cells at a basal rate, and has 
been shown to be required for the elimination of old and 
nonfunctional organelles and protein complexes [7]. Growth-
promoting hormones such as insulin inhibit autophagy [8], 
whereas glucagon, synthesized in response to low blood 
sugar levels, induces this process [9]. Autophagy has been 
suggested to play a protective role during aging, cell death, 
defense against intracellular pathogens, neurodegenerative 
diseases, and tumorigenesis, emphasizing the biological and 
medical importance of autophagy [2,10].

The Morphology of Autophagy

During autophagy, large membrane-bound portions of 
the cytoplasm are delivered for destruction to lysosomes, 
organelles loaded with various acidic hydrolases specialized 
for rapid and effective degradation of cellular and 
extracellular material. As early as the 1960s, the morphology 
of the major pathway of autophagy, macroautophagy 
(simply referred to as autophagy hereafter), was established 
by electron microscopic studies [1,9]. Upon induction of 
autophagy, a membrane cisterna (fold of membrane) known 
as the isolation membrane (IM; sometimes referred to as 
phagophore in mammals [11]) appears and curves around 
part of the cytoplasm. Sealing of the edges of the IM results 
in a unique double membrane vesicle, the autophagosome. 
Soon after forming, autophagosomes fuse with a lysosome, 
where degradation of the delivered material for recycling 
takes place (Figure 1A and 1B). The membranes of IMs and 
autophagosomes differ from other membranes in the cell 
in having few intramembrane proteins, evident by electron 
microscopy [12–14]. 

The dynamic membrane rearrangements of autophagy 
are also unique in that topologically intracellular material 
(cytoplasm) becomes converted into topologically 
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extracellular (the lumen of lysosomes) without crossing a 
membrane barrier [15]. In contrast, material delivered to the 
lysosome by other routes either remains extracellular, in the 
case of endocytosis (formerly referred to as heterophagy [1]), 
or crosses a membrane, as in the case of lysosomal enzyme 
synthesis. 

Identifi cation of Genes Involved in Autophagy

Yeasts, like humans, alter their metabolism to meet the 
amount and type of available nutrients. And, unlike humans, 
they are much easier to study genetically. Little was known 
about the molecular mechanisms of autophagy until the last 
decade, when yeast genetic screens revealed ~27 autophagy-
related genes (Atg), whose products are necessary for 
autophagy [16]. Most Atg proteins localize at least transiently 
to a single well-defi ned spot in the cytoplasm known as the 
preautophagosomal structure (PAS), a site from which 

the IM forms upon induction of autophagy. Atg proteins 
form three main multiprotein complexes: an autophagy-
specifi c phosphatidyl-inositol 3-kinase (PI3K) complex, the 
Atg1 kinase complex, and two closely linked ubiquitin-like 
protein conjugation systems. Current research is aimed at 
understanding how these complexes interact to promote 
autophagy.

Multicellular organisms harbor homologs of most of the 
yeast Atg genes, refl ecting the evolutionary conservation of 
autophagy and its molecular components. There are also 
some important differences. For example, IMs in yeast bud 
from the single PAS, whereas in mammalian cells, IMs are 
formed throughout the cytoplasm, and no defi nitive PAS is 
observed. The presence of multiple homologs of some Atg 
genes also suggests an as-yet unknown complexity of the 
process in metazoans.

One of the ubiquitin-like proteins, Atg8 (called LC3 
in mammals), appears to be associated with IMs and 
autophagosomes through a lipid anchor [17], and therefore 
represents the fi rst known protein covalently attached to 
these membranes. Atg8/LC3 fused to a fl uorescent tag is now 
commonly used as a light microscopic marker to follow the 
formation of early autophagic structures (Figure 1C) [18]. 

Potential Membrane Sources of the IM 

Despite the recent advancement of autophagy research, 
one fundamental question remains unanswered: how does 
the autophagic membrane form? The membranes of IMs 
and autophagosomes are of the thin type (6–7 nm), like 
the membranes of the endoplasmic reticulum (ER), cis-
Golgi, nuclear envelope, and inner and outer membranes 
of mitochondria. In contrast, membranes of the plasma 
membrane, lysosomes, and most of the Golgi are thick 
(9–10 nm), due to their different lipid composition (e.g., 
more cholesterol) and higher protein content. A review 
article written nearly 40 years ago by de Duve and Wattiaux 
[1] already mentioned that the source of the sequestering 
membrane “has given rise to many speculations,” including 
the ER, Golgi complex, and de novo formation. Below we 
consider the evidence relating to two general models of 
autophagic membrane formation.

The Maturation Model

All cellular membrane is generally thought to derive from 
the ER. Membrane from the ER is transported through the 
secretory pathway by a continuous cycle of vesicular budding 
and fusion. Based on these observations, one model posits 
that the IM is derived from the ER or another pre-existing 
organelle upon induction of autophagy. For example, a 
portion of the ER may become cleared of ribosomes and 
fold onto itself to form the IM (Figure 2A); alternatively, 
vesicles may bud off from the ER and fuse together to form 
the IM (Figure 2B). This theory is supported by the similar 
membrane thickness of these organelles (see earlier), 
by the putative identifi cation of ER proteins in IMs and 
autophagosomes in mammalian cells [19] (but see also [20] 
for an extended discussion of this point), and also by the 
observation that IMs are often observed between parallel ER 
cisternae in secretory cells [13]. In yeast, recent molecular 
genetic studies showed that genes necessary for ER traffi cking 
are required for autophagy [21]. These data are consistent 
with a membrane contribution from the ER, although they 

DOI: 10.1371/journal.pbio.0040036.g001

Figure 1. The Dynamic Membrane Events Involved in Autophagy
(A) Upon induction of autophagy, a membrane sac called the isolation 
membrane (IM) forms and engulfs portions of the cytoplasm. Sealing of 
its edges gives rise to the double-membrane bound autophagosome. 
Fusion of the outer membrane with a lysosome results in formation of 
an autolysosome, in which the inner autophagosomal membrane and its 
contents are degraded. 
(B) Starvation-induced autophagosomes (AP) and autolysosomes (AL) in 
the fat body (the functional analogue of the liver) of a fruit fl y larva. Note 
that APs contain intact cytoplasm, whereas the contents of ALs show 
various stages of degradation. 
(C) Liver cells of starved mice carrying a fl uorescently tagged LC3 
transgene, labeling cup-shaped and ring-shaped structures that 
correspond to IMs and autophagosomes, respectively. 
Images courtesy of Ryan Scott (B) and Dr. Noboru Mizushima (C).
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may instead simply refl ect a genetic requirement for one or 
more proteins synthesized in the ER. 

The Assembly Model

Recent real-time studies have revealed that newly forming 
IMs continue to elongate until the fi nal sealing of the 
autophagosome [22]. This observation is diffi cult to reconcile 
with the direct maturation of an existing organelle into an 
IM. An alternative model posits that the IM is assembled de 
novo. In this model, nonvesicular transport (Figure 2C) or 
local synthesis (Figure 2D) of lipids supplies the material for 
the growing membrane. Currently, support for this model 
comes mostly in the form of negative results, namely the 
lack of convincing identifi cation of vesicles or membrane 
cisternae fusing to the IM, despite numerous transmission 
and freeze-fracture electron microscopic studies. Similarly, 
conventional vesicular structures have not been observed 
by electron microscopy at the PAS in yeast, although 
retrograde transport of some Atg proteins has recently been 
demonstrated, presumably involving a vesicular mechanism 
[23]. Interestingly, the cytoplasm in the area of the PAS 
largely excludes free ribosomes that normally fi ll the cytosol 
[24], consistent with a high lipid content or membranaceous 
barrier in this region.

In many cell types, induction of autophagy can be 
remarkably robust, resulting in a rapid appearance of 
numerous autophagosomes throughout the cell. Whether 
local synthesis or nonvesicular transport of lipids and their 
assembly into membranes could be effi cient enough to 
generate suffi cient amounts of membrane in a short time 
is unclear. It is also possible that multiple membrane pools 
contribute to the IM. The distinct steps of IM formation—
nucleation, assembly, and elongation—may also rely on 
different membrane sources [10].

Toward a Solution

The unique molecular makeup of the autophagic 
membrane—rich in lipid, poor in protein—has likely 
hindered attempts to identify its source using traditional 
proteocentric cellular and molecular approaches. A defi nitive 

answer to this elusive question is thus likely to spring from new 
technologies, such as improved in vivo lipid labeling methods 
capable of specifi cally marking different cell membranes 
in live cells [25]. In addition, the recent and ongoing 
identifi cation of the Atg proteins, many of which specifi cally 
localize to the PAS and IM, provides a powerful new set of 
tools to address this problem. This list is likely to grow as 
additional factors are identifi ed, perhaps based on their co-
localization with known Atg proteins, and through genetic 
screens in other organisms. Among the most promising of 
the known factors is Atg9, the sole known integral membrane 
protein involved in IM formation. Atg9 cycles through the 
PAS and other unidentifi ed punctate structures [23,26]. 
As this protein is presumably membrane-bound from its 
inception, live tracking of Atg9 is likely to identify at least 
a subset of the contributing membrane. These reagents, 
in conjunction with standard cell biology approaches, thus 
represent novel means of investigating the membrane source. 
For example, a specifi c pool of lipids or Atg proteins en 
route to the forming and growing IM could be followed by 
photobleaching recovery or pulse-chase methods [27,28]. In 
addition, these tools will allow researchers to delve further 
into this mysterious puzzle, addressing a number of closely 
related fundamental questions: As new membrane is added 
to the growing IM, is it recruited to the tips, center or entire 
surface? How is this membrane targeted to the IM? Does 
induction of autophagy stimulate membrane production, 
or are pre-existing stores of lipid suffi cient? Are the known 
Atg proteins directly involved in membrane recruitment or 
synthesis, and if so what are the mechanisms involved? A new 
generation of tools and a plate full of questions is attracting 
new researchers to this expanding fi eld, leading to an 
accelerated pace of discovery. Future work will provide plenty 
of new information to ingest. �
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Autophagy, a cellular process of cytoplasmic degradation
and recycling, is induced in Drosophila larval tissues
during metamorphosis, potentially contributing to their
destruction or reorganization. Unexpectedly, we find
that flies lacking the core autophagy regulator Atg7 are
viable, despite severe defects in autophagy. Although
metamorphic cell death is perturbed in Atg7 mutants,
the larval–adult midgut transition proceeds normally,
with extended pupal development compensating for re-
duced autophagy. Atg7−/− adults are short-lived, hyper-
sensitive to nutrient and oxidative stress, and accumu-
late ubiquitin-positive aggregates in degenerating neu-
rons. Thus, normal levels of autophagy are crucial for
stress survival and continuous cellular renewal, but not
metamorphosis.

Supplemental material is available at http://www.genesdev.org.
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Autophagy is a general term for the degradation of self-
material in lysosomes. During the course of the main
pathway, macroautophagy (hereafter referred to as au-
tophagy), an isolation membrane appears that envelops
random portions of the cytoplasm. Sealing of the edges
results in a unique double-membrane vesicle called an
autophagosome, which will then fuse with a lysosome to
deliver its contents for degradation and reuse. This pro-
cess is controlled by a core group of ∼20 conserved au-
tophagy-related (Atg) genes first identified in yeast
(Klionsky et al. 2003). Among these, the ubiquitin-re-
lated proteins Atg8 and Atg12 and their E1- and E2-like
processing enzymes are essential for autophagosome
formation.

As in yeast, targeted disruption of Atg genes in mouse
and Drosophila models results in a block of starvation-
induced autophagy and causes an accelerated loss of vi-
ability under starvation conditions (Scott et al. 2004;

Komatsu et al. 2005; Hara et al. 2006). In addition, Atg
gene knockouts in these animal models have been
shown to result in post-embryonic lethality even in the
presence of optimal nutrients, suggesting that in higher
eukaryotes, autophagy has evolved to serve additional
functions beyond starvation survival. Indeed, recent re-
ports showed that basal autophagy plays an essential role
in protein quality control in mammals, by continuously
degrading misfolded or damaged proteins (Komatsu et al.
2005, 2006; Hara et al. 2006), and prevents metabolic
stress-induced genome instability and tumor progression
(Mathew et al. 2007). During development, high levels of
autophagy may also contribute to some forms of pro-
grammed cell death, as in the case of degenerating larval
tissues during insect metamorphosis (Butterworth and
Forrest 1984; Neufeld 2004; Penaloza et al. 2006).

We previously reported that mutations in Drosophila
Atg1 cause a strong inhibition of autophagy and result in
lethality at the pupal stage of development (Scott et al.
2004, 2007). However, because Atg1 homologs in other
species have been found to participate in nonautophagic
processes (Tomoda et al. 2004; Ogura and Goshima 2006;
Zhou et al. 2007), it is unclear whether the lethality of
these mutants stems from defects in autophagy or
whether this may reflect other functions of Atg1. Here
we report the generation of null mutations in Atg7,
which encodes the single E1-like enzyme required for
activation of both Atg8 and Atg12. Surprisingly, despite
severely reduced levels of autophagy, Atg7 mutant flies
are fully viable and fertile, and no major morphological
defects are observed during metamorphosis. Emerging
mutant adults are hypersensitive to stress and have a
reduced life span, potentially due to accumulation of
ubiquitin-positive aggregates in degenerating neurons.

Results and Discussion

Generation of Atg7 deletions

Several P-element insertions are available in the ge-
nomic region of Atg7, located in the intron between ex-
ons 6 and 7, and upstream of or downstream from the
gene (Fig. 1A; data not shown). All of these lines yielded
viable adults when crossed to the deletion-bearing line
Df(2R)Pu66, and none of them showed a noticeable ef-
fect on starvation-induced autophagy (data not shown).

As previously identified mutations in Drosophila Atg
genes with a strong autophagy-defective phenotype were
lethal (Scott et al. 2004), we initially screened for lethal
lines after remobilization of the P-element Atg7EY10058,
located 73 bases upstream of the predicted Atg7 tran-
scription start site. Of the lethal lines recovered, two
groups of deletions could be identified. The first con-
tained deletions extending from the original P-element
insertion site into a neighboring gene, Sec6 (data not
shown). Lines in the second group had deletions extend-
ing into both Atg7 and Sec6, as in the case of Atg7d14

(Fig. 1A), which removes the transcription and transla-
tion start sites and the majority of the Atg7 coding re-
gion, resulting in a presumptive null allele. As existing
Sec6 mutations described earlier were lethal (Murthy et
al. 2005), we concluded that the lethality of these dele-
tion lines could be ascribed to lack of Sec6 function. Our
failure to identify any Atg7-specific events among these
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neurodegeneration]
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lethal deletions suggested that Atg7 might not be an es-
sential gene. This was confirmed by remobilization of a
second P-element located in the intron between exons 6
and 7 of Atg7. None of the recovered 54 lines that lost
this element were lethal. We identified three groups of
deletions based on sequence data. The first group, repre-
sented by Atg7d4, removed the last three exons of Atg7;
the second group included deletions that removed most
of CG5335, a gene located in the intron of Atg7 as in the
case of CG5335d30; the third group consisted of deletions
that completely removed CG5335 and part of Atg7, as in
the case of Atg7d77, which lacks exons 5 and 6 and most
of exon 4 (Fig. 1A). As these exons code for the E1-like
domain of Atg7 that is required for its enzymatic activ-
ity, we concluded that Atg7d77 is a likely null allele. As
expected, the Atg7d77 and Atg7d4 deletions very strongly
interfered with Atg7 expression. No product could be
detected by RT–PCR for the sequences removed by these

deletions, respectively, and mRNA levels for the remain-
ing portions were also very strongly reduced in both
cases (Fig. 1B).

In the experiments below, we refer to Atg7d77/Atg7d14

animals as Atg7d77 or simply Atg7 mutants (homo-
zygous mutant for Atg7, heterozygous for Sec6 and
CG5335), and we use flies of the genotype CG5335d30/
Atg7d14 as control (heterozygous for Atg7, Sec6, and
CG5335). Most tests were repeated using flies of
the genotypes Atg7d77/Df(2R)Pu66 and CG5335d30/
Df(2R)Pu66, with similar results (Supplementary Ta-
ble 1).

Atg7 is required for starvation-induced autophagy

To assess the role of fly Atg7 in autophagy, we stained
larval fat bodies with Lysotracker Red, a vital dye used
for the detection of acidic organelles including autolyso-

Figure 1. Atg7 is required for starvation-induced autophagy in the fat body. (A) The genomic region of Atg7. The two P-element insertions used
to generate deletions (blue arrowheads), and four deletions are shown. (B,B!) Atg7 mRNA expression was analyzed by RT–PCR in control and
mutant third instar larvae. (B) No product is seen after 25 amplification cycles in Atg7 mutants, indicating strongly reduced Atg7 expression.
(B!) Thirty cycles reveal the expression of C-terminal Atg7 sequences in Atg7d77 and N-terminal sequences in Atg7d4 larvae. As expected,
deleted parts are not expressed in the mutants. See A for Atg7 primer locations. (C–D!) Starvation-induced autophagy is severely impaired in
Atg7d4 mutant fat body clones, as shown by GFP-Atg8a labeling (C!) and Lysotracker Red staining (D!). Mutant cells are marked by lack of
myrRFP (red, C) and GFP (green, D) expression, respectively. (E–J) Atg7d77 larval fat bodies show a strongly reduced autophagy in response to
starvation. Very little Lysotracker staining is seen in Atg7d77 mutant fat bodies (F), while controls accumulate numerous Lysotracker-positive
dots (E). Transmission EM reveals many autophagosomes (arrowheads) and autolysosomes (arrows) in control (G,H), but not in Atg7d77 fat body
cells following a 3-h starvation (I). J shows a morphometric evaluation of EM images. (AP) Autophagosome; (AL) autolysosome. Error bars
represent standard deviation. Bars: C–F, 10 µm; G–I, 1 µm. (B,E,G,H,J) Control: CG5335d30/Atg7d14. (B) Atg7d4: Atg7d4/Atg7d14. (B,F,I,J) Atg7d77:
Atg7d77/Atg7d14. (C) FRT42D Atg7d4/CgGAL4 UAS-GFP-Atg8a FRT42D UAS-myrRFP. (D) FRT42D Atg7d4/UAS-2XeGFP FRT42D fb-GAL4.
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somes. We also monitored the intracellular localization
of GFP-Atg8a, a widely used marker of autophagosomes.
In control animals, starvation leads to accumulation of
both Lysotracker Red-positive vesicles and GFP-Atg8a-
positive punctate structures (Scott et al. 2004). The num-
ber of such structures was severely reduced in Atg7d4

homozygous mutant fat body cell clones (Fig. 1C,D).
Similarly, starvation failed to induce punctate Lyso-
tracker staining in fat bodies of Atg7d77 mutant larvae
(Fig. 1E,F).

We used transmission electron mi-
croscopy (EM) to quantify the au-
tophagy defect seen in Atg7d77 mu-
tants. Following 3 h of starvation,
many autophagosomes and autolyso-
somes were observed in control larval
fat body cells (Fig. 1G,H). Atg7 mu-
tants exhibited a strong reduction of
these autophagic structures (Fig. 1I).
Morphometric analysis revealed that
autophagosomes occupied 0.53% and
autolysosomes 1.79% of the cyto-
plasm in controls, whereas the vol-
ume ratio was 0.08% and 0.04% in
Atg7 mutant fat body cells, respec-
tively (Fig. 1J). Together, these results
indicate that cells lacking Atg7 func-
tion are severely impaired in their
ability to induce autophagy in re-
sponse to starvation.

Atg7 is required for developmental
autophagy in the larval midgut

At the onset of metamorphosis, au-
tophagy is induced to high levels in
larval tissues including the fat body,
midgut, and salivary glands, and has
been suggested to participate in the
elimination of these tissues by pro-
grammed cell death events that take
place during metamorphosis (Butter-
worth and Forrest 1984; Neufeld
2004; Penaloza et al. 2006). Accord-
ingly, we observed numerous GFP-
Atg8-positive punctate structures in
the midgut gastric caeca of control
larvae at the wandering stage, just
prior to the onset of pupariation
(Fig. 2A). Atg7 mutant gastric caeca
showed a strong decrease of GFP-Atg8
dots (Fig. 2B), confirming that Atg7 is
required for developmental as well as
starvation-induced autophagy. Our
EM studies also showed numerous
autophagosomes and autolysosomes
in control larval midguts, and the
number and size of these structures
were strongly reduced in mutant cells
(Fig. 2C,D). Morphometric analysis
revealed that autophagosomes occu-
pied 0.95% and autolysosomes 3.22%
of the cytoplasm in controls, whereas
the volume ratio was 0.17% and
0.42% in Atg7 mutant midgut cells,
respectively (Fig. 2E).

Loss of autophagy delays the death of larval midgut
cells but causes no major developmental defects

We next asked whether the reduced autophagy in Atg7
mutant midguts influences their elimination during
metamorphosis. During the prepupal stage, the larval
midgut shrinks and is shed into the lumen of the forming
adult midgut. We observed neither major defects in adult
epithelium formation nor elimination of the larval mid-

Figure 2. Atg7 is required for developmental autophagy and apoptotic DNA fragmentation in
the midgut. (A–E) Developmental autophagy defects in Atg7d77 mutant larval midguts. (A)
Developmental autophagy results in punctate GFP-Atg8a localization in control midguts. (B)
Atg7d77 mutant midguts show a more uniform GFP-Atg8a signal with very few dots. Ultra-
structural analysis reveals numerous autophagosomes and autolysosomes in control (C), but
not in mutant midguts (D). E shows a morphometric evaluation of EM images; labels as in
Figure 1. (F–M) Adult epithelium is formed normally in Atg7d77 mutants during metamorpho-
sis. (F,G) The larval midgut is composed mostly of large, polyploid cells, with intercalated
small, diploid imaginal cells in control and mutant animals at the time of puparium formation
(white prepupal stage). (H–K) The adult epithelium is formed from proliferating imaginal cells
by 5 h RPF, accompanied by shortening and thickening of the entire midgut (note increased
diameter in cross-section between F–H or G–I), and shedding of the larval cell layer into the
lumen (dark cell masses in H,I). (I) Although appearing less condensed at this time, larval cells
of Atg7 mutants are also shed into the lumen. (J,K) Formation of the adult midgut epithelium
(ae) proceeds normally in both control and mutant animals. Aberrant structures reminiscent
of protein aggregates were seen in the apical area of mutant midgut cells at 5 h RPF (M), in the
region where control cells accumulated numerous large autolysosomes (L). TUNEL staining
of white prepupal midguts reveals defects in DNA fragmentation in dying Atg7d77 larval
cells (O), when compared with the robust nuclear staining seen in controls (N). Bars: A,B,F–I,
10 µm; C,D,J–M, 1 µm; N,O, 200 µm. (A,C,E,F,H,J,L,N) Control: CG5335d30/Atg7d14.
(B,D,E,G,I,K,M,O) Atg7d77: Atg7d77/Atg7d14.
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gut in Atg7 mutants (Fig. 2F–K; see also Supplementary
Fig. 1). Shrinkage and elimination of gastric caeca were
similar in control and Atg7 animals, and shedding of
degenerating larval epithelium into the lumen of the
forming adult midgut was completed by 16 h RPF (rela-
tive to puparium formation) as well (Supplementary Fig.
1). Interestingly, aberrant structures reminiscent of pro-
tein aggregates were observed in the apical region of mu-
tant midgut cells at 5 h RPF, in the area where control
cells accumulated numerous large autolysosomes (Fig.
2L,M).

Despite the apparently normal progression of midgut
remodeling during metamorphosis, DNA fragmentation
indicative of cell death that is readily detected in control
midguts at the time of puparium formation was greatly
reduced in Atg7 mutants (Fig. 2N,O). In addition, we
observed an ∼4-h increase in the average time required to
complete metamorphosis in Atg7 mutants (Fig. 3A). Al-
though modest, this extension of the pupal period was
highly significant (P < 10−20). We therefore conclude that
normal levels of autophagy contribute to the timely pro-
gression through metamorphosis but are not essential for
the extensive cell elimination and remodeling that oc-
curs at this important stage of development.

Atg7 mutants are hypersensitive to nutrient
and oxidative stress and have a reduced life span

As Atg7 mutants were fully viable (Supplementary Fig.
2A), we were able to investigate the role of autophagy in
adult functions such as stress responses and aging. Under
conditions of complete starvation or a sugar-only diet,

Atg7 mutants displayed an accelerated lethality com-
pared with control flies (Fig. 3B,C), consistent with a
conserved role for autophagy in promoting starvation
survival by recycling cytoplasmic constituents. Previous
studies in cultured mammalian cells have suggested that
autophagy may protect against oxidative damage by tar-
geting damaged macromolecules and organelles for
elimination (Cuervo et al. 2005). To test whether au-
tophagy contributes to oxidative stress resistance in an
organismal context, we measured the survival of age-
matched Atg7 mutant and control flies treated with
agents that induce oxidative stress. Atg7 mutants were
hypersensitive to paraquat treatments, dying at a two-
fold faster rate than controls (Fig. 3D). Similar results
were observed using hydrogen peroxide (Supplementary
Fig. 2B). In addition, loss of Atg7 resulted in a reduced
life span under normal conditions (Fig. 3E; see Supple-
mentary Table 2 for detailed statistical analysis of sur-
vival curves). Atg7 mutant flies also displayed a signifi-
cant age-dependent decline in climbing performance
tests (Fig. 3F), an established measure of nervous system
function (Martinez et al. 2007). Together, these results
indicate the importance of autophagy in stress survival
and longevity, potentially through elimination and recy-
cling of damaged cellular components generated in re-
sponse to induced oxidative stress or during normal ag-
ing, thus promoting constant cellular renewal.

Progressive neuronal degeneration in Atg7 mutants

The age-related decline of nervous system function in
Atg7 mutants suggested that the loss of autophagy in
these flies leads to a neurodegenerative phenotype. Pre-
vious studies of Atg5 and Atg7 mutant mice reported an
accumulation of ubiquitinated proteins and progressive
neurodegeneration in these animals (Hara et al. 2006;
Komatsu et al. 2006). We found that ubiquitinated pro-
teins also accumulated in aged Atg7 mutant fly head
extracts, suggesting that protein aggregates form in the
CNS (Fig. 4A). Ultrastructural analysis confirmed the
presence of inclusion bodies in neurons of mutant, but
not control fly brains (Fig. 4B,C). Immunoelectron mi-
croscopy further revealed that these aberrant structures
are ubiquitin positive (Fig. 4D). The number of inclusion
bodies increased over time in neurons of Atg7 mutant
brains: Larval neurons never contained such structures,
whereas they were readily observed in 3-d-old adults,
with the highest numbers in 30-d-old adults (Fig. 4E).
Accumulation of these ubiquitin-positive aggregates was
associated with a progressive neurodegeneration, as dead
neurons were readily identified in Atg7 mutant brains
(Fig. 4F). Also, most brain cells of aged Atg7 mutants
showed extensive DNA fragmentation (Fig. 4H,J),
whereas we observed no TUNEL labeling in controls
(Fig. 4G,I). Neurodegeneration was also revealed by mod-
erate vacuolization of 30-d-old mutant brains, compared
with controls (Fig. 4K,L). As expected, we detected no
DNA fragmentation in control or Atg7 mutant brains at
3 d after eclosion (data not shown), but the presence of
inclusion bodies in mutants may account for the slight
decrease in climbing performance at this time. Interest-
ingly, other tissues like indirect flight muscles were
largely unaffected by the mutation, and overall omma-
tidial morphology was also similar to controls (Supple-
mentary Fig. 3).

In conclusion, our findings indicate that normal levels

Figure 3. Atg7 mutants show delayed metamorphosis, shorter life
span, and stress sensitivity. Atg7d77 mutants eclose later than age-
matched controls (A), and emerging adults die faster than control
flies on complete starvation (B) or if fed a sugar-only diet (C). (D)
Including 30 mM paraquat in the medium to induce oxidative stress
also kills mutants faster than controls. Atg7d77 mutants show a
reduced life span (E), and 30-d-old mutant flies score poorly in a
climbing test relative to controls (−90.4% change, P < 10−15), while
they perform almost as well as control flies at day 3 (−14.6% change,
P = 0.00004) (F). (All panels) Control: CG5335d30/Atg7d14; Atg7d77:
Atg7d77/Atg7d14.
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of autophagy are not required for viability in Drosophila
and that the massive induction of autophagy that takes
place during metamorphosis is not a prerequisite for the
complex tissue rearrangements characteristic of this
stage of development. These results also imply that le-
thality of previously described mutations in other Dro-
sophila autophagy-related genes may stem from their
roles in other essential processes. Consistent with this,

we recently showed that the lethality of Atg1 mutants
can be partially rescued by expression of a kinase-defec-
tive form of the Atg1 protein that inhibits starvation-
induced autophagy (Scott et al. 2007), suggesting that
one or more essential functions of Atg1 may be indepen-
dent of autophagy. The identification of viable muta-
tions in Drosophila Atg8a also supports this conclusion
(Scott et al. 2007). Alternatively, the viability of Atg7
mutants may reflect a less severe disruption or a quali-
tative difference in autophagy compared with other Atg
mutants. Analysis of null mutations in additional Atg
genes will further clarify this issue.

The role of autophagy in cell death has not been fully
resolved. Although autophagy is generally considered a
prosurvival cellular defense pathway, elevated levels of
autophagy have been shown to cause cell death, at least
under certain experimental conditions (Kroemer and
Jaattela 2005; Pattingre et al. 2005; Scott et al. 2007). Our
results provide in vivo evidence supporting a dual role
for autophagy in cell death. During metamorphosis, ex-
tremely high autophagic activity in larval tissues such as
the midgut epithelium precedes DNA fragmentation and
cell death. Mutation of Atg7 results in a marked decrease
of autophagy and an inhibition of DNA fragmentation,
suggesting that autophagy contributes to the normal cell
death process in this case. As reported earlier, this cell
death defect does not interfere with adult midgut epithe-
lial development, which drives morphogenetic events
during midgut reconstruction in Drosophila (Lee et al.
2002). In contrast to the case in these larval tissues, loss
of Atg7 activity in the adult brain leads to DNA frag-
mentation and neuronal cell death, suggesting that au-
tophagy acts to maintain neuronal health and prevent
cell death in these cells. Our findings thus suggest that
the net effect of autophagy on cell survival in vivo is
dependent on both cell type and level of autophagic in-
duction. Better understanding of the regulation of au-
tophagy and identification of relevant substrates may
provide new insight into neurodegenerative diseases and
aging.

Materials and methods
P-element excisions and mutant fat body cell clones were generated as
described earlier (Scott et al. 2007). Three- to five-day-old males were
treated as follows: For complete starvation and the sugar-only diet, a
paper towel soaked in water or 20% sucrose solution was placed in vials.
Additional liquid was added as needed, and dead flies were counted daily.
Paraquat or H2O2 was stirred into the food at a final concentration of 30
mM or 1%, respectively, and dead flies were counted daily. For life-span
analysis, newly eclosed males were transferred to fresh food every 2–3 d,
and dead flies were counted. Climbing assays were performed as de-
scribed (Martinez et al. 2007). See the Supplemental Material for addi-
tional procedures.
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Gene expression profiling identifies FKBP39 as an
inhibitor of autophagy in larval Drosophila fat body

G Juhász*,1,2, LG Puskás3, O Komonyi4, B Érdi1, P Maróy4, TP Neufeld2 and M Sass1

In Drosophila, the fat body undergoes a massive burst of autophagy at the end of larval development in preparation for the pupal
transition. To identify genes involved in this process, we carried out a microarray analysis. We found that mRNA levels of the
homologs of Atg8, the coat protein of early autophagic structures, and lysosomal hydrolases were upregulated, consistent with
previous results. Genes encoding mitochondrial proteins and many chaperones were downregulated, including the inhibitor of
eIF2alpha kinases and the peptidyl-prolyl cis–trans isomerase FK506-binding protein of 39 kDa (FKBP39). Genetic manipulation
of FKBP39 expression had a significant effect on autophagy, potentially through modulation of the transcription factor Foxo.
Accordingly, we found that Foxo mutants cannot properly undergo autophagy in response to starvation, and that overexpression
of Foxo induces autophagy.
Cell Death and Differentiation advance online publication, 16 March 2007; doi:10.1038/sj.cdd.4402123

Autophagy is the degradation of self material by lysosomes.
As a primary cellular defense response, it is activated by
nitrogen or amino-acid starvation from yeast to mammals, and
promotes the survival of the cell or organism by recycling
dispensable cellular constituents for re-use in synthetic
processes. The morphology of the major pathway is well
known for decades by electron microscopical studies.1 In
response to starvation or other stimuli, a membranous sac
called isolation membrane forms and engulfs portions of
the cytosol. After sealing of its edges, the emerging double-
membrane organelle is referred to as an autophagosome.
Upon fusion with a lysosome an autolysosome is formed,
where degradation of the sequestered material takes
place. The process of autophagy is remarkably similar in
all eukaryotic organisms, suggesting the involvement of
an evolutionary conserved set of genes. Indeed, functional
homologs of most Atg (autophagy-related) genes required
for autophagy in yeast were found in multiple species
including plants, worms, flies, and mammals.2 Despite
the conservation of the core mechanism, there must be
changes in the regulation of autophagy among different phyla,
as it is involved in various cellular processes in multicellular
animals. In addition to its fundamental role in starvation
survival, autophagy is thought to be involved in cell death,
neurodegeneration diseases, aging, immunity, growth, and
cancer.1,3,4

In Drosophila and other insects undergoing complete
metamorphosis, the larval fat body acts as a store of proteins
and other materials, which are released through autophagy to
provide energy and nutrients during metamorphosis and early

adulthood.5–8 The fat body, an analog of the human liver, is a
polytenic tissue that grows in mass approximately 200-fold in
feeding Drosophila larvae during the larval stages. After
reaching an optimal mass, mature larvae stop eating and
wander away from the food to find a suitable place for
pupariation. At this time, the fat body undergoes a massive
induction of autophagy, known as developmental autophagy.
These changes are induced by the insect molting hormone
ecdysone at a low concentration of juvenile hormone.9 Recent
results showed that ecdysone induces autophagy through
downregulation of phosphatidyl-inositol 3-kinase (PI3K)
signaling.10

A central regulator of cell growth and autophagy is target of
rapamycin (Tor) kinase. Inhibition of Tor activity rapidly results
in growth arrest and induction of autophagy, which involves
multiple phosphorylation and dephosphorylation events.11–13

In yeast, the phosphorylation state of a number of Atg proteins
is rapamycin-sensitive, and the activity of the kinase Atg1 is
regulated by Tor signaling.14 Another regulatory mechanism
is the induction of genes necessary for autophagy, or
repression of genes that normally inhibit the process. It is
known that the gene encoding Atg8, a ubiquitin-like coat
protein for autophagosomes, is upregulated in starved yeast
cells15 and Drosophila larvae.16

To search for genes regulated during developmental
autophagy, we carried out a microarray analysis by comparing
the transcriptional profiles of fat bodies dissected from feeding
and wandering third instar larvae. This analysis both demon-
strated evolutionary conservation and identified additional
genes with previously unknown roles in autophagy. Further
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characterization of a selected subset of genes in transgenic
animals identified FK506-binding protein of 39 kDa (FKBP39)
as an inhibitor of autophagy, which effect is likely mediated
through modulation of the transcription factor Foxo.

Results

Microarray analysis of transcriptional changes during
developmental autophagy. To assess gene expression
changes during developmental autophagy in Drosophila
larvae, we manually dissected fat bodies before and after
the developmental induction of autophagy from feeding (60 h
after hatching from the egg, Figure 1a) and wandering (84 h
after hatching from the egg, Figure1b and e) larvae.6,7

Samples were processed and cDNAs were hybridized
to a microarray containing 3200 annotated Drosophila
cDNAs.17 About 1941 of the 3200 genes investigated
were expressed in the fat body. Table 1 shows the 57
genes induced by 1.65-fold or greater (estimated P-value
o0.025) during autophagy. The mRNA level of the eye
pigment biosynthesis gene Hn was increased, consistent
with the known role of the fat body in that process during
the wandering stage.18 A gene encoding Fbp2, a storage
protein, was also induced; together these results provide a
control for the proper developmental timing of our sample
collection. Genes encoding putative lysosomal hydrolases
(a-EST2, cathD, CG5932, CG1827, CG10992, CG1774)
were upregulated, consistent with the expansion of the
lysosomal compartment during autophagy. Ten of the 16 fly
Atg gene homologs were represented on our chip, and only
CG32672/Atg8a was induced significantly, in accordance
with yeast and previous fly data.1,16 A gene encoding another
ubiquitin-like protein of unknown function (CG7224) was also
upregulated.

The expression of 39 genes was significantly downregu-
lated. Among them, two main subgroups could be identified:
genes encoding mitochondrial proteins (CG17896, CG9140,
ND42, CG6459, TRAP1, CG10664, Hsc70-5, CG2249,

mRpL24, Marf) and cellular chaperones (CG8286/ Drosophila
inhibitor of protein kinases (dIPK), CG4164, TRAP1, Hsc70-5,
FKBP39). The expression level of Baldspot, encoding a
transmembrane protein, also strongly decreased (Table 2).

Quantitation of expressional changes for a selected
subset of genes. A subset of genes potentially involved in
autophagy was selected for further analysis by quantitative
real-time polymerase-chain reaction (QRT-PCR) to confirm
and more precisely quantitate the changes in mRNA
expression levels. We also analyzed expression of a few
genes not represented on our chip, including Tor, CG12334/
Atg8b, and CG15283, which encodes a ubiquitin-like protein
highly similar to CG7224.

As shown in Table 3, these data well correlated with the
results of the microarray analysis, and further confirmed the
strong upregulation of both Atg8 homologs (CG32672/Atg8a:
6.96� and CG12334/Atg8b: 3.53� ) and cathepsin D
(CG1548: 2.14� ), a well-known lysosomal hydrolase. The
two ubiquitin-related genes we tested were also induced
(CG7224: 3.73� and CG15283: 4.62� ). Tor mRNA level did
not change, whereas genes encoding the cellular chaperones
FKBP39,19 CG8286/dIPK,20 and Baldspot21 were strongly
repressed (FKBP39: 6.73� , CG8286/dIPK: 4.92� , and
Baldspot: 9.91� repression).

Analysis of candidate autophagy-related genes in
transgenic animals identified FKBP39 as an inhibitor of
autophagy. To establish the role of selected genes
regulated in autophagy, we carried out overexpression
studies using the Gal4-UAS system. Overexpression of
most genes we tested (cathD, Atg8a, Baldspot, and dIPK)
produced various phenotypes with different Gal4 drivers
(Supplementary Table 1), but neither induced nor inhibited
autophagy (not shown).

In contrast to these results, fat body-specific overexpres-
sion of FKBP39, a peptidyl-prolyl cis–trans isomerase
(PPiase) had a dramatic effect on developmental autophagy.

Figure 1 Overexpression of FKBP39 inhibits developmental and starvation-induced autophagy, whereas loss of FKBP39 function leads to higher than wild-type induction
of autophagy. (a–c) Lysotracker staining of fat bodies. No Lysotracker staining is seen in feeding early third instar larvae (a), whereas Lysotracker-positive granules (shown in
red) accumulate in fat body cells of wandering late third instars (b). Overexpression of FKBP39 in the fat body inhibits the formation of Lysotracker-positive granules (c), and
leads to an inhibition of cell growth. This effect is best seen by cortical actin staining (red) of fat bodies clonally overexpressing FKBP39, marked by co-overexpression of
nuclear GFP (green) (d, top panel). Lower panel shows DNA staining. Note that the nuclei of FKBP39-overexpressing cells (green arrows) are of the same size but contain less
DNA than surrounding wild-type cells (blue arrows). (e and f) Electron microscopic images show fat body cells of late third instar larvae. Developmental autophagy results in
the accumulation of large autolysosomes in wild-type larvae (arrow in e; cytoplasmic dark blue granules in the inset), whereas only small autolysosomes are seen in FKBP39-
overexpressing fat body cells of the same age (arrows in f). Note the greatly enlarged nucleolus (asterisk) in the nucleus (N) in f, also caused by the overexpression of FKBP39.
Insets show toluidine blue staining of semi-thick sections. Again, note the greatly enlarged nucleoli (dark blue) in nuclei (arrowheads) in (f). (g) Quantitation of Lysotracker data
on developmental autophagy is shown. Asterisk marks a significant change (Po0.001). (h–j) Lysotracker staining of fat bodies. Autophagy in fat body cells of early third instar
larvae, induced by a 4-h starvation (h, compare to a). Fat body-specific overexpression of FKBP39 also blocks this starvation response (i). Co-overexpression of PTEN
restores autophagy inhibited by FKBP39 (j). (k) Quantitation of Lysotracker data is shown. Asterisk and double asterisks mark significant differences (Po0.001 for columns 1-
2, 2-3, 1-3). (l) RT-PCR of fat body samples dissected from control feeding larvae (lane 1), FKBP395-HA�2440 mutants (lane 2), and a precise excision line FKBP39exA3 (lane 3).
FKBP39 expression is reduced in larval fat bodies of the mutants, but precise excision of the P-element restores wild-type mRNA expression (top panel). Bottom panel shows
RT-PCR for actin as a control. (m–o) Lysotracker staining of fat bodies. Short, 80-min starvation induces higher levels of autophagy in fat bodies of FKBP395-HA�2440 mutant
larvae than in wild-type controls (n, compare with m). Starvation response is restored to wild-type levels in the precise excision line FKBP39exA3 (o). (p) Quantitation of the
results is shown. Asterisk marks a significant change (P¼ 0.006 for columns 1 and 2, Po0.001 for columns 2 and 3, P¼ 0.27 for columns 1–3). Panels a–d, h–j and m–o are
of the same magnification (� 200). Panels e and f are of the same magnification and bars equal 1 mm for electron microscopical images, 10 mm for insets. Error bars represent
standard deviation in panels g, k and p. Genotypes: UASFKBP39/þ (a, b, e, h), cgGal4/UASFKBP39 (c, f, i), hsFLP; UASFKBP39/þ ; Act4CD24Gal4, UASGFPnls/þ
(d), cgGal4/UASFKBP39, UASPTEN (j), Df(3R)Exel6194/TM6 (m), FKBP395-HA�2440/Df(3R)Exel6194 (n), FKBP39exA3/Df(3R)Exel6194 (o). For panel l, genotypes are
identical to panels m–o, respectively
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Very few autolysosomes were observed in fat body cells of
wandering larvae overexpressing FKBP39, and these were
also smaller than in wild-type animals (Figure 1c, f and g).
Interestingly, FKBP39 overexpression also inhibited cell
growth. The average size of fat body cells overexpressing
FKBP39 was 43721% of wild-type neighboring cells
(Figure 1d). The overexpressing cells also had a lower DNA
content, suggesting a delay in endoreduplication. The fact that

nuclei were about the same size as nuclei of wild-type cells is
probably owing to the greatly enlarged nucleolus (Figure 1d
and f).

We next tested if overexpression of FKBP39 had an effect
on starvation-induced autophagy. Starving feeding larvae for
4 h in sucrose solution results in strong accumulation of
Lysotracker-positive autolysosomes in larval fat body cells13

(Figure 1h). Overexpression of FKBP39 in the fat body greatly

Table 1 Genes upregulated during developmental autophagy in the Drosophila larval fat body

Gene name Fold change Function/family/domains P-value

Cyp9f2 3.95 Oxidoreductase (cytochrome P450) o0.0001
Cutlet 3.54 Serine-type endopeptidase o0.0001
Fbp2 3.08 Nutrient reservoir; oxidoreductase o0.0001
Alpha-Est2 2.77 Carboxylesterase o0.0001
CG7224 2.73 Ubiquitin-like o0.0001
Gs1 2.53 Glutamate synthase 0.0002
CG12262 2.52 Acyl-CoA dehydrogenase 0.0002
CathD 2.29 Cathepsin D 0.0007
Reg-2 2.28 Haloacid dehydrogenase-like hydrolase 0.0007
CG9431 2.16 Immunoglobulin-like 0.0014
CG6440 2.16 Neuropeptide hormone 0.0014
Syt 2.16 Calcium-dependent phospholipid binding 0.0015
CG18418 2.14 Membrane carrier 0.0016
CG6957 2.14 Glucoseamine-6-phosphate deaminase 0.0017
Cyp4d2 2.12 Oxidoreductase (cytochrome P450) 0.0018
CG7523 2.12 Unknown 0.0018
l(2)k09913 2.11 Unknown 0.0019
Hn 2.06 Eye pigment biosynthesis 0.0026
CG15309 2.06 Yippee-like protein 0.0026
CG12428 2.02 Acetyltransferase 0.0034
CG5932 1.99 Triacylglycerol lipase 0.0039
Cry 1.97 G-protein coupled photoreceptor activity 0.0045
CG1827 1.97 Aminohydrolase 0.0046
CG13603 1.94 Unknown 0.0053
CG30053 1.91 Unknown 0.0061
CG12323 1.91 Endopeptidase (proteasome b5 subunit) 0.0061
CG9813 1.90 Unknown 0.0065
CG7221 1.90 Oxidoreductase 0.0066
CG18787 1.89 Unknown 0.0069
CG4600 1.89 Acetyl-CoA acyltransferase 0.0071
Paip2 1.88 Translational repression 0.0073
CG8252 1.88 Unknown 0.0075
Atg8a 1.86 Coat protein for autophagosomes 0.0083
CG2767 1.86 Alcohol dehydrogenase 0.0084
Keren 1.84 Epidermal growth factor 0.0094
CG12292 1.84 Unknown 0.0095
CG5738 1.84 RNA polymerase II transcription factor 0.0097
Pdh 1.83 Photoreceptor dehydrogenase 0.0101
CG17597 1.82 Acyl-CoA C-acyltransferase 0.0108
CG4669 1.77 Unknown 0.014
CG10007 1.77 Unknown 0.0144
CG1236 1.76 Phosphoglycerate dehydrogenase 0.0149
CG9286 1.76 Unknown 0.015
Trn-SR 1.74 Nuclear import 0.0163
FucT6 1.73 Fucosyltransferase 0.0178
CG10992 1.73 Cathepsin B 0.0179
CG7789 1.72 Phosphatidylinositol phosphatase 0.0182
CG10433 1.72 Defense response 0.0187
CG32698 1.71 Carbonate dehydratase 0.0191
CG12428 1.71 Acetyltransferase 0.0194
CG8449 1.71 Unknown 0.0196
Ote 1.71 L-amino-associated polypeptide 2 0.02
CG14629 1.70 Unknown 0.0202
Fng 1.70 Glycosyltransferase 0.0202
CG1774 1.70 Lipid hydrolase 0.0206
CG12063 1.69 Endoglin/CD105 antigen, PAN domains 0.0215
CG5721 1.68 Unknown 0.023

The genes upregulated by at least 1.65-fold during developmental autophagy, are shown with an estimated P-value of o0.025. In the first column, gene names are
listed as in Flybase (21); second column shows fold induction relative to early third instars (before the onset of autophagy); and third column shows the function, family
or known domains of the genes listed
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inhibited the induction of autophagy in starved animals (Figure
1i and k), similar to the case of developmental autophagy.

As a final verification, we then tested how loss of FKBP39
function influences autophagy using the hypomorphic mutant
lines FKBP395-HA�2440 and FKBP395-HA�2590, isolated in the
DrosDel project.22 Both lines harbor a P-element insertion 49
nucleotides upstream of the translation start codon, in the 50

non-translated region of FKBP39.21 As expected from the
insertion data, these two mutant lines behaved indistinguish-
able in all of our tests, therefore only data on FKBP395-HA�2440

is shown here (see Supplementary Figure 1 for data on
FKBP395-HA�2590 ). Mutant larvae exhibited a strong reduction
of FKBP39 expression, as analyzed by reverse transcription-
polymerase chain reaction (RT-PCR) in dissected larval fat
bodies (Figure 1l) and in whole adult flies (Supplementary
Figure 1a). The mutants are viable and fertile, and show no
obvious developmental abnormality or delay. Although we
were unable to observe ectopic induction of autophagy in
different larval tissues of these animals (not shown), we found
that mutant larvae displayed a significantly higher level of
autophagy than wild-type controls in response to a short, 80-
min starvation (Figure 1m, n and p). Precise excision of the P-
element (FKBP39exA3) restored wild-type mRNA levels in
larval fat bodies (Figure 1l) and in whole adult flies
(Supplementary Figure 1a), and reverted the autophagy
phenotype seen in the mutants (Figure 1o).

Co-overexpression of PTEN restores autophagy
inhibited by FKBP39. To identify the signal transduction
pathway FKBP39 may act through, we tested several
signaling cascades that were previously reported to be

Table 2 Genes downregulated during developmental autophagy in the Drosophila larval fat body

Gene name Fold change Function/family/domains P-value

Baldspot �4.69 Transmembrane protein o0.0001
CG17896 �2.73 Methylmalonate-semialdehyde dehydrogenase o0.0001
CG3835 �2.71 Oxidoreductase o0.0001
CG14683 �2.56 Methyltransferase 0.0001
CG5171 �2.37 Trehalose-phosphatase 0.0003
CG9140 �2.37 NADH dehydrogenase (ubiquinone) 0.0003
Nop56 �2.15 Small nuclear ribonucleoprotein complex subunit 0.0011
CG8286 �2.15 Drosophila inhibitor of protein kinases (dIPK) 0.0011
CG4164 �2.10 Hsp40 0.0015
CG10340 �2.08 Possibly involved in protein complex assembly 0.0017
ND42 �2.08 NADH dehydrogenase (ubiquinone) 0.0017
CG6459 �2.00 Mitochondrial glycoprotein 0.0027
CG3136 �1.97 Basic leucine zipper (bZIP) transcription factor 0.0033
TRAP1 �1.95 Mitochondrial Hsp90 0.0038
CG6164 �1.92 Unknown 0.0044
CG9249 �1.92 Methyltransferase 0.0045
CG18316 �1.89 Unknown 0.0055
CG10664 �1.89 Cytochrome-c oxidase 0.0055
Ate1 �1.87 Arginyltransferase 0.0062
Yip7 �1.86 Serine-type endopeptidase 0.0065
CG8732 �1.85 Acetate-CoA ligase 0.0069
Hsc70-5 �1.82 Mitochondrial Hsp70 0.0083
CG15771 �1.81 Unknown 0.0087
CG11597 �1.80 Protein serine/threonine phosphatase (PP2A-like) 0.0092
CG3358 �1.78 Nuclease 0.0104
CG2249 �1.77 Cytochrome-c oxidase 0.0107
Tm1 �1.76 Tropomyosin 0.0114
Sc2 �1.75 Unknown 0.0123
CG17278 �1.74 Protease inhibitor 0.0126
CG8664 �1.73 Unknown 0.0137
Jon65Aiii �1.71 Serine-type endopeptidase 0.0151
mRpL24 �1.69 Mitochondrial large ribosomal subunit 0.017
Marf �1.69 GTPase and dynamin domains 0.0172
CG3902 �1.69 Acyl-CoA dehydrogenase 0.0175
Cyp310a1 �1.68 Oxidoreductase (cytochrome p450) 0.0186
His2Av �1.68 DNA binding (histone) 0.0187
EIF-4G �1.67 Translation initiation factor 0.0198
FKBP39 �1.66 Peptidyl-prolyl cis–trans isomerase (PPiase) 0.0208
CkIIalpha �1.66 Caseine kinase 0.021

The list of genes downregulated by at least 1.65-fold during developmental autophagy with an estimated P-value of o0.025 (see legend of Table 1 for details)

Table 3 Quantitative real-time PCR analysis of the expression of a selected set
of genes during developmental autophagy

Gene Microarray QRT-PCR

Atg8a 1.86 6.96
CG15283 Not on chip 4.62
CG7224 2.73 3.73
Atg8b Not on chip 3.53
CathD 2.29 2.14
Tor Not on chip No change
CG8286/dIPK �2.15 �4.92
FKBP39 �1.66 �6.73
Baldspot �4.69 �9.91

QRT-PCR analysis was used to confirm and further quantitate the expression
changes seen in the microarray experiment, and also to analyze genes not
physically represented on our chip. Gene names are listed in the first column;
second column shows fold change based on the microarray experiment; and
third column shows fold change based on QRT-PCR. See text for details
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influenced by FKBPs.23,24 Modulation of Ras (by over-
expressing wild-type, hyperactive or dominant-negative Ras
or wild-type Raf), protein kinase A (by overexpressing
wild-type PKAc or its inhibitors PKI or mutant PKAr), or S6
kinase (by overexpressing hyperactive S6K) signaling had no
effect on developmental autophagy, and did not restore
autophagy in FKBP39-overexpressing fat bodies, as
analyzed by Lysotracker staining (not shown). As Ras
signaling was suggested to be involved in the induction of
autophagy in other systems, and FKBP39 inhibited the Ras-
mediated activation of MAPK (Supplementary Figure 2a), we
analyzed autophagy by generating loss of function somatic
clones of a Ras null mutation in the fat body. Although
slightly smaller than surrounding wild-type cells, these cells
showed normal induction of developmental autophagy
(Supplementary Figure 2b), proving that Ras itself is not
required for autophagy in this tissue.

In contrast to the above results, overexpression of PTEN,
a phosphatase that antagonizes class I PI3K signaling,
partially restored starvation-induced autophagy in FKBP39-
expressing fat body cells (Figure 1j and k). Unfortunately, we
could not test developmental autophagy in this case, as
simultaneous expression of these two genes in the fat body
led to a prolonged third instar stage and ultimately lethality,
potentially owing to the cumulative growth-inhibiting effects of
the two proteins.

The autophagy-inhibiting effect of FKBP39 is likely
mediated by inhibition of Foxo, a novel regulator of
autophagy. The above results suggested that FKBP39 may
inhibit autophagy through activation of PI3K, a potent
inhibitor of both starvation-induced and developmental
autophagy.10,13 To test this, we analyzed the level of PI3K
signaling in FKBP39-overexpressing clones. GFP-pleckstrin
homology (PH) domain fusion proteins are well-established
markers of PI3K activity.25 In cells with high levels of
PI3K activity, accumulation of the membrane lipid phos-
phatidylinositol-3,4,5-phosphate results in localization of the
GFP-PH marker to the cell membrane. We found that
FKBP39 overexpression led to a reduction of membrane
versus cytoplasmic ratio of the signal compared to
surrounding wild-type cells (Figure 2a). This result indicates
that PI3K activity is reduced in FKBP39-overexpressing cells,
thus discounting the possibility that FKBP39 inhibits
autophagy by upregulating PI3K signaling.

As another potential measure of PI3K signaling, we also
examined the localization of the transcription factor Foxo in
FKBP39 overexpressing clones. Elevated PI3K signaling
results in phosphorylation of Foxo by the serine/threonine
kinase Akt.26 In response to this phosphorylation event, Foxo
changes its intracellular localization: the nuclear pool translo-
cates to the cytoplasm.26 Wild-type mid-third instar fat
body cells displayed a moderate level of nuclear Foxo.

Figure 2 The autophagy-inhibiting effect of FKBP39 overexpression is potentially mediated by inhibition of Foxo. (a) The membrane localization of a probe used as an
indicator of PI3K activity (GFP-PH, green) is greatly reduced compared to the cytoplasmic signal in fat body cells of feeding larvae that clonally overexpress FKBP39 (marked
by punctate myrRFP expression, red). (a0) shows the green channel separately. (b) Foxo staining (red) in fat bodies of wild-type mid-third instar larvae shows both nuclear and
cytoplasmic labeling. In cells overexpressing FKBP39 (and GFP, green), the nuclear pool of Foxo is completely abolished, and only cytoplasmic signal is seen. (b0) shows the
red channel separately. (c) Null mutation of Foxo (Foxo21/Foxo25) strongly decreases starvation-induced autophagy in the larval fat body, as shown by Lysotracker staining
(red) (compare to Figure 1h). (d) Overexpression of FKBP39 in a Foxo null mutant background results in a reduction similar to that seen in case of Foxo mutation or FKBP39
overexpression alone, also shown by quantitation of Lysotracker data in panel e. Asterisks mark significant changes (Po0.001 for columns 1–2, 1–3, 1–4, P40.2 for columns
2–3, 2–4, 3–4). (f) Overexpression of an activated form of Foxo, Foxot strongly induces autophagy in fat body cells of feeding larvae. Inset shows the red channel (Lysotracker
staining) in the overexpressing cells (delineated by a yellow line). Magnification is � 300 for panel a and � 200 for panels b–d and f. Error bars represent standard deviation in
panel e. Genotypes: hsFLP; UASFKBP39/UASmyrRFP; Act4CD24Gal4, tGPH/þ (a), hsFLP; UASFKBP39/þ ; Act4CD24Gal4, UASGFPnls/þ (b), Foxo21/Foxo25

(c), cgGal4/UASFKBP39; Foxo21/Foxo25 (d), hsFLP; UASFoxot/þ ; Act4CD24Gal4, UASGFPnls/þ (f)
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Overexpression of FKBP39 led to nearly complete exclusion
of Foxo from the nucleus (Figure 2b), despite the reduced
level of PI3K signaling in these cells, suggesting that the
autophagy-inhibiting effect of FKBP39 may be mediated
through inhibition of Foxo.

To test this hypothesis, we carried out overexpression of
FKBP39 in a Foxo null mutant background. Null mutation of
Foxo alone strongly interfered with starvation-induced autop-
hagy, indicating for the first time a role for Foxo in this process
(Figure 2c and e). Overexpression of FKBP39 in a Foxo null
mutant background failed to further suppress autophagy
compared to mutation of Foxo or overexpression of FKBP39
alone (Figure 2d and e), suggesting that the autophagy-
inhibiting effect of FKBP39 is at least partly mediated by
inhibition of Foxo.

Finally, we also expressed an activated version of Foxo
(Foxot)26 in fat body cells of feeding larvae. We found that
Foxot expression was sufficient to strongly induce autop-
hagy, further confirming the important role of Foxo in
regulating autophagy (Figure 2f). Together, our results
indicate that Foxo is necessary and sufficient for proper
induction of autophagy, and they identify Foxo as a relevant
target of FKBP39 action.

Discussion

We have used microarrays to identify genes that are regulated
at the time of developmental autophagy in the larval fat body.
Upregulated genes whose protein products likely function in
developmental autophagy included various lysosomal hydro-
lases like cathepsin D and cathepsin B, and the ubiquitin-like
coat proteins for autophagosomes, Atg8a and Atg8b. Expan-
sion of the lysosomal system is usually observed during
autophagy, and the upregulation of hydrolase genes is
consistent with the demand for increased degrading capacity
during massive induction of autophagy. Of the fly homologs of
yeast autophagy genes, Atg8a and Atg8b showed induction,
similarly to starved yeast cells or Drosophila larvae.1,16 Genes
of two additional small ubiquitin-like proteins, CG7224 and
CG15283, were also strongly upregulated. Although the
potential role of these genes in autophagy requires further
studies, it is interesting to note that they share a strongly
conserved human homolog, LOC135154.

Genes encoding various mitochondrial proteins were
downregulated, which is consistent with the observation that
a large number of mitochondria are degraded during devel-
opmental autophagy.5–7 mRNA levels of many cellular
chaperones also decreased, as reported earlier (see below).

Gene expression profiling analyses under a variety of
experimental conditions or developmental transitions in which
induction of autophagy is observed have been reported
previously.16,27,28 Although it is impossible to isolate autop-
hagy from the numerous other cellular processes with which
cells respond to environmental or developmental conditions
that also induce autophagy, careful comparison of our results
and the results from these studies enabled us to identify the
most promising candidate genes that may play a common role
during autophagy. Of the genes we identified as being
induced during developmental autophagy in the larval fat
body, several were previously found to be also upregulated in

response to sucrose or no-sugar starvation, conditions that
provoke a strong autophagic response in most polyploid
larval tissues. These included CG7224, CG15309, CG13603,
PAIP2, Atg8a and CG10992/cathepsin B.16 Moreover, all but
one of these genes were also identified as upregulated during
salivary gland cell death that likely involves autophagy.27,28

The expression of Atg8, the coat protein for autophagosomes,
which was identified as a rate-limiting factor for the main
pathway of autophagy in yeast,15 showed only a slight
induction in these studies. It may suggest that apart from
the main pathway of autophagy, other forms of lysosomal
degradation are potentially involved in salivary gland cell
death. In fact, studies of Drosophila null mutants for dark, the
fly homolog of the apoptosis gene Apaf-1, suggest that
autophagy is not affected in mutant salivary glands that fail to
undergo histolysis,29 similar to hypomorphic Hid mutants or to
flies overexpressing the caspase inhibitor p35.30

The expression of the genes Nop56, CG8286/dIPK,
CG4164/Hsp40, CG6459, Hsc70-5, CG3902, His2Av and
FKBP39 was also reduced both during developmental
autophagy and in response to sucrose or no-sugar
starvation.16 Three of these, CG8286/dIPK, CG4164/Hsp40
and Hsc70-5 were also downregulated in dying salivary
glands.27,28

In this work, we chose three downregulated genes for
detailed analysis. Overexpression of dIPK, a cellular chaper-
one, and Baldspot, a transmembrane protein, did not inhibit
autophagy in our tests. However, it is important to note that
overexpression of Atg8a or cathD had no effect on autophagy
either, despite their well-established role during autophagy.
Indeed, the hypomorphic Baldspot mutation l(3)02281 results
in darker than usual body color.21 As pigment granules are
lysosome-related organelles, it may suggest that Baldspot
normally inhibits the biogenesis of these pigment granules,
and its mutation results in generation of more granules.

CG8286/dIPK is a cellular chaperone containing a heat
shock protein DnaJ domain, a tetratricopeptide repeat that
mediates protein–protein interactions, and a protein prenyl-
transferase domain. The human ortholog of dIPK is the 58 kDa
inhibitor of protein kinases (p58IPK), which strongly inhibits
eIF2alpha protein kinases PKR and PERK.31,32 These
kinases function in mediating various stress signals such as
the presence of double-stranded RNA viruses, interferon
gamma, endoplasmic reticulum stress or starvation.33,34

p58IPK was shown to inhibit virus- or TNFa-induced cell
death by both eIF2alpha kinase-dependent and independent
mechanisms.35 The yeast eIF2alpha kinase GCN2 is required
for starvation-induced autophagy, and PKR null or non-
phosphorylatable eIF2alpha mutant murine embryonic fibro-
blasts are defective in virus-induced autophagy.36 In our
system, overexpression of dIPK did not interfere with
autophagy, suggesting that eIF2alpha kinase signaling is
not the major pathway functioning during this process in
Drosophila. Co-overexpression of dIPK partially rescued the
phenotypes caused by expression of the proapoptotic protein
reaper or the caspase dronc (G.J. unpublished), proving the
evolutionary conserved anti-apoptotic function of dIPK.

FKBP39 belongs to the family of PPiases with 21 members
in Drosophila.21 PPiases catalyze the isomerization of the
peptide bond between a proline and a bulky residue like
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phosphoserine or phosphothreonine. This motif is generated
through the action of proline-directed kinases, the best
characterized examples of which are kinases downstream of
Ras. FKBPs are also the intracellular receptors of the
immunosuppressive drugs rapamycin and FK506. The
FKBP12-rapamycin complex binds to Tor and inhibits cell
growth and induces autophagy. Physiological roles of FKBPs
are diverse and not fully characterized yet, but FKBP12 is
known to bind to various receptor kinases and the phospha-
tase calcineurin and inhibit their activity. FKBP12 also binds to
ER-resident calcium channels, modulating calcium release
regulation by protein kinase A and calcineurin.23

We identified FKBP39 as a downregulated gene during
developmental autophagy in Drosophila, suggesting that
FKBP39 is an inhibitor of autophagy. Indeed, overexpression
of FKBP39 led to a strong inhibition of both developmental and
starvation-induced autophagy in the larval fat body, whereas
loss of FKBP39 function resulted in a higher than wild-type
induction of autophagy in response to a short starvation.

PI3K signaling is a major regulator of cell growth and
autophagy, and it was recently shown that during develop-
mental reprogramming of the fat body preceding meta-
morphosis, ecdysone induces autophagy in part by
downregulating PI3K signaling.10 In that study, expression
of a dominant-negative ecdysone receptor inhibited develop-
mental autophagy, and co-overexpression of PTEN, the
phosphatase that antagonizes PI3K activity, reversed this
effect. We identified FKBP39 as a potential physiological
inhibitor of autophagy, its overexpression causing effects
similar to inhibition of ecdysone signaling. Co-overexpression
of PTEN also reversed the inhibitory effect of FKBP39
overexpression on autophagy. However, in a more direct test
of PI3K activity, we found that overexpression of FKBP39
decreased the membrane localization of a probe that reflects
PI3K activity. These results indicate that autophagy is
inhibited in FKBP39-overexpressing cells despite a reduction
in PI3K signaling. Further, they suggest that the small size of
these cells may be due in part to decreased PI3K activity.

Interestingly, overexpression of FKBP39 resulted in nuclear
exclusion of Foxo, suggesting that FKBP39 may inhibit
autophagy through inhibition of Foxo. Foxo is a Forkhead
family transcription factor activated by decreased PI3K or
increased stress signaling, and has been shown to be
required for growth inhibition, increased stress resistance,
and lifespan extension provoked by modulation of these
signaling pathways, respectively.37,38 Mutation of Foxo
caused a similar reduction of starvation-induced autophagy
as overexpression of FKBP39, and overexpression of
activated Foxo was sufficient to induce autophagy in feeding
larvae, demonstrating that Foxo is indeed involved in the
regulation of autophagy. Overexpression of FKBP39 in a Foxo
mutant background did not significantly decrease autophagy
compared to cells in which Foxo was mutated or FKBP39 was
overexpressed alone. This result suggests that at least part of
the effect of FKBP39 overexpression on autophagy is
mediated by its inhibition of Foxo, as one would expect
additive effects of autophagy inhibition in case of independent
signaling pathways. Other effects caused by overexpression
of FKBP39 (enlarged nucleolus and larval-prepupal lethality)
were not affected by the Foxo mutant background.

Given the known targets of PPiases, the effect of FKBP39
on Foxo localization is probably indirect. In Drosophila, Foxo
localization and activity has been shown to be regulated
through phosphorylation by PI3K/Akt and Jun N-terminal
kinase (JNK) signaling.26,38 On the basis of our results, PI3K
signaling is unlikely to mediate the effects of FKBP39
overexpression on Foxo localization, although it remains
possible that FKBP39 may affect Akt independently of PI3K.
Therefore, JNK signaling is a promising candidate for
mediating at least some of the effects of FKBP39 over-
expression,24 especially considering the strong effect of
FKBP39 overexpression on kinases downstream of Ras that
are closely related to JNK family kinases. This issue clearly
warrants future studies.

In summary, we have identified numerous genes regulated
during developmental autophagy in larval Drosophila fat body,
and we have shown that FKBP39, a gene downregulated
during the process, encodes a relevant physiological inhibitor
of autophagy. We have also identified Foxo as a novel
regulator of autophagy, potentially mediating the inhibitory
effect of FKBP39 on autophagy.

Materials and methods
Drosophila lines and methods. The following Drosophila lines were used in
our study: EP362 (Atg8a), EP2151 (cathD) (Szeged Stock Center, Hungary),
UASmyrRFP, hsGal4, cgGal4, GMRGal4, actGal4, tubGal4, eyGal4,
Df(3R)Exel6174 (Bloomington Stock Center, IN, USA), FKBP395-HA�2440 and
FKBP395-HA�2590 (kindly provided by Gunther Reuter), FRT82B Rasc40b (kindly
provided by Celeste Berg), hsFLP, Act4CD24Gal4, UASGFPnls and
Act4CD24Gal4, tGPH (kindly provided by Bruce A. Edgar), Foxo25 and Foxo21

(kindly provided by Heinrich Jasper and Ernst Hafen), and UASFoxot (kindly
provided by Marc Tatar). Fruit flies were maintained at room temperature (23–
251C). Heat shocks were carried out by immersing vials in a 371C water bath for 1 h.
Gain of function clones in the fat body were spontaneously generated by the leaky
expression of FLP recombinase in hsFLP; Act4CD24Gal4, UASGFPnls/
UASFKBP39 animals.25 We generated Ras null mutant clones in the fat body by
heat-shocking 0–8 h old embryos of the genotype hsFLP; cgGal4/þ ; FRT82B,
UASGFP/FRT82B, Rasc40b. As expected, no Ras null mutant cells were recovered
in the eyes of eyFLP; FRT82B, M(3)95A/FRT82B, Rasc40b animals. For P element
excision experiments, transposase was reintroduced to FKBP395-HA�2440 and
FKBP395-HA�2590 animals (both lines have a P element inserted at the same place
in the 50 UTR of FKBP39, 49 bases upstream of the translation start codon). Multiple
clean excision lines were identified by PCR and analyzed for each mutant as
described in Theopold et al.29 FKBP39exA3 is a revertant for FKBP395-HA�2440, and
FKBP39exB1 is a revertant for FKBP395-HA�2590.

Molecular cloning and establishment of transgenic lines. Full-
length cDNAs encoding Baldspot, dIPK and FKBP39 (EST# GH11554, LD25575
and LD30817, kindly provided by Miklós Erdélyi) were cloned into the pUAST fly
transformation vector using EcoRI and XhoI restriction sites. The resulting plasmids
were sequenced and injected into fruit fly embryos using standard microinjection
techniques. Multiple transgenic lines were established and analyzed for each
construct with similar results.

Microarrays, probe preparations, hybridizations, scanning, data
analysis. Construction and use of microarrays were performed as described.39

Briefly, 3200 amplified cDNA inserts from Drosophila melanogaster were purified
with MultiScreen-PCR plate (Millipore), resuspended in 50% dimethylsulfoxide/
water, and arrayed on amino-silanized slides (Sigma-Aldrich, Germany) by using a
MicroGrid Total Array System (BioRobotics, Genomic Solutions Ltd., UK) spotter
with 16 pins with a 4� 4 format. All clones were spotted in duplicate. Before to
hybridization, the slides were blocked in 1� SSC, 0.2% SDS, 1% BSA for 30 min at
421C, washed with water and dried with high pressure air. Fat bodies were manually
dissected from 150 to 200 carefully staged feeding and wandering animals. All
tissues except the embedded gonad disks were dissected away before freezing fat
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bodies in liquid nitrogen. Fifteen microgram of total RNA from each sample was
amplified by a linear antisense RNA amplification method, and labeled with Cy3 or
Cy5 fluorescent dye during reverse transcription as described previously.40 Probes
were mixed, reconstituted in 12 ml hybridization buffer (50% formamide, 5� SSC,
0.1% SDS, 100 mg/ml salmon sperm DNA) and applied onto the array after
denaturation by heating for 1 min at 901C. The slide was covered and incubated at
421C for 20 h in a humid hybridization chamber. After hybridization the arrays were
washed by submersion and agitation for 10 min in 1�SSC with 0.1% SDS, for
10 min in 0.1%� SSC with 0.1% SDS and for 10 min in 0.1�SSC at room
temperature, then rinsed briefly in deionized water and dried. Each array was
scanned under a green laser (532 nm) (for Cy3 labeling) and under a red laser
(660 nm) (for Cy5 labeling) by using a ScanArray Lite (GSI Lumonics, UK) scanning
confocal fluorescent scanner with 10 mm resolution. Scanned output files were
analyzed using the GenePix Pro 3.0 software (Axon Instruments Inc, Foster City,
CA, USA). Each spot was defined by automatic positioning of a grid of circles over
the image. The average and median pixel intensity ratios calculated from both
channels and the local background of each spot were determined. An average
expression ratio (MeaR, denotes the average of local background corrected pixel
intensity ratios) was determined for each spot. Data analysis was done by the
significance analysis of microarrays (SAM) method and visualization of scatter
images were performed with the Microsoft EXCEL software.

Quantitative real-time PCR and reverse transcription PCR. QRT-
PCR was performed on a RotorGene 2000 instrument (Corbett Research, Australia)
with gene-specific primers and SybrGreen protocol to confirm the gene expression
changes observed by using microarrays. Twenty micrograms of total RNA from
each pool was reverse-transcribed in the presence of poly(dT) sequences in a total
volume of 20ml. After dilution of the mix with 80 ml of water, 2 ml of this mix was used
as template in the QRT-PCR reaction. Relative expression ratios were normalized to
actin. For RT-PCR, total RNA was isolated from fat bodies dissected from feeding
L3 larvae or from whole adult flies, using RNAlater and RNeasy Micro Kit (Qiagen,
Germany). cDNA synthesized with RevertAid First Strand cDNA Synthesis Kit
(Fermentas, Lithuania) was used in RT-PCR reactions with a control primer pair
specific for actin, and three different primer pairs for FKBP39 that gave identical
results. We performed 25 amplification cycles in these reactions to avoid reaching
saturation phase. PCR primer sequences used in this study are available upon
request. All PCRs were performed in triplicates.

Histology. Lysotracker red staining of dissected larval fat bodies, cortical actin-
phalloidin staining and electron microscopy was done as described previously.8,10,13

Anti-Foxo antibody26 was used at a dilution of 1 : 300. Student’s t-test was used to
determine probability values in quantification experiments.

Western blots. Western blots were carried out as described in Juhasz et al.8

using an antibody specific to di-phosphorylated MAPK (Sigma) at a dilution of
1 : 1000.
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Summary

Background: To survive starvation and other forms of
stress, eukaryotic cells undergo a lysosomal process
of cytoplasmic degradation known as autophagy. Au-
tophagy has been implicated in a number of cellular
and developmental processes, including cell-growth
control and programmed cell death. However, direct ev-
idence of a causal role for autophagy in these processes
is lacking, resulting in part from the pleiotropic effects
of signaling molecules such as TOR that regulate auto-
phagy. Here, we circumvent this difficulty by directly
manipulating autophagy rates in Drosophila through
the autophagy-specific protein kinase Atg1.
Results: We find that overexpression of Atg1 is sufficient
to induce high levels of autophagy, the first such demon-
stration among wild-type Atg proteins. In contrast to
findings in yeast, induction of autophagy by Atg1 is de-
pendent on its kinase activity. We find that cells with
high levels of Atg1-induced autophagy are rapidly elimi-
nated, demonstrating that autophagy is capable of in-
ducing cell death. However, this cell death is caspase
dependent and displays DNA fragmentation, suggesting
that autophagy represents an alternative induction of ap-
optosis, rather than a distinct form of cell death. In addi-
tion, we demonstrate that Atg1-induced autophagy
strongly inhibits cell growth and that Atg1 mutant cells
have a relative growth advantage under conditions of
reduced TOR signaling. Finally, we show that Atg1 ex-
pression results in negative feedback on the activity of
TOR itself.
Conclusions: Our results reveal a central role for Atg1 in
mounting a coordinated autophagic response and dem-
onstrate that autophagy has the capacity to induce cell
death. Furthermore, this work identifies autophagy as
a critical mechanism by which inhibition of TOR signal-
ing leads to reduced cell growth.

Introduction

Under starvation conditions, eukaryotic cells recover nu-
trients via autophagy, a lysosome-mediated process of
bulk cytoplasmic degradation. Throughautophagy, long-
lived proteins, organelles, and other components of the
cytoplasm are nonselectively engulfed within special-
ized double-membraned vesicles known as autophago-
somes. Subsequent fusion of the outer autophagosomal

membrane with the lysosome results in a structure
known as the autolysosome, in which the inner mem-
brane and its cytoplasmic cargo are degraded. Break-
down products released from the autolysosome supply
the cell with an internal source of nutrients that can sup-
port essential metabolic processes during starvation [1].
Approximately 20 ATG (autophagy-related) genes spe-
cifically required for autophagy have been discovered
in Saccharomyces cerevisiae [2–4], and many of these
genes have functional homologs in metazoans [1, 5].

In addition to survival of starvation, autophagy has
been implicated in many aspects of health and develop-
ment, including aging, programmed cell death, patho-
genic infection, stress responses, neurodegenerative
and muscle disorders, cellular remodeling, cancer, and
cell growth [1, 6]. As in many of these processes, evi-
dence for a role of autophagy in cell-growth control is
largely correlative. Autophagy is promoted by several
tumor suppressor genes including PTEN, TSC1 and 2,
and beclin 1, and it is inhibited by growth-promoting
pathways such as type I PI3K and target of rapamycin
(TOR) signaling [5, 7–10]. A variety of conditions that
stimulate cell growth, such as growth factor addition,
partial hepatectomy, and refeeding after starvation,
also inhibit autophagy, while growth-suppressive sig-
nals, such as contact inhibition and substrate detach-
ment, induce autophagy [11]. Together, these correlative
findings are consistent with a model in which the cata-
bolic effects of autophagy act as a brake on cell growth
during development. However, this issue is complicated
by the pleiotropic nature of the signaling pathways that
regulate autophagy. For example, in addition to inhibit-
ing autophagy, the TOR pathway controls cell metabo-
lism and biosynthesis by promoting ribosome biogene-
sis, protein synthesis, and nutrient uptake [12]. The
relevant contribution of each of these downstream effec-
tor pathways to net cell growth is poorly understood.

Autophagy is also known to be involved in pro-
grammed cell death and distinguishes Type II (autopha-
gic) from Type I (apoptotic) cell death. Autophagic cell
death is characterized by an abundance of autophago-
somes and autolysosomes in the dying cell and differs
from apoptotic cell death in that dying cells are degraded
by their own lysosomal enzymes, rather than by phago-
cytosis [13]. It has been difficult, however, to establish
whether autophagy plays a causal role in Type II cell
death or represents a failed attempt at cell survival in
cells undergoing programmed cell death. Death signals
often induce features of both apoptosis and autophagy,
and mutations that disrupt autophagy have been shown
to suppress cell death in some cases [14–16] and hasten
it in others [2, 17]. Thus, as in the case for cell growth,
much of the support for a direct role for autophagy in
cell death rests on correlative evidence.

One approach to addressing the potential role of au-
tophagy in functions such as cell death and growth
would be to induce autophagy directly, independent of
the signaling pathways that normally control it. In yeast,*Correspondence: neufeld@ahc.umn.edu
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multiple signaling pathways, including TOR, AMPK, and
Ras/PKA, converge on the Ser-Thr kinase Atg1 to regu-
late autophagy [18–20]. In addition, Atg1 interacts with
multiple components of the autophagic machinery,
through direct association, through phosphorylation,
and/or through effects on intracellular localization [18,
21, 22]. Thus, Atg1 may represent a nodal point for con-
trolling multiple steps in the autophagic process in
response to various inductive cues.

Interestingly, the role of Atg1 kinase activity in yeast is
the subject of some debate, and studies from different
groups that used ATP analog-sensitive and kinase-
defective Atg1 mutants have reached conflicting conclu-
sions. One study reported that Atg1 kinase activity is
required for the autophagy-related biosynthetic cyto-
plasm to vacuole targeting (CVT) pathway but not for au-
tophagy, and concluded that Atg1 plays a structural role
in autophagy [23]. However, other studies with similar
reagents found a requirement for Atg1 kinase activity in
both CVT and autophagy [18, 24].

We have previously shown that the Drosophila mela-
nogaster homolog of Atg1 is required for autophagy in
the larval fat body, an organ analogous to the vertebrate
liver with roles in nutrient storage and mobilization [5].
Here, we investigate the effects of Drosophila Atg1
loss of function and overexpression on autophagy in-
duction, cell-growth control, and cell death. Our findings
indicate that Atg1 expression is sufficient to effect a full
autophagic response, resulting in a marked inhibition of
cell growth and a rapid induction of apoptotic cell death.

Results

Overexpression of Atg1 Induces Autophagy
Null mutation of Atg1 results in a severe block of starva-
tion-induced autophagy and leads to fully penetrant le-
thality by the late pupal stage [5]. To test the effects of
Atg1 overexpression, we generated multiple transgenic
lines expressing wild-type Atg1 under GAL4/UAS con-
trol. We also used an independently generated line
(GS10797), in which UAS regulatory sequences have
been inserted upstream of the endogenous Atg1 gene.
In control experiments, weak expression of UAS-Atg1
was sufficient to partially rescue Atg1 null mutants to
adult viability (34% of expected progeny; see Figure S1A
in the Supplemental Data available online) and partially
rescued the autophagy defect of these mutants, as mea-
sured by Lysotracker Red staining, an effective marker
of autolysosomes in fat body tissue [5, 25]. Similar to
wild-type larvae, Atg1 mutants rescued by UAS-Atg1
showed no Lysotracker staining when fed normally (Fig-
ures S1B and S1G) but regained some capability to in-
duce autophagy under starvation conditions (Figures
S1C and S1G).

To address whether Atg1 overexpression is sufficient
to induce autophagy in fed animals, we expressed high
levels of transgenic Atg1 via the heat shock-inducible
Hsp70-GAL4 driver. Ultrastructural analysis showed
that heat shock alone does not increase the abundance
of autophagic structures in fat body cells of normally fed
larvae (Figure 1A). In contrast, heat shock-induced over-
expression of Atg1 resulted in the formation of autopha-
gosomes and autolysosomes throughout fat body cells
of fed animals (Figure 1B). These autophagic structures

were indistinguishable from those generated by starva-
tion [5], with readily identifiable cytoplasmic compo-
nents in various stages of degradation. Robust induc-
tion of autophagy in response to heat shock-induced
Atg1 overexpression was also evident by Lysotracker
staining in live fat body tissue from fed larvae (compare
Figures 1C and 1D; Figure 1I). Punctate Lysotracker
staining was also observed in response to constitutive
expression of Atg1 throughout the fat body (see below),
in fat body cell clones (Figure S1E), and in eye and wing
imaginal disc cells (data not shown). In addition, we oc-
casionally observed localization of autolysosomes to
the perinuclear region by TEM and Lysotracker staining
(Figures S1E and S3G and data not shown). This is con-
sistent with recent observations that mammalian Atg9,
a potential marker of the membrane source of autopha-
gosomes, is recruited from the perinuclear trans-Golgi
network in response to starvation in an Atg1-dependent
manner [26]. Accumulation of Atg1-induced autolyso-
somes in the perinuclear region may therefore represent
an early site of autolysosome formation.

To determine whether autophagy induced by Atg1
overexpression utilizes the same molecular compo-
nents as starvation-induced autophagy, we first exam-
ined the localization of GFP-Atg8a and GFP-Atg8b, spe-
cific markers of the autophagosomal membrane [5, 27,
28]. As previously described, GFP-Atg8b was distrib-
uted uniformly in control fat body cells from fed animals
(Figure 1E). In contrast, heat shock-induced overexpres-
sion of Atg1 resulted in redistribution of GFP-Atg8b to a
punctate pattern (Figure 1F), similar to the effects of
starvation [5]. In costaining experiments, GFP-Atg8-la-
beled punctae were often observed adjacent to or over-
lapping with Lysotracker-positive spots (Figure 1G), as
previously observed in starved wild-type animals [5]. Ex-
pression of Atg1 in the developing retinal cells behind
the morphogenetic furrow of the eye imaginal disc with
GMR-GAL4 also resulted in punctate localization of
GFP-Atg8a in normally fed animals, as compared to
control cells ahead of the furrow (Figure S2C). Interest-
ingly, Atg1 overexpression also led to a marked increase
in abundance of GFP-Atg8a and GFP-Atg8b in both eye
and wing imaginal discs. In these experiments, Atg1 was
overexpressed in the posterior region of eye or wing
discs with GMR-GAL4 or en-GAL4, respectively, caus-
ing increased levels of hsp70-driven GFP-Atg8 relative
to the anterior regions of these discs (compare Figures
S2A and S2B, and data not shown). An increase in
GFP-Atg8b levels was also observed in Atg1-overex-
pressing eye and wing discs by immunoblot analysis
(Figure S2E and data not shown). GFP-Atg8 expression
is regulated by heterologous promoter and UTR se-
quences in these lines [5], and Atg1 overexpression
did not affect the abundance of GFP alone nor of a con-
trol GFP fusion (data not shown), so we conclude that
Atg1 has a posttranslational effect on GFP-Atg8 levels,
perhaps through stabilization of GFP-Atg8 protein.
Thus, Atg8 levels are increased under autophagy-induc-
ing conditions, both transcriptionally [27, 29] (G.J., L.G.
Puskás, O. Komonyi, B. Érdi, P. Maróy, T.P.N., and M.
Sass, unpublished data) and posttranscriptionally.

To further explore the requirement for known compo-
nents of the autophagic machinery, we tested whether
mutations in other Atg genes affect the ability of Atg1
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overexpression to induce autophagy. We identified a P
element insertion in the coding region of Atg8a and gen-
erated a deletion in the Atg3 locus, previously shown to
be required for autophagy in Drosophila through RNAi
analysis [30]. Each of these mutations caused a signifi-
cant decrease in starvation-induced autophagy (com-
pare Figure S3A to S3B and S3E; Figure S3K), which
could be rescued by transgenic expression of the re-
spective wild-type gene (Figure S3C, S3F, and S3K)
and by excision of the P insertion from Atg8a (Figures
S3D and S3K). Importantly, each mutation also caused
a significant inhibition of Atg1-induced autophagy (Fig-
ures 1H and 1I; Figures S3G, S3H, and S3K). Together,
these results indicate that Atg1 is both necessary and
sufficient to induce a complete autophagic response
and that Atg1-induced autophagy engages at least
some of the same molecular machinery as starvation-in-
duced autophagy.

Atg1-Dependent Autophagy Restricts Cell Growth

Inhibition of autophagy is strongly correlated with the
cell-growth effects of TOR signaling, suggesting that
as a catabolic process, autophagy may inhibit growth.
To determine whether the increased level of autophagy
in TOR pathway mutants contributes to their reduced
rate of cell growth, we first examined the growth proper-
ties of mitotic clones in the wing imaginal disc. We found
that clones of cells with a null mutation in Pdk1, a posi-
tive regulator of the TOR pathway [12], were reduced in
size by 78% as compared with their wild-type twin spot
(Figures 2A and 2E). Clones doubly mutant for Pdk1 and
Atg1 showed no significant difference in size from Pdk1
mutant clones (Figures 2B and 2E), indicating that while
loss of Pdk1 induces autophagy [5], this does not con-
tribute significantly to the reduced growth rate of Pdk1
null mutant cells. This result is consistent with our previ-
ous finding that RNAi-mediated inhibition of autophagy
does not alleviate the growth defect of Tor null mutant
cells [5].

We reasoned that the severe block to TOR signaling
in Pdk1 and Tor null mutants may lead to metabolic
changes that mask the potential growth effects of au-
tophagy. For example, the reduction of nutrient import
in Tor null mutant cells [31] may engender a requirement
for nutrients generated by autophagy, and thus the po-
tential growth-suppressive effects of autophagy may
be balanced or outweighed by its metabolic benefits un-
der these severe conditions. To test the potential growth
effects of autophagy under conditions of more moder-
ately reduced TOR signaling, we treated larvae with
a concentration of rapamycin that causes a 2-fold delay
in larval development. In normally fed animals, the size
of Atg1 null mutant clones did not differ significantly
from their twin spot controls (Figures 2C and 2E). In

Figure 1. Overexpression of Atg1 Induces Autophagy

(A–G) Induction of autophagy by heat shock-induced overexpres-

sion of Atg1. TEM showing no induction of autophagy in the fat

body of normally fed animals by heat shock alone (A), whereas

heat shock-induced overexpression of Atg1 (B) results in the accu-

mulation of autolysosomes (arrows) and autophagosomes (arrow-

heads). Heat shock alone shows no Lysotracker staining (C), while

heat shock-induced Atg1 overexpression results in punctate Lyso-

tracker staining (red) (D). Induction of Atg1 overexpression leads

to a redistribution of GFP-Atg8b (green) from uniform staining (E)

to a punctate pattern (F). Many GFP-Atg8-positive punctae are

found either adjacent to (small arrowheads) or overlapping with

(large arrowheads) Lysotracker-labeled structures (G). N indicates

the nucleus in (A); L indicates a lipid droplet in (A) and (B).

(H) Mutation of Atg8a disrupts Atg1-induced Lysotracker staining.

(I) Quantitation of Lysotracker staining. Single asterisk indicates a

significant difference from wild-type: p < 0.0001; double asterisk

indicates a significant difference from Atg1 overexpression alone:

p = 0.0001. Error bars indicate standard deviation (SD).

Scale bars represent 1 mm in (A) and (B) and 10 mm in (C)–(H). Nuclei

are marked in blue in (C)–(H).

Genotypes: (A, C) Hsp70-GAL4/+. (B, D) Hsp70-GAL4/UAS-Atg19.

(E) Hsp70-GFP-Atg8b6B/Hsp70-GFP-Atg8b6B; Hsp70-GAL4/TM6B.

(F, G) Hsp70-GFP-Atg8b6B/Hsp70-GFP-Atg8b6B; Hsp70-GAL4/

UAS-Atg16B. (H) Atg8aKG07569/Y; Hsp70-GAL4/UAS-Atg16B. (I) As

in (C), (D), and (H).

Atg1-Induced Autophagy Inhibits Growth and Survival
3

               dc_840_14



contrast, addition of rapamycin to the media gave Atg1
mutant clones a significant growth advantage over
wild-type cells, resulting in a 59% larger average clone
size compared to the wild-type twin spot (Figures 2D
and 2E).

To test the growth functions of autophagy under more
physiological conditions, we examined the effects of
starvation on the relative size of wild-type and Atg1 mu-
tant cells in the larval fat body. We found that, as in wing
discs, Atg1 mutant cells did not show a significant differ-
ence in size relative to neighboring wild-type cells in nor-
mally fed animals (Figures 2F and 2I), consistent with
the low rates of autophagy observed under these condi-
tions. Prolonged starvation, however, gave Atg1 mutant
cells a 2.3-fold growth advantage over their wild-type
neighbors (Figures 2G and 2I). Similar results were ob-
served in cells expressing an RNAi construct targeting
Atg5 (data not shown). We conclude that under physio-
logical conditions that reduce TOR signaling, induction
of autophagy is partially responsible for the observed re-
duced rates of cell growth. These results are consistent
with recent findings that autophagy is required for star-
vation-induced size reduction of mouse embryonic fi-
broblasts, via a tetracycline-regulated Atg5 expression
system [32].

As a complement to these genetic loss-of-function
studies, we tested the growth effects of autophagy in-
duced by UAS-Atg1 expression. Clonal overexpression
of Atg1 caused a striking inhibition of fat body cell
growth, resulting in a 94% decrease in cell area (Figures
2H and 2I). A corresponding decrease in nuclear size and
DNA content was also observed in Atg1-expressing cells
(Figure 2H; see also below), indicating that high levels of
autophagy inhibit the endoreplicative cell cycle of these
cells. Constitutive expression of Atg1 throughout the fat
body, or in the eye or wing imaginal disc, also resulted in
a marked reduction in size of these organs (see below,
Figure S2G, and data not shown). Together, these results
indicate that autophagy is necessary for normal growth
inhibition in response to reduced TOR signaling and is
sufficient to inhibit cell growth independent of upstream
signaling.

High Levels of Autophagy Lead
to Apoptotic Cell Death

Autophagy and cell death are correlated in a number of
contexts, but the causal relationships are unclear. To
test the potential role of autophagy in promoting cell
death, we induced clones of GFP-marked wing imaginal
disc cells overexpressing Atg1 and assayed the per-
centage of GFP-positive cells at successive intervals af-
ter induction. Although this approach does not monitor
individual cells in real time, it allowed us to make strong
inferences about their survival by assaying large num-
bers of cells across multiple time points. We found
that, in contrast to control cells expressing GFP alone,
most cells overexpressing Atg1 were eliminated within
36 hr of induction (Figures 3A–3C). Reduced cell num-
bers were noticeable by 12 hr after induction, the earliest
time point at which we could identify GFP expression.

Figure 2. Atg1 Expression Leads to Reduced Cell Size

(A–D) Growth effects of Atg1 loss of function in wing disc clones.

Pdk1 mutant clones (loss of GFP) display decreased clone size rel-

ative to the wild-type twin spot (increased GFP) (A). Simultaneous

loss of Atg1 (B) fails to rescue this reduction in size. Atg1 mutant

clones do not display a growth phenotype when grown on normal

medium (C), but growth on medium containing 2 mM rapamycin

gives the Atg1 mutant clones a relative growth advantage over

wild-type (D).

(E) Quantitation of relative clone size in wing discs. Mean clone size

normalized to wild-type twin spot within the same image. Dotted line

indicates a 1:1 ratio (no growth phenotype). Double dagger indicates

no significant difference from Pdk1 mutant clones: p = 0.44; single

dagger indicates an insignificant difference from wild-type twin

spot: p = 0.28; asterisk indicates a significant difference from wild-

type twin spot: p = 0.016. n indicates clone number.

(F–H) Cell size effects of Atg1 in the fat body. Clonal loss of Atg1

function (loss of GFP, arrowheads) has no effect on fat body cell

size in normally fed animals (F), but results in a relative growth ad-

vantage in animals starved of all nutrients for 45 hr (G). Clonal over-

expression of Atg1 (GFP-positive cells, arrowhead) (H) results in a

marked reduction in cell size. Actin cytoskeleton (red) is labeled

with phalloidin (F and G) or a-spectrin antibody (H); nuclei are

marked in blue. DNA channel in (H) shows two representative confo-

cal sections. Insets show phalloidin (or a-spectrin) channels of

respective images.

(I) Quantitation of relative cell size in fat body. Mean cell size normal-

ized to wild-type (homozygous and heterozygous) cells within the

same image. Wild-type column includes cells from both fed and

starved animals. Dagger indicates no significant difference from

wild-type: p = 0.54; asterisk indicates a significant difference from

wild-type: p < 0.0001. n indicates cell number.

Scale bars represent 10 mm. Error bars indicate SD.

Genotypes: (A) hsflp/+; Pdk15 FRT80B/Ubi-GFP FRT80B. (B) hsflp/+;

Pdk15 Atg1D3D FRT80B/Ubi-GFP FRT80B. (C, D) hsflp/+; Atg1D3D

FRT80B/Ubi-GFP FRT80B. (E) As in (A)–(D). (F, G) hsflp/+;

Cg-GAL4/+; Atg1D3D FRT80B/UAS-2x eGFP FRT80B. (H) hsflp/+;

Act>CD2>GAL4 UAS-GFP/UAS-Atg16B. (I) As in (F)–(H).
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Elimination of Atg1-overexpressing cells was signifi-
cantly reduced in an Atg8a mutant background (Fig-
ure 3D), suggesting that cell death resulted directly
from increased autophagy.

Cells undergoing autophagic cell death have been ob-
served to display signs of apoptosis [33, 34]. We there-
fore examined Atg1-overexpressing cells for caspase
activity and DNA fragmentation, hallmark features of
apoptotic cells. We found that 20% of wing disc cells
clonally overexpressing Atg1 displayed caspase activa-
tion, as shown by active Caspase-3 antibody staining
(Figure 4A). Similarly, terminal uridine nick end labeling
(TUNEL) revealed DNA fragmentation in 22% of Atg1-
overexpressing cells (Figure 4B). Consistent with these

observations, coexpression of the caspase inhibitor
p35 was sufficient to delay the death of Atg1-overex-
pressing cells, although these cells were also eventually
eliminated (Figure 4C). Similar effects on Caspase-3 ac-
tivation and TUNEL staining were observed in fat body
cells clonally overexpressing Atg1 (Figures 4D and 4E).
We also observed that Atg1 overexpression resulted in
reduced or absent filamentous actin staining at the pe-
riphery of these cells and that they often became frag-
mented and/or engulfed by neighboring wild-type cells
(Figures 4F and 4G).

Constitutive expression of Atg1 throughout the fat
body (see Figure 5C) also resulted in substantial apopto-
sis (13% positive for caspase activation, 17% for TUNEL;
Figure S3I), and this cell death was reduced by 94% in
Atg3 mutants (p < 0.0001; Figure S3J). TUNEL and active
Caspase-3 staining resulting from clonal Atg1 overex-
pression were also reduced by 33% and 35%, respec-
tively, in Atg8a mutants, consistent with their partial
reduction in Atg1-induced Lysotracker staining (see Fig-
ure 1H) and elimination (see Figure 3D). These results
indicate that the apoptosis observed in Atg1-overex-
pressing cells is due to high levels of autophagy.

The reduced eye size resulting from Atg1 overexpres-
sion (compare Figures S2F and S2G) also appears to be
due in part to apoptosis, because coexpression of the
caspase inhibitors DIAP1 or p35 resulted in a partial sup-
pression of this phenotype (Figure S2H and data not
shown). Finally, we found that Atg1 overexpression me-
diated by GMR-GAL4 led to a decrease in adult viability
and that this was suppressed by coexpression of p35 or
DIAP1 (Figure S2D).

Together, these results indicate that constitutive over-
expression of Atg1 leads to a form of cell death that is
both caspase and autophagy dependent, with features
typical of apoptosis, such as DNA and cytoskeletal frag-
mentation. We therefore conclude that, in addition to
promoting cell survival, autophagy has the capacity to
promote cell death when induced to high levels.

Atg1-Dependent Phenotypes Are Modulated
by the TOR Pathway

In yeast, suppression of autophagy by TOR signaling is
transduced to the core Atg machinery in part through
regulation of the assembly and activity of a multiprotein
complex containing Atg1, Atg13, and Atg17. Under
growth-promoting conditions, TOR-dependent hyper-
phosphorylation of Atg13 reduces its affinity for Atg1,
resulting in dissociation of Atg13 from the complex
and decreased kinase activity of Atg1. Upon TOR inacti-
vation, dephosphorylation of Atg13 increases its affinity
for Atg1, leading to increased Atg1 kinase activity and
induction of autophagy [18]. Whether these aspects of
Atg1 regulation by TOR signaling are conserved in
higher eukaryotes is unclear, because homologs of
Atg13 or Atg17 have not been identified in animals.

To investigate the connection between TOR and Atg1
in Drosophila, we tested whether increased TOR activity
affected the ability of Atg1 overexpression to induce au-
tophagy. As described above, heat shock-driven over-
expression of Atg1 led to induction of autophagy in the
fat body of normally fed larvae (Figures 5A and 5E). How-
ever, we found that in animals mutant for Tsc2 (a nega-
tive regulator of TOR), induction of autophagy by heat

Figure 3. Overexpression of Atg1 Leads to Cell Elimination

(A–C) Elimination of Atg1-overexpressing clones in the wing disc.

Wild-type controls show consistent numbers of GFP-positive cells

at 12, 24, 36, 48, and 60 hr after induction by heat shock (A). Cells

overexpressing Atg1 (GFP-positive cells) are abundant 12 hr after

heat shock, but are eliminated over time (B). Mean numbers of

GFP-positive cells, expressed as a percentage of total cells (C). As-

terisk indicates a significant difference from the wild-type control:

p < 0.0001.

(D) Mutation of Atg8a delays elimination of Atg1-overexpressing

cells. Mean numbers of GFP-positive cells are expressed as a per-

centage of total cells. Double asterisk indicates a significant differ-

ence from Atg1 overexpression alone: p < 0.03.

Scale bars represent 10 mm. Nuclei are marked in blue. Error bars

indicate SD.

Genotypes: (A) hsflp/+; Act>CD2>GAL4 UAS-GFP/+. (B) hsflp/+;

Act>CD2>GAL4 UAS-GFP/UAS-Atg16B. (C) As in (A) and (B). (D)

Atg1: hsflp/Y; tub>CD2>GAL4/+; UAS-Atg16B/+. Atg1 Atg8a-: hsflp

Atg8aKG07569/Y; tub>CD2>GAL4/+; UAS-Atg16B/+.
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shock-induced Atg1 overexpression was significantly
reduced (Figures 5B and 5E). Similarly, induction of
autophagy and inhibition of cell growth by constitutive
expression of Atg1 throughout the fat body (Figure 5C)
was strongly suppressed by coexpression of the small
GTPase Rheb, an upstream activator of TOR signaling
(Figure 5D). Overexpression of Rheb also significantly
delayed the elimination of wing disc cells caused by
Atg1 overexpression (Figure 5F). These results are con-
sistent with the idea that TOR signaling in Drosophila
may inhibit Atg1 activity as in yeast, although they do
not rule out parallel, opposing inputs to autophagy by
Atg1 and TOR.

Atg1 Negatively Feeds Back on TOR Signaling

Although studies in yeast indicate that Atg1 is directly
associated with multiple components of the autophagic
machinery, the effects of Atg1 overexpression on cell
growth and autophagy in Drosophila could in principle
be indirect, for example through modulation of signaling
pathways that regulate autophagy, such as PI3K and
TOR. To address this possibility, we examined the effect
of Atg1 overexpression on cellular and biochemical
markers of PI3K and TOR activity. The intracellular local-
ization of the transcription factor FOXO serves as an
in vivo readout of PI3K activity, because it resides in the
nucleus under conditions of low PI3K activity and reloc-
alizes to the cytoplasm in response to PI3K-dependent
phosphorylation by Akt [35]. FOXO itself has also been
shown to induce autophagy (G.J., L.G. Puskás, O. Komo-
nyi, B. Érdi, P. Maróy, T.P.N., and M. Sass, unpublished
data). However, we found that FOXO localization was
unchanged by overexpression of Atg1 in fat body cells
(Figure 6A), indicating that overexpression of Atg1 does
not induce autophagy by affecting PI3K signaling
upstream of Akt.

As a measure of TOR activity, we examined the effect
of Atg1 overexpression on S6K phosphorylation. TOR
specifically phosphorylates Drosophila S6K at Thr398,
homologous to Thr389 of S6K1 in mammals [12]. West-
ern blot analysis showed that while total S6K levels in-
creased slightly in fat body from larvae overexpressing
Atg1, phosphorylation of S6K at Thr398 was strongly
reduced (Figure 6E). Rheb overexpression increased
the level of S6K phosphorylation as expected and re-
stored S6K phosphorylation when co-overexpressed
with Atg1. These results suggest that Atg1 overexpres-
sion leads to a downregulation of TOR activity. While
this effect alone could, in theory, account for the effect
of Atg1 overexpression on autophagy and cell size, sev-
eral observations suggest that this is not the case. Tor
mutant fat body cells show constitutive autophagy [5]

Figure 4. Atg1 Overexpression Induces Apoptosis

(A) Wing discs display active caspase 3 staining (arrowheads) in

20% (615%, p = 0.007) of cells overexpressing Atg1 (GFP-positive

cells).

(B) Wing discs show DNA fragmentation in 22% (66%, p = 0.0002) of

Atg1-overexpressing cells (GFP-positive cells) by TUNEL staining

(arrowheads).

(C) Coexpression of p35 reduces elimination of Atg1-overexpressing

cells. Mean numbers of GFP-positive cells are expressed as a per-

centage of total cells. Double asterisk indicates a significant differ-

ence from Atg1 overexpression alone: p < 0.020; dagger indicates

no significant difference from the wild-type control: p = 0.63.

(D–G) Fat body cells overexpressing Atg1 die by apoptosis.

(D) An Atg1-overexpressing cell (arrowhead) staining for active cas-

pase 3.

(E) Atg1-overexpressing cells (arrowheads) staining positive for

TUNEL. TUNEL and DNA channels show two representative confo-

cal sections.

(F) Atg1-overexpressing cells with aberrant actin staining (large ar-

rowhead) or that have fragmented and been absorbed into neigh-

boring cells (small arrowheads).

(G) A cell overexpressing Atg1 (arrowhead) has lost most peripheral

actin staining and has been completely engulfed by a neighboring

fat body cell.

Scale bars represent 10 mm. Nuclei are marked in blue. Error bars

indicate SD.

Genotypes: (A, B, D–G) hsflp/+; Act>CD2>GAL4 UAS-GFP/UAS-

Atg16B. (C) Control: hsflp/+; Act>CD2>GAL4 UAS-GFP/+. Atg1:

hsflp/+; Act>CD2>GAL4 UAS-GFP/UAS-Atg16B. Atg1 p35: hsflp/+;

Act>CD2>GAL4 UAS-GFP/UAS-Atg16B UAS-p35.
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and are reduced in size (Figure 6B). However, we found
that overexpression of Atg1 in Tor null mutant animals
led to a further increase in autophagy (Figure 6C) and
a further decrease in cell size (Figure 6D), indicating
that these effects are largely independent of TOR. More-
over, the growth reduction of Atg1-overexpressing cells
is significantly more severe than that of Tor null mutant
cells (94% versus 70%; p < 0.0001; compare Figures
2H and 6B), further indicating that the size reduction in
Atg1-expressing cells is at least partially TOR indepen-
dent. Thus, downregulation of TOR activity by Atg1

overexpression does not fully account for its effects on
autophagy and cell size. Rather, these data are best de-
scribed by a model whereby Atg1 overexpression nega-
tively feeds back on TOR (Figure 6F), leading to a further
activation of autophagy and reduced cell growth.

The Kinase Domain of Atg1 Is Essential for Induction

of Autophagy
As described above, it is unclear whether the kinase
activity of Atg1 is required for proper induction of au-
tophagy in yeast. To address this issue, we generated

Figure 5. Regulation of Atg1 by TOR Signaling

(A–D) Atg1-induced autophagy is suppressed by activation of the

TOR pathway. Heat shock-induced overexpression of Atg1 (A) in-

duces autophagy as shown by Lysotracker staining (red), but muta-

tion of TSC2 inhibits this induction (B). Overexpression of Rheb

rescues Atg1-overexpression phenotypes. Overexpression of Atg1

throughout the fat body (C) results in variable reduction in cell size

and induction of autophagy. Simultaneous overexpression of Rheb

(D) rescues these effects.

(E) Quantitation of Lysotracker staining. Double asterisk indicates

a significant difference from Atg1 overexpression alone: p = 0.0051.

(F) Coexpression of Rheb delays elimination of Atg1-overexpressing

cells. Mean numbers of GFP-positive cells are expressed as a per-

centage of total cells. Double asterisk indicates a significant differ-

ence from Atg1 overexpression alone: p < 0.002.

Scale bars represent 10 mm. Nuclei are marked in blue. Error bars in-

dicate SD.

Genotypes: (A) Hsp70-GAL4/UAS-Atg16B. (B) Hsp70-GAL4 gig192/

UAS-Atg16B gig109. (C) Cg-GAL4/+; UAS-Atg1GS10797/+. (D) Cg-

GAL4/+; UAS-Atg1GS10797/UAS-RhebEP50.084-loxP. (E) As in (A) and

(B). (F) Atg1: hsflp/+; Act>CD2>GAL4/UAS-Atg16B. Atg1 Rheb:

hsflp/+; Act>CD2>GAL4/UAS-Atg16B UAS-RhebAV4.

Figure 6. Feedback by Atg1 on TOR

(A) Atg1 overexpression (GFP-positive cell) does not cause FOXO

(red) to localize to the nucleus (arrowhead). Inset shows FOXO chan-

nel.

(B) Tor null cells (loss of GFP, arrowheads) are 70% smaller than sur-

rounding wild-type cells; p < 0.0001. Inset shows phalloidin channel.

(C and D) Overexpression of Atg1 in a Tor mutant background. In Tor

null animals, cells overexpressing Atg1 (GFP-positive cells) show in-

creased Lysotracker staining (C) and a 58% reduction in size (D); p =

0.0003. DNA channel in (D) shows three representative confocal sec-

tions. Inset in (C) shows Lysotracker channel with clonal boundaries

outlines in yellow. Inset in (D) shows phalloidin channel; arrowheads

indicate Atg1-overexpressing cells.

(E) Western blot showing a decrease in S6K phosphorylation in fat

body from larvae overexpressing Atg1, but not from animals overex-

pressing both Atg1 and Rheb.

(F) Inhibitory feedback by Atg1.

Scale bars represent 10 mm. Nuclei are marked in blue.

Genotypes: (A) hsflp/+; Act>CD2>GAL4 UAS-GFP/UAS-Atg16B. (B)

hsflp; TorDP FRT40A/UAS-2x eGFP FRT40A fb-GAL4. (C) hsflp;

TorDP/TorDP; Act>CD2>GAL4 UAS-GFP UAS-Atg1GS10797/+. (D)

hsflp; TorDP/TorDP; Act>CD2>GAL4 UAS-GFP/UAS-Atg16B. (E) Con-

trol: Hsp70-GAL4/+. Atg1: Hsp70-GAL4/UAS-Atg16B. Rheb: Hsp70-

GAL4/UAS-RhebEP50.084-loxP. Atg1 Rheb: Hsp70-GAL4/UAS-Atg16B

UAS-RhebEP50.084-loxP.
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a kinase-negative mutant of Drosophila Atg1 (Atg1K38Q)
through site-directed mutagenesis of lysine 38, in the
ATP binding site of the kinase domain. This residue is ho-
mologous to lysine 54 of yeast Atg1, which has been
shown to be required for normal kinase activity [18].

We found that expression of Atg1K38Q did not lead to
increased autophagy in the fat body of normally fed an-
imals (Figure 7A), nor was it able to rescue the autoph-
agy defect in Atg1 null mutants (Figures S1D and S1G).
Consistent with these results, clonal expression of
Atg1K38Q in the wing imaginal disc did not result in cell
elimination, caspase activation, or DNA fragmentation
(Figure 7F and data not shown), unlike wild-type Atg1.
Interestingly, we found that expression of Atg1K38Q

was sufficient to inhibit starvation- or rapamycin-in-
duced autophagy when expressed in clones (Figure 7B
and Figure S1F) or throughout the fat body (compare
Figures 7C and 7D; Figure 7E), suggesting that kinase-
defective Atg1 interferes with the function of wild-type
Atg1, acting as a dominant-negative mutant. Similarly,
expression of Atg1K38Q in the eye partially rescued the
lethality and reduced adult eye size caused by Atg1
overexpression, but had no effect on eye morphology
when expressed alone (Figures S2D, S2I, and S2J, re-
spectively).

Expression of Atg1K38Q was not completely without
effect, however. We observed that it leads to a partial re-
duction in TOR activity (Figure 7G), as well as a modest
decrease in cell size (see Figures 7A and 7B). These find-
ings imply an as yet undetermined function of Atg1 that
does not rely on its kinase activity. Indeed, the fact that
Atg1K38Q was able to rescue a low percentage of Atg1
mutant flies to adulthood (Figure S1A) implies that
Atg1 has a kinase-independent function outside regula-
tion of autophagy. We therefore conclude that while
Atg1 appears to have undetermined kinase-indepen-
dent function, the kinase activity of Atg1 is essential
for its ability to promote autophagy in Drosophila.

Discussion

Regulation of Autophagy by Atg1

Delivery of cytoplasmic components to the lysosome
through autophagy involves multiple distinct steps in-
cluding nucleation, expansion and closure of the auto-
phagosome, and its subsequent fusion with the lyso-
some. These membrane-trafficking events require the
recruitment and subsequent retrieval of a large number
of autophagy-specific Atg proteins, as well as general
factors involved in vesicle trafficking. Given this com-
plexity, the finding that overexpression of a single Atg
protein is sufficient to accomplish all essential steps in
this process is striking. Autophagy occurs constitutively
at a basal rate in most eukaryotic cells [6], so accelera-
tion of a single rate-limiting step by overexpression of
Atg1 may be sufficient to increase the overall rate of au-
tophagy. Alternatively, the interaction of Atg1 with mul-
tiple Atg proteins suggests that Atg1 may function at
multiple steps in the autophagic process. Identification
of the relevant in vivo substrates of Atg1 will help to clar-
ify this issue. A recent yeast proteomic microarray study
identified a number of in vitro substrates of Atg1, includ-
ing Atg8 and Atg18, which function in autophagosomal
expansion and retrieval of components of the

Figure 7. Induction of Autophagy Requires Atg1 Kinase Activity

(A–D) Expression of kinase-defective Atg1 inhibits autophagy.

Atg1K38Q expression has no effect on autophagy in fed animals (A)

but cell autonomously inhibits induction of autophagy in the fat

body of starved animals (B). Tissue-wide induction of autophagy

by starvation (C) is inhibited by expression of kinase inactive Atg1

(D). Insets show the Lysotracker channel of the respective images,

with clonal boundaries outlined in yellow.

(E) Quantitation of Lysotracker staining. Asterisk indicates a signifi-

cant difference from wild-type: p < 0.0001.

(F) Wing disc cells overexpressing kinase-defective Atg1 are not

eliminated. Mean numbers of GFP-positive cells are expressed as

a percentage of total cells. Dagger indicates no significant difference

from the wild-type control: p > 0.1.

(G) Kinase-defective Atg1 leads to a modest reduction in TOR sig-

naling. Nonconsecutive lanes are shown from the same western

blot.

Scale bars represent 10 mm. Nuclei are marked in blue. Error bars

indicate SD.

Genotypes: (A, B) hsflp/+; Act>CD2>GAL4 UAS-GFP/UAS-

Atg1KQ13A. (C) Cg-GAL4/+. (D) Cg-GAL4/+; UAS-Atg1KQ13A/+. (E)

As in (C) and (D). (F) Control: hsflp/+; Act>CD2>GAL4 UAS-GFP/+.

Atg1K38Q: hsflp/+; Act>CD2>GAL4 UAS-GFP/UAS-Atg1KQ13A. (G)

Control: Hsp70-GAL4/+. Atg1: Hsp70-GAL4/UAS-Atg16B. Atg1K38Q:

Hsp70-GAL4/UAS-Atg1KQ13A.
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autophagic machinery, respectively, as well as general
factors involved in vesicle transport and vacuolar func-
tion [21].

The role of the kinase activity of yeast Atg1 in regulat-
ing autophagy is the matter of some debate, and differ-
ent groups have drawn conflicting conclusions. A con-
sensus view, however, may be that autophagy and the
CVT pathway require different levels of Atg1 kinase ac-
tivity or that Atg1 has different substrates under differing
nutrient conditions. In higher eukaryotes, the role of
Atg1 kinase activity may differ from that in yeast, but
the CVT pathway has not been observed in metazoan
cells. Consistent with the findings of Ohsumi and col-
leagues [18, 24], however, our results indicate that the
kinase domain of Drosophila Atg1 is required for autoph-
agy, as indicated by the fact that the kinase-inactive
Atg1K38Q mutant failed to restore starvation-induced
autophagy to Atg1 mutants and was unable to induce
autophagy when overexpressed. However, the partial re-
duction in size and TOR activity observed upon expres-
sion of Atg1K38Q, as well as its partial rescue of Atg1
mutants, indicate that Atg1 may have other, kinase-inde-
pendent functions beyond regulating autophagy.

The mechanisms by which upstream signaling path-
ways regulate Atg1 are also likely to differ between yeast
and multicellular organisms, because essential compo-
nents of the TOR-regulated Atg1 complex such as Atg13
and Atg17 are not readily identifiable in animal genomes.
Nonetheless, our results are consistent with a similar
negative regulation of Atg1 by TOR, as indicated by
the fact that activation of TOR signaling by Rheb overex-
pression or Tsc2 mutation suppressed the ability of Atg1
to induce autophagy. Increased Atg1 activity in re-
sponse to loss of TOR signaling is likely to be critical
for cell homeostasis and survival, as shown by the fact
that animals doubly mutant for Atg1 and Tor show a syn-
thetic embryonic lethal phenotype [5]. In addition, our
results demonstrate an unexpected mode of signaling
from Atg1 to TOR, in which increased Atg1 levels lead
to downregulation of TOR kinase activity. It is unclear
whether this reflects a direct effect of Atg1 on the activity
of TOR or an upstream regulator, or an indirect conse-
quence of the high level of autophagy in these cells, per-
haps through increased turnover of TOR-signaling com-
ponents. The finding that a pool of TOR protein resides
on intracellular vesicles [31, 36] and that TOR signaling
is reduced in endocytic mutants [31] suggests that
TOR activity may respond to rates of vesicular traffick-
ing, such as autophagy. Regardless of mechanism,
these results suggest the existence of a self-reinforcing
feedback loop, whereby increased Atg1 levels lead to
downregulation of TOR activity, resulting in further acti-
vation of Atg1. In contrast, we have shown previously
that induction of autophagy in response to loss of TOR
signaling is dampened by the resultant inactivation of
S6K, which is required for normal autophagy [5]. Thus,
TOR-mediated regulation of autophagy involves both
positive and negative feedback.

Autophagy as a Negative Effector of Cell Growth

Autophagy is a catabolic process that inversely corre-
lates with cell growth, suggesting that increased levels
of autophagy observed in growth-restricted cells may
contribute to their reduced growth rate. The results

presented here provide genetic support for this model.
Our data indicate that clones of autophagy-defective
cells have a growth advantage over wild-type cells un-
der physiological conditions that normally induce au-
tophagy, including starvation and rapamycin treatment.
These results are confirmed by the marked size reduc-
tion of cells overexpressing Atg1, further supporting
the role of autophagy as a negative effector of growth
in TOR signaling. Thus, autophagy is partly responsible
for the growth restriction resulting from physiological in-
hibition of TOR signaling and is capable of inhibiting
growth independent of TOR signaling.

In contrast to the growth advantage we observed in
autophagy-defective cells, previous studies with yeast
or cultured mammalian cells reported that inhibition of
autophagy results in rapid cell death in response to star-
vation [2, 17]. This difference is likely due to the mosaic
nature of our experiments, in which clones of Atg1 mu-
tant cells are surrounded by autophagy-competent
wild-type cells and may in effect parasitize nutrients lib-
erated through the autophagic activity of their neighbors.
This is likely to be particularly evident in fat body cells,
which are specialized for nutrient storage and mobiliza-
tion. We note that this genetic mosaicism is similar to
the situation facing tumor cells within wild-type tissues.
Thus, the increased growth capacity resulting from dis-
ruption of autophagy may contribute to the tumorigenic-
ity of cells mutant for tumor suppressors such as PTEN,
TSC1 and 2, beclin 1/Atg6 [5, 7, 8], and possibly LC3/
Atg8 and Atg7 [37].

Whereas autophagy had an inhibitory effect on cell
growth under physiological conditions, this was not the
case in cells with severely disrupted TOR signaling,
such as in cells with null mutations in Pdk1 (this report)
or Tor [5], despite the strong correlation of reduced cell
growth and increased autophagy in these cells. Disrup-
tion of autophagy had no effect on the growth of Pdk1
null cells and actually led to a further decrease in cell
size of Tor mutants. In the complete absence of TOR sig-
naling, nutrient uptake is severely curtailed [31], and un-
der these extreme conditions, the metabolic benefits of
nutrients liberated by autophagy may outweigh its po-
tential growth-inhibitory catabolic effect. We conclude
that autophagy has context-dependent effects on cell
growth, providing for a rudimentary level of metabolism
and growth under conditions of severe nutrient depriva-
tion, acting as a net inhibitor of growth under conditions
of reduced TOR signaling, and strongly inhibiting cell
growth when induced to high levels. These findings
add autophagy to the growing list of effector pathways
and cellular processes through which TOR signaling
controls cell growth, including translation, transcription,
nutrient import, and endocytosis.

Autophagy and Cell Death
Previous studies in a number of experimental systems
indicate that the role of autophagy in cell death is also
likely to be context dependent. For example, autophagy
has been found to protect against cell death in cases of
growth factor withdrawal, starvation, and neurodegen-
eration [17, 38, 39] but to be required for some cases
of autophagic cell death [14–16, 40]. Thus, observations
of autophagic structures in dying cells are equally con-
sistent with a causal, neutral, or even inhibitory role of

Atg1-Induced Autophagy Inhibits Growth and Survival
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autophagy in cell death. The ability to induce autophagy
through Atg1 overexpression has enabled us to directly
test the potential role of autophagy in promoting cell
death. Our results indicate that induction of autophagy
is sufficient to induce cell death. We find that death re-
sulting from Atg1-induced autophagy is suppressed by
caspase inhibition and is associated with caspase acti-
vation, DNA fragmentation, and cytoskeletal disruption,
suggesting that high levels of autophagy result in apo-
ptotic cell death. The connection between apoptosis
and autophagy is further supported by the recent dem-
onstration that overexpression of the antiapoptotic pro-
tein Bcl-2 can inhibit autophagy by interacting with the
Atg6 homolog Beclin 1 [41]. Mutant versions of Beclin
1 that are unable to bind Bcl-2 stimulate autophagy
and promote cell death, similar to the effects of Atg1.

By what mechanisms might autophagy lead to cell
death? The observation that starvation-induced autoph-
agy is reversible and does not normally result in cell elim-
ination suggests that starvation conditions may be pro-
tective against autophagy-induced death. Induction of
autophagy is tolerated or even beneficial in cells with
reduced biosynthetic activity, but may be detrimental
in cells whose resources are devoted to continued
growth. Self-limiting mechanisms also serve to prevent
starvation-induced autophagy from proceeding at con-
tinuously high levels [5, 41]. During autophagic cell
death, alternate activation of the autophagic machinery
may circumvent these feedback mechanisms, resulting
in high levels of sustained autophagy that are destructive
to the cell. In addition, the level of Atg1 gene expression
may be critical; it is not upregulated under starvation
conditions [27], but its levels peak at the beginning of
the Drosophila pupal stage [42], when autophagic cell
death is induced. Autophagic cell death may also result
from the selective degradation of specific survival-
promoting or death-inhibiting factors. In this regard, it
was recently shown that the caspase-inhibitor zVAD re-
sults in targeted autophagic degradation of catalase,
leading to accumulation of radical oxygen species and
death [16].

Concluding Remarks

In summary, our results demonstrate that constitutive
induction of autophagy inhibits cell growth and leads to
cell death, highlighting the importance of physiological
mechanisms that restrain this process. In addition, the
finding that Atg1 expression is sufficient to induce au-
tophagy provides a new tool for experimental or thera-
peutic manipulation of autophagy. Compounds that tar-
get the kinase activity of Atg1 may lead to novel therapies
for the wide range of diseases linked to autophagy.

Experimental Procedures

GFP-marked overexpression clones in the fat body were generated

through heat shock-independent induction as described [43] and in

the wing disc by means of 1 hr heat shock at 37�C, 36–48 hr after

hatching (elimination studies) or 30–60 min heat shock at 37�C,

24–52 hr after hatching (staining). Mutant clones in the fat body

were generated by FLP/FRT mitotic recombination [44] by means

of 2 hr heat shock at 37�C, 0–8 hr after egg laying. Cell elimination

was quantitated with 5 images of each genotype; an average of

208 cells were quantitated. Because Ubi-GFP was found to have

variable expression in the fat body, UAS-GFP driven by fb-GAL4

or Cg-GAL4 was used as a marker in that tissue. Mutant clones in

the wing disc were generated with 2 hr heat shock at 37�C, 24–28

hr after hatching. 72–96 hr after hatching, untreated larvae contain-

ing mutant clones were dissected immediately (fed) or starved for

45 hr on PBS (starved). Rapamycin-treated larvae were raised on

2 mM rapamycin in fly medium from hatching and were dissected

192–196 hr after hatching. Hsp70-GAL4-driven overexpression

of Atg1 was induced by 2 hr (1 hr in Figure 5) heat shock at 37�C,

48–72 hr after hatching, followed by 6 hr recovery at room tempera-

ture. Significance was determined in all experiments by two-tailed

p values from unpaired t test. See Supplemental Data for additional

procedures.

Supplemental Data

Supplemental Data include three figures and Supplemental Ex-

perimental Procedures and can be found with this article online

at http://www.current-biology.com/cgi/content/full/17/1/1/DC1/.
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(2003). The Drosophila homolog of Aut1 is essential for autoph-

agy and development. FEBS Lett. 543, 154–158.

31. Hennig, K.M., Colombani, J., and Neufeld, T.P. (2006). TOR co-

ordinates bulk and targeted endocytosis in the Drosophila mel-

anogaster fat body to regulate cell growth. J. Cell Biol. 173, 963–

974.

32. Hosokawa, N., Hara, Y., and Mizushima, N. (2006). Generation of

cell lines with tetracycline-regulated autophagy and a role for

autophagy in controlling cell size. FEBS Lett. 580, 2623–2629.

33. Debnath, J., Mills, K.R., Collins, N.L., Reginato, M.J., Muthu-

swamy, S.K., and Brugge, J.S. (2002). The role of apoptosis in

creating and maintaining luminal space within normal and

oncogene-expressing mammary acini. Cell 111, 29–40.

34. Martin, D.N., and Baehrecke, E.H. (2004). Caspases function in

autophagic programmed cell death in Drosophila. Development

131, 275–284.

35. Puig, O., Marr, M.T., Ruhf, M.L., and Tjian, R. (2003). Control of

cell number by Drosophila FOXO: downstream and feedback

regulation of the insulin receptor pathway. Genes Dev. 17,

2006–2020.

36. Kunz, J., Schneider, U., Howald, I., Schmidt, A., and Hall, M.N.

(2000). HEAT repeats mediate plasma membrane localization

of Tor2p in yeast. J. Biol. Chem. 275, 37011–37020.

37. Jin, S. (2006). Autophagy, mitochondrial quality control, and

oncogenesis. Autophagy 2, 80–84.

38. Hara, T., Nakamura, K., Matsui, M., Yamamoto, A., Nakahara, Y.,

Suzuki-Migishima, R., Yokoyama, M., Mishima, K., Saito, I.,

Okano, H., et al. (2006). Suppression of basal autophagy in neu-

ral cells causes neurodegenerative disease in mice. Nature 441,

885–889.

39. Komatsu, M., Waguri, S., Chiba, T., Murata, S., Iwata, J., Tanida,

I., Ueno, T., Koike, M., Uchiyama, Y., Kominami, E., et al. (2006).

Loss of autophagy in the central nervous system causes neuro-

degeneration in mice. Nature 441, 880–884.

40. Yu, L., Alva, A., Su, H., Dutt, P., Freundt, E., Welsh, S., Baeh-

recke, E.H., and Lenardo, M.J. (2004). Regulation of an ATG7-

beclin 1 program of autophagic cell death by caspase-8. Sci-

ence 304, 1500–1502.

41. Pattingre, S., Tassa, A., Qu, X., Garuti, R., Liang, X.H., Mizush-

ima, N., Packer, M., Schneider, M.D., and Levine, B. (2005).

Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent auto-

phagy. Cell 122, 927–939.

42. Arbeitman, M.N., Furlong, E.E., Imam, F., Johnson, E., Null, B.H.,

Baker, B.S., Krasnow, M.A., Scott, M.P., Davis, R.W., and White,

K.P. (2002). Gene expression during the life cycle of Drosophila

melanogaster. Science 297, 2270–2275.

43. Britton, J.S., Lockwood, W.K., Li, L., Cohen, S.M., and Edgar,

B.A. (2002). Drosophila’s insulin/PI3-kinase pathway coordi-

nates cellular metabolism with nutritional conditions. Dev. Cell

2, 239–249.

44. Xu, T., and Rubin, G.M. (1993). Analysis of genetic mosaics in de-

veloping and adult Drosophila tissues. Development 117, 1223–

1237.

Atg1-Induced Autophagy Inhibits Growth and Survival
11

               dc_840_14



 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































               dc_840_14
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































               dc_840_14





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































               dc_840_14












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 






























































































































































































































































































































































































































































































































































































































               dc_840_14







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































               dc_840_14



T
H

E
J

O
U

R
N

A
L

O
F

C
E

L
L

B
IO

L
O

G
Y

JCB: ARTICLE

© 2008 Juhász et al.
The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 181 No. 4 655–666
www.jcb.org/cgi/doi/ JCB 65510.1083/jcb.200712051

 Correspondence to Thomas P. Neufeld: neufe003@umn.edu 

 Abbreviations used in this paper: dsRNA, double-stranded RNA; ESCRT, endo-
somal sorting complex required for transport; PI(3), phosphatidylinositol 3; 
PI(3)P, PI(3) phosphate; TOR, target of rapamycin; TR, Texas red. 

  The online version of this paper contains supplemental material.  

    Introduction 
 Engulfment of cytoplasmic material into specialized double-

membrane vesicles known as autophagosomes is the defi ning 

feature of a process referred to as macroautophagy or simply 

autophagy. Subsequent fusion of autophagosomes with the 

endolysosomal network leads to hydrolytic degradation of the 

sequestered material. This process provides eukaryotic cells 

with a mechanism for cytoplasmic renewal by which they can 

rid themselves of defective organelles and protein complexes 

( Yorimitsu and Klionsky, 2005 ). In addition, nonselective au-

tophagy can be induced to high levels by starvation, providing 

an internal source of nutrients on which cells can survive ex-

tended periods of nutrient deprivation. Conversely, under some 

circumstances autophagy may be used as a killing mechanism, 

acting as an alternative or augmentation to apoptotic cell death 

( Neufeld and Baehrecke, 2008 ). As autophagy has been impli-

cated in several physiological and pathological conditions, in-

cluding neurodegeneration, tumorigenesis, and aging ( Huang and 

Klionsky, 2007 ), better understanding of the molecular mecha-

nisms controlling autophagy and identifi cation of pharmaco-

logical regulators of this process are important goals. 

 Wortmannin and 3-methyladenine are well established in-

hibitors of autophagy. These compounds are broad-spectrum 

phosphatidylinositol 3 (PI(3)) – kinase inhibitors that disrupt au-

tophagy by inhibiting Vps34 ( Petiot et al., 2000 ), the enzymatic 

component of a multiprotein complex which also includes Vps15, 

Beclin1/Atg6, UVRAG, and Bif-1 in mammals and Vps15, Atg6, 

and Atg14 in yeast ( Mari and Reggiori, 2007 ). Localized produc-

tion of PI(3) phosphate (PI(3)P) by Vps34 can act to recruit pro-

teins containing FYVE and PX domains to specifi c membrane 

compartments ( Lindmo and Stenmark, 2006 ). In yeast, this 

Vps34 complex is critical for recruiting autophagy-related (Atg) 

proteins to the preautophagosomal structure, the yeast-specifi c 

site of autophagosome formation ( Suzuki et al., 2007 ). The role 

 D
egradation of cytoplasmic components by auto ph-

agy requires the class III phosphatidylinositol 3 

(PI(3)) – kinase Vps34, but the mechanisms by 

which this kinase and its lipid product PI(3) phosphate 

(PI(3)P) promote autophagy are unclear. In mammalian 

cells, Vps34, with the proautophagic tumor suppressors 

Beclin1/Atg6, Bif-1, and UVRAG, forms a multiprotein 

complex that initiates autophagosome formation. Distinct 

Vps34 complexes also regulate endocytic processes 

that are critical for late-stage autophagosome-lysosome 

fusion. In contrast, Vps34 may also transduce activating 

nutrient signals to mammalian target of rapamycin (TOR), 

a negative regulator of autophagy. To determine potential 

in vivo functions of Vps34, we generated mutations in 

the single  Drosophila melanogaster   Vps34  orthologue, 

causing cell-autonomous disruption of autophagosome/

autolysosome formation in larval fat body cells. Endocytosis 

is also disrupted in  Vps34  � / �    animals, but we demonstrate 

that this does not account for their autophagy defect. 

Unexpectedly, TOR signaling is unaffected in  Vps34  mutants, 

indicating that Vps34 does not act upstream of TOR in this 

system. Instead, we show that TOR/Atg1 signaling regu-

lates the starvation-induced recruitment of PI(3)P to nascent 

autophagosomes. Our results suggest that Vps34 is regu-

lated by TOR-dependent nutrient signals directly at sites of 

autophagosome formation.

 The class III PI(3)K Vps34 promotes autophagy 
and endocytosis but not TOR signaling in  Drosophila  
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 To generate loss-of-function mutations in the  Vps34  gene, 

we established isogenic homozygous-viable stocks of the  P  ele-

ment line NP1626 ( Hayashi et al., 2002 ) inserted in the  Vps34  

5 �  untranslated region. Transposase-mediated excision of this 

element generated several lines that displayed hemizygous larval 

lethality in trans to a defi ciency for this region, Df(2R)bw5. 

By PCR analysis, we identifi ed an excision line that contains a 

deletion extending 3,349 bases downstream of the  P  element 

insertion site ( Fig. 1 A ). In this line,   Δ m22 , the entire  Vps34  

coding region is eliminated, thus resulting in a presumptive null 

allele. In addition, other lines displaying full or partially pene-

trant lethality were found to contain partial remnants of the 

excised  P  element ( Fig. 1 A ) and likely represent hypomorphic 

 Vps34  alleles, as in the case of  ex32 . As expected,  Vps34  tran-

scripts were undetectable by RT-PCR in   Δ m22  mutants and 

were reduced in  ex32  animals ( Fig. 1 B ). To confi rm that these 

lesions specifi cally affect the  Vps34  locus, we used the GAL4 –

 UAS system to ubiquitously express a wild-type  Vps34  transgene 

in mutant animals, resulting in a complete rescue of lethality 

(unpublished data). 

 The activity of Vps34 can be monitored in vivo by examin-

ing the intracellular localization of FYVE domain – containing 

proteins ( Gillooly et al., 2000 ). To assay Vps34 function in mu-

tant cells, we used a transgenic UAS line expressing EGFP fused 

to two tandem copies of the FYVE domain from the early endo-

somal protein Hrs (GFP-2xFYVE) ( Wucherpfennig et al., 2003 ). 

For these experiments, we assayed GFP-2xFYVE distribution in 

FLP-FRT – generated clones of  Vps34  mutant cells, which are 

marked by the loss of a UAS-driven dsRed marker. This system 

allows side-by-side comparison of mutant and wild-type cells 

within the same animal. In wild-type fat body cells, GFP-2xFYVE 

localized primarily to vesicular structures in the perinuclear re-

gion, with additional punctate staining occurring at low levels 

throughout the cytoplasm and at the cell periphery ( Fig. 1, C and D ). 

In contrast, GFP-2xFYVE staining was diffuse in   Δ m 22 mutant 

cells, with no perinuclear localization and few or no apparent 

punctate structures ( Fig. 1 C ). Collectively, these results indicate 

that the   Δ m22  deletion specifi cally eliminates  Vps34  expression, 

resulting in a cell-autonomous loss of function. 

 As a complement to these mutations in the endogenous 

 Vps34  gene, we also generated UAS-regulated transgenic lines 

that express  D. melanogaster  Vps34 containing point mutations in 

conserved residues of the kinase domain (referred to as Vps34 KD ). 

Analogous mutations in yeast and mammalian Vps34 result in 

a kinase-defective protein with dominant-inhibitory properties 

( Row et al., 2001 ). Coexpression of Vps34 KD  with GFP-2xFYVE 

in FLP-FRT – generated fat body clones ( Britton et al., 2002 ) re-

sulted in diffuse GFP-2xFYVE localization similar to the deletion 

mutant ( Fig. 1 E ), which is consistent with a disruption of Vps34 

activity in Vps34 KD -expressing cells. Incubation of dissected fat 

body with the PI(3)K inhibitor 3-methyladenine also caused a 

similar defect in GFP-2xFYVE localization (Fig. S1, available at 

http://www.jcb.org/cgi/content/full/jcb.200712051/DC1). 

 Although Vps34 has been localized to several distinct 

subcellular compartments in different cell types and experimen-

tal systems, its highest levels of activity are typically found in 

the early endosome, and GFP-2xFYVE is commonly used as an 

of PI(3)P in autophagosome biogenesis is less well understood in 

higher eukaryotes, and whether it functions at the autophago-

somal, the donor, or another membrane has not been determined 

( Pattingre et al., 2007 ). 

 Vps34 is also required more broadly for several vesicular 

traffi cking processes that may have indirect impacts on autophagy. 

These include sorting of hydrolytic enzymes to the lysosome/

vacuole and early steps in the endocytic pathway ( Lindmo and 

Stenmark, 2006 ). In mammalian cells, autophagosomes have 

been shown to fuse with early or late endosomes before fusion 

with lysosomes, resulting in intermediate structures known as 

amphisomes ( Eskelinen, 2005 ). Recently, mutations in compo-

nents of the endosomal sorting complex required for transport 

(ESCRT) complex, which is required for the transition from early 

to late (multivesicular) endosomes, have been shown to block 

autophagy by inhibiting autophagosome-endosome fusion ( Nara 

et al., 2002 ;  Lee et al., 2007 ;  Rusten et al., 2007 ). Thus, the effect 

of PI(3)-kinase inhibitors on autophagy may be due, in part, to 

these more general traffi cking functions of Vps34. 

 Recent work has shown that Vps34 can also function in a 

nutrient-sensing pathway upstream of the target of rapamycin 

(TOR) in several mammalian cell lines ( Byfi eld et al., 2005 ; 

 Nobukuni et al., 2005 ). Disruption of Vps34 activity with block-

ing antibodies or siRNA was found to inhibit activation of 

TOR by insulin, amino acids, and glucose ( Byfi eld et al., 2005 ; 

 Nobukuni et al., 2005 ). As TOR signaling inhibits autophagy, 

these fi ndings are at odds with the conserved role of Vps34 in 

promoting autophagy under starvation conditions, suggesting 

that distinct complexes or pools of Vps34 may be subject to dif-

ferent modes of regulation. 

 In this paper, we address how these multiple potential 

roles of Vps34 are coordinated to regulate autophagy in an in-

tact organism, the fruit fl y  Drosophila melanogaster . Our fi nd-

ings suggest that despite a critical role for Vps34 in endocytic 

uptake and recycling, its primary function in autophagy in vivo is 

limited to its direct role at the nascent autophagosome. We further 

show that Vps34 is not required for TOR activity in this system 

and that starvation results in a TOR/Atg1-dependent recruit-

ment of Vps34 activity to the autophagosomal membrane. 

 Results 
 Generation of null and hypomorphic 
 Vps34  mutants 
 A single representative of each of the three classes of PI(3)-

kinase is present in  D. melanogaster . The class III PI(3)-kinase 

orthologue (referred to previously as Pi3K_59F and herein as 

Vps34) shows greatest similarity to human Vps34 (hVps34) in 

the kinase domain, with an overall identity of 37 and 57% to 

Vps34 proteins in yeast and human ( Linassier et al., 1997 ). 

Previous work has shown that  D. melanogaster  Vps34 displays 

substrate specifi city for PtdIns, with high sensitivity to wort-

mannin and nonionic detergent as is characteristic of this class 

( Linassier et al., 1997 ).  Vps34  transcripts are expressed widely 

during development and in adult fl ies, with expression in the 

larval fat body and relative enrichment in neuronal and gut tis-

sues ( Chintapalli et al., 2007 ). 
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( Rusten et al., 2004 ;  Scott et al., 2004 ). Starvation-induced 

formation of Lysotracker-positive structures was severely in-

hibited in clones of  Vps34  mutant cells and in cells expressing 

Vps34 KD  ( Fig. 2, A and B ), which is consistent with a require-

ment for  Vps34  in autophagy induction or progression. Over-

expression of wild-type Vps34 was not suffi cient to induce 

Lysotracker-positive structures under fed conditions ( Fig. 2 C ) 

but did result in a more robust response to starvation ( Fig. 2 D ). 

To examine earlier stages of autophagy, we determined the 

localization of the autophagosomal marker GFP-Atg8/LC3 in 

wild-type and  Vps34  mutant cells. Starvation-induced ac-

cumulation of GFP-Atg8 punctae was strongly curtailed in both 

 Vps34  mutant and Vps34 KD -expressing cells ( Fig. 2, E – G ), in-

dicating an essential cell-autonomous role for Vps34 in au-

tophagosome biogenesis. Expression of Vps34 KD  also blocked 

the starvation-induced accumulation of preautophagosomal mem-

branes labeled with GFP-Atg5 (Fig. S3, available at http://

www.jcb.org/cgi/content/full/jcb.200712051/DC1). Disruption 

of autophagosome and autolysosome formation was also evi-

dent by ultrastructural analysis of starved  Vps34  loss-of-function 

larvae ( Fig. 2, H – J ). Morphometric analysis revealed that 

the percent volume of cytoplasm occupied by autophago-

somes and autolysosomes was reduced by more than 10-fold 

in both  Vps34  Δ m22   mutants and in animals overexpressing 

kinase-dead Vps34 in the fat body, relative to controls (P  <  

0.0001;  Fig. 2 K ). 

 We previously found that a hypomorphic  P  element 

allele of  D. melanogaster   Atg6/beclin 1  results in a moderate 

early endosomal marker ( Gillooly et al., 2000 ). To test whether 

the perinuclear localization of GFP-2xFYVE in the fat body re-

fl ects the early endosomal compartment in this cell type, we ex-

amined the localization of other early endosomal markers. Both 

Hrs and Rab5-GFP displayed a similar perinuclear pattern 

which overlapped with GFP-2xFYVE or myc-2xFYVE and 

which was disrupted in   Δ m22  mutant cells and in cells express-

ing Vps34 KD  (Fig. S1). We also found that the GFP-2xFYVE –

 labeled compartment was readily accessible to the endocytic 

tracer Texas Red (TR) avidin (see subsequent sections). In con-

trast, no colocalization was observed between GFP-2xFYVE 

and the Golgi marker p120 nor the late endosomal/lysosomal 

marker Lamp1 (Fig. S2). We conclude that Vps34 activity is 

concentrated in a perinuclear endosomal compartment in larval 

fat body cells. Disruption of GFP-2xFYVE, Hrs, and Rab5 lo-

calization in  Vps34  mutant cells indicates either that Vps34 ac-

tivity is necessary for the recruitment or stable association of 

these markers or that the perinuclear endosomal compartment 

itself is disrupted in the mutant cells. 

 Vps34 is required for early steps of 
autophagosome formation 
 The fat body is specialized for a robust autophagic response to 

starvation, acting as a reserve source of nutrients for other crit-

ical tissues ( Neufeld, 2004 ). Starvation results in an autophagy-

dependent expansion and acidifi cation of the lysosomal system, 

and thus the fl uorescent Lysotracker dyes can be used to as-

say progression to late stages of autophagy in this tissue 

 Figure 1.    Reagents to disrupt and monitor Vps34 
function in  D. melanogaster .  (A) Map of the  Vps34  
locus, showing the location and extent of the   Δ m22  
deletion. (B) RT-PCR analysis of  Vps34  mRNA expression 
in control and mutant third instar larvae.  Vps34  tran-
script levels are strongly reduced in  ex32  animals 
and undetectable in the   Δ m22  mutant. (C – E) Disrup-
tion of Vps34 function causes mislocalization of the 
PI(3)P reporter GFP-2xFYVE. In wild-type fat body cells 
(C and D), GFP-2xFYVE accumulates at the perinuclear 
endosomal compartment. This pattern of localization 
is lost in  Vps34  Δ m22   clones (C; mutant cell marked by 
lack of dsRed) or in response to expression of Vps34 KD  
(E). Bar, 10  μ m. Genotypes: (C)  hsfl p; FRT42D UAS-
GFP-2xFYVE Vps34  Δ m22 /Cg-GAL4 FRT42D UAS-GFP-
2xFYVE UAS-dsRed , (D)  hsfl p; UAS-GFP-2xFYVE/+; 
Act > CD2 > GAL4/+ , and (E)  hsfl p; UAS-GFP-2xFYVE/+ ; 
Act > CD2 > GAL4 / UAS-Vps34 KD  .   
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from larval extracts containing overexpressed myc-Atg6, 

Vps15-FLAG, and Vps34-TAP ( Fig. 3 A ). Consistent with 

fi ndings in mammalian cells ( Byfi eld et al., 2005 ), this associ-

ation was observed under both fed and starved conditions, 

although starvation usually led to increased coprecipitation. 

Similar interactions were observed between Vps34-TAP and 

Vps15-FLAG (unpublished data). 

defect in starvation-induced autophagy ( Scott et al., 2004 ), 

and we also fi nd that mutations in the Vps15 homologue  Ird1  

result in a severe autophagy block (Fig. S3). To determine 

whether Vps34 functions in a complex containing these pro-

teins, we fi rst tested for physical association between epitope-

tagged versions of Vps34, Vps15, and Atg6. We found that 

Atg6 could readily be precipitated with anti-Vps34 antibodies 

 Figure 2.    Starvation-induced autophagy in the larval fat body requires Vps34.  All images depict live fat body tissue dissected from fed (C) or 4-h starved 
animals (all other panels). (A)  Vps34  Δ m22   loss-of-function clones (marked by lack of GFP) fail to accumulate autolysosomes (labeled by punctate Lysotracker 
Red staining) after starvation. (B) Vps34 KD -expressing cells (GFP positive) fail to accumulate punctate Lysotracker Red staining under starvation conditions. 
(C and D) Clonal expression of wild-type Vps34 (GFP-positive cells) does not induce autophagy under fed conditions (C) but increases the response to 
starvation (D). (E)  Vps34  Δ m22   loss-of-function clones (marked by lack of myrRFP) fail to accumulate autophagosomes (marked by punctate GFP-Atg8) in 
response to starvation. (F and G) Starvation-induced accumulation of GFP-Atg8a punctae is observed in controls (F) but not in animals expressing Vps34 KD  (G). 
(H – K) TEM images reveal abundant autophagosomes (AP) and autolysosomes (AL) in control animals (H) but not  Vps34  Δ m22   mutants (I) nor animals 
expressing Vps34 KD  (J). LD, lipid droplet. The graph in K shows autophagosome and autolysosome area ratios calculated from electron micrographs of fi ve 
animals per genotype. Error bars show SD from the mean. P-values (Mann-Whitney  U  test): control versus  Vps34  Δ m22  , AP, 1.45e-11 and AL, 3.9e-9; and 
control versus Vps34 KD , AP, 2.9e-11 and AL, 1.5 e-11. Bars: (A – G) 10  μ m; (H – J) 1  μ m. Genotypes: (A)  hsfl p; FRT42D Vps34  Δ m22 /UAS-2xeGFP FRT42D 
fb-GAL4 , (B)  hsfl p; Act > CD2 > GAL4 UAS-GFP/UAS-Vps34 KD  , (C and D)  hsfl p; Act > CD2 > GAL4 UAS-GFP/UAS-Vps34 WT  , (E)  hsfl p; FRT42D Vps34  Δ m22 /Cg-
GAL4 UAS-GFP-Atg8a FRT42D UAS-myrRFP , (F)  hsfl p; Act > CD2 > GAL4 UAS-GFP-Atg8a/+ , (G)  hsfl p; Act > CD2 > GAL4 UAS-GFP-Atg8a/UAS-Vps34 KD  , (H) 
 Vps34  Δ m22 /CyO-GFP , (I)  Vps34  Δ m22/ Δ m22  , (J)  Cg-GAL4 UAS-Vps34 KD /Cg-GAL4 UAS-Vps34 KD  , and (K) as in H – J.   
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 Vps34  single mutants ( Fig. 4, F and G ), further indicating that 

the ESCRT pathway is not disrupted in  Vps34  mutants. The 

ubiquitin-containing structures in  Vps34-Vps25  mutant cells 

largely colocalized with the endosomal marker Hrs and were of-

ten adjacent to GFP-Atg8a – labeled punctae (Fig. S5). Similarly, 

immuno-EM analysis of  Vps25  and  Vps34-Vps25  mutant eye 

discs revealed accumulation of ubiquitin in tubulovesicular com-

partments but not in autophagosomes (Fig. S5). Thus, the ubiq-

uitinated structures in  Vps25  and  Vps34-Vps25  mutant cells 

likely represent stalled intermediates in the endocytic pathway. 

 Despite the relatively normal progression of ESCRT-

dependent processes in  Vps34  mutants, we found that they were 

severely defective in fl uid-phase endocytosis.  Vps34  mutant 

clones in the larval fat body failed to incorporate the endocytic 

tracer TR-avidin beyond the cortical region of the cell, where it 

often accumulated to high levels ( Fig. 5 A ). A similar disruption was 

observed in  Vps34-Vps25  double mutant fat body cells (Fig. S4). 

Mutation of  Vps34  or expression of Vps34 KD  also inhibited TR-

avidin uptake in the highly endocytic Garland cells ( Fig. 5, B – E ). 

In addition, we observed accumulation of Notch in  Vps34  mu-

tant cells of the eye imaginal disc ( Fig. 5 F ), which is consistent 

with defective endocytic recycling ( Vaccari and Bilder, 2005 ). 

Finally, loss of Vps34 dramatically altered the distribution of 

GFP-Lamp1 and Spin-GFP (Fig. S2), markers which localize to 

 To determine whether these physical associations are func-

tionally relevant, we tested for genetic interactions between 

 Vps34 ,  Vps15 , and  Atg6 . GAL4/UAS-mediated expression of 

Vps34-TAP resulted in a moderate statistically insignifi cant in-

duction of GFP-Atg8a punctae formation under fed conditions 

( Fig. 3 B ). Although expression of Atg6 or Vps15 also had little 

effect on their own, coexpression of these proteins with Vps34-

TAP resulted in a signifi cant increase in GFP-Atg8a punctae for-

mation ( Fig. 3 B ). Thus, overexpression of Vps34 complexes 

promotes formation of GFP-Atg8a – labeled autophagosomes, but 

not Lysotracker-labeled autolysosomes, under fed conditions 

( Fig. 3 B  and Fig. S3), suggesting that Vps34 activity is suffi cient 

to drive early, but not later, steps of autophagy. Collectively, our 

fi ndings suggest that  D. melanogaster  Vps34 is required for early 

events in autophagosome formation, at least in part via a con-

served complex containing Vps34, Vps15, and Atg6. 

 Vps34 function in the endocytic pathway is 
distinct from its role in autophagy 
 Given the localization of Vps34 activity to the endosomal com-

partment and its role in formation of and localization to multivesic-

ular bodies in mammalian cells ( Gillooly et al., 2000 ;  Futter et al., 

2001 ), we next asked whether the loss of autophagy in  Vps34  

mutants could be attributed in part to its role in the endocytic 

pathway. Consistent with recent studies ( Rusten et al., 2007 ), we 

found that mutations in components of ESCRT-I ( Vps25 ), -II 

( Vps28 ), or -III ( Vps32 ) disrupted starvation-induced lysotracker 

staining in the larval fat body ( Fig. 4 A ; Fig. S4, available at 

http://www.jcb.org/cgi/content/full/jcb.200712051/DC1; and not 

depicted). In contrast to the lack of autophagosomes in  Vps34  

mutants ( Fig. 4 C ), mutations in these ESCRT subunits led to an 

accumulation of GFP-Atg8a – labeled autophagosomes under fed 

conditions ( Fig. 4 B  and Fig. S4), which is consistent with a 

block in autophagosome-endosome fusion, as previously re-

ported ( Lee et al., 2007 ;  Rusten et al., 2007 ). This difference 

between  Vps34  and ESCRT phenotypes suggests that these mu-

tations disrupt distinct steps of autophagy progression. 

 To investigate this further, we generated clones of fat body 

cells mutant for both  Vps34  and  25  or  Vps34  and  28 . In these 

double mutant cells, GFP-Atg8a punctae still accumulated un-

der fed conditions, albeit at somewhat reduced levels ( Fig. 4 D  

and Fig. S4). Accumulation of autophagosomes was also evident 

in transmission electron micrographs of eye imaginal discs dou-

bly mutant for  Vps34  and  25  (Fig. S5). This fi nding that autopha-

gosomes accumulate in  Vps34-Vps25  and  Vps34-Vps28  double 

mutants, but not in  Vps34  single mutants, indicates that deletion 

of  Vps34  has a more severe kinetic effect on autophagosome 

formation than on autophagosome-lysosome fusion, such that 

the early steps in autophagosome formation become rate limiting. 

With additional mutation of  Vps25  or  Vps28 , autophagosome-

lysosome fusion becomes rate limiting and autophagosomes 

accumulate. Thus, the ESCRT-dependent step required for 

autophagy is at least partially functional in cells lacking  Vps34 . 

 As reported previously ( Vaccari and Bilder, 2005 ), loss of 

 Vps25  leads to accumulation of ubiquitin-positive punctae in 

cells of the developing eye ( Fig. 4 E ). Similar ubiquitin accumu-

lation was observed in  Vps34-Vps25  mutant cells, but not in 

 Figure 3.    Physical and genetic interactions between  D. melanogaster  
Vps34, Vps15, and Atg6.  (A) Epitope-tagged Atg6 and Vps34 coimmuno-
precipitate from larval extracts. myc-Atg6 and Vps15-FLAG were coex-
pressed with and without Vps34-TAP during larval development by heat 
shock – dependent GAL4 induction of UAS transgenes under either fed or 
starved conditions. Immunoprecipitation of larval extracts with hVps34 
antibodies coprecipitates myc-Atg6. Levels of coprecipitated myc-Atg6 are 
higher in extracts from larvae overexpressing Vps34-TAP (lanes 2 and 6) 
than from larvae expressing only endogenous Vps34 (lanes 4 and 8). 
(B) Coexpression of Vps34-TAP with Atg6 or Vps15 results in cooperative 
induction of GFP-Atg8a – labeled autophagosomes under fed conditions. 
Number of GFP-Atg8a – positive spots per fi eld in fat body of fed (F) and 
starved (S) control animals and in fed transgenic animals is indicated. 
Data represent mean  ±  SE of 10 animals per genotype. P-values were 
determined by two-tailed Student ’ s  t  test.   
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mal rate of growth and proliferation suggests that TOR signal-

ing is not appreciably compromised in  Vps34  mutant cells. 

 To ask whether a role for Vps34 in TOR signaling might 

be apparent only at higher or lower than normal levels of TOR 

activity, we induced clones of cells with altered expression of 

Rheb (a TOR activator) or Tsc1 and 2 in control or  Vps34 -defi cient 

backgrounds. Cells overexpressing Rheb reached a larger size 

than neighboring cells, as previously reported ( Saucedo et al., 

2003 ), and coexpression of Rheb and Vps34 KD  resulted in a simi-

lar cell enlargement ( Fig. 6, G and H ). Conversely, overexpres-

sion of Tsc1 and 2 inhibited cell growth to a similar extent in 

 Vps34  mutant and control animals ( Fig. 6, I and J ). Expression 

of wild-type or kinase-defective Vps34 also had no effect on 

cell size in starved animals or animals that were allowed to re-

cover on normal media after 48 h of starvation (unpublished 

data). We also tested for loss-of-function genetic interactions 

between  Vps34  and components of the TOR pathway. Hetero-

zygous mutation of  Tor  or  S6k  dominantly suppresses the lethal-

ity of  Tsc1  homozygous mutant animals ( Radimerski et al., 

2002 ;  Zhang et al., 2006 ), presumably by restraining the abnor-

mally high levels of TOR signaling caused by loss of  Tsc1 . 

or transit through late endosomes and lysosomes. Collectively, 

these fi ndings indicate that  D. melanogaster  Vps34 has an es-

sential role in the endocytic pathway but that this role is distinct 

from ESCRT-dependent endocytic processes and does not con-

stitute a rate-limiting step for its function in autophagy. 

 Vps34 is not required for nutrient-
dependent signaling to TOR 
 In  D. melanogaster  and other systems, a hallmark of TOR 

signaling is its stimulation of cell growth and proliferation 

( Arsham and Neufeld, 2006 ). Down-regulation of this pathway in 

fat body cells through  Tor  mutation ( Scott et al., 2007 ), RNAi-

mediated inhibition of  Tor  expression ( Fig. 6, A and L ), or over-

expression of the TOR inhibitors Tsc1 and 2 ( Fig. 6, B and L ) 

results in a signifi cant reduction in cell size. In contrast, cells 

mutant for  Vps34  or expressing Vps34 KD  were similar in size 

to wild-type cells ( Fig. 6, C, D, and L ). Similarly, in the eye 

imaginal disc, which is comprised of mitotically active diploid 

cells, mutations in  Tor  cause a strong proliferative disadvantage 

( Zhang et al., 2000 ), whereas  Vps34  mutant cells proliferate at 

a rate similar to that of control cells ( Fig. 6, E and F ). The nor-

 Figure 4.    Vps34 and ESCRT components are required for distinct steps in autophagy.  (A) Mutation of the ESCRT-II component Vps28 (mutant clone marked 
by lack of GFP) disrupts formation of Lysotracker Red punctae in response to 4-h starvation. Bar, 10  μ m. (B – D) GFP-Atg8a – marked autophagosomes ac-
cumulate in clones of  Vps28  mutant (B) and  Vps34 Vps28  double mutant (D) cells but not in  Vps34  mutant cells (C). Mutant clones are marked by lack of 
myrRFP. (E – G) Mosaic eye imaginal discs showing accumulation of ubiquitin-positive punctae in  Vps25  (E) and  Vps25 Vps34  (G) mutant clones but not in 
 Vps34  mutant clones (F). Lack of GFP marks mutant clones. Bar, 10  μ m (B – G). Genotypes: (A)  hsfl p; FRT42D Vps28 k15603 /UAS-2xeGFP FRT42D fb-GAL4 , 
(B)  hsfl p; FRT42D Vps28 k15603 /Cg-GAL4 UAS-GFP-Atg8a FRT42D UAS-myrRFP , (C)  hsfl p; FRT42D Vps34  Δ m22 /Cg-GAL4 UAS-GFP-Atg8a FRT42D UAS-myr-
RFP , (D)  hsfl p; FRT42D Vps28 k15603  Vps34  Δ m22 /Cg-GAL4 UAS-GFP-Atg8a FRT42D UAS-myrRFP , (E)  hsfl p; FRT42D Vps25 A3 /FRT42D Ubi-GFPnls , (F)  hsfl p; 
FRT42D Vps34  Δ m22 /FRT42D Ubi-GFPnls , and (G)  hsfl p; FRT42D Vps25 A3  Vps34  Δ m22 /FRT42D Ubi-GFPnls .   

 on F
ebruary 16, 2009 

jcb.rupress.org
D

ow
nloaded from

 
 Published May 12, 2008

               dc_840_14

http://jcb.rupress.org


661AUTOPHAGY REGULATION BY VPS34  •  Juh á sz et al.

lation of Vps34, we examined its effect on nutrient-dependent re-

localization of GFP-2xFYVE. In clones of cells mutant for  Tsc2  

or overexpressing Rheb, both of which result in constitutive TOR 

In contrast,  Vps34  mutants had no effect on the development or 

viability of  Tsc1  mutant animals (unpublished data). 

 To more directly assess the requirement for Vps34 in TOR 

activation, we examined the phosphorylation of S6K-Thr398, a 

direct substrate of the rapamycin-sensitive TOR complex I, as 

well as Akt-Ser505, which is phosphorylated by TOR complex II. 

Although the phosphorylation status of these sites is highly sensi-

tive to the levels of Tsc1 or Rheb ( Hennig et al., 2006 ;  Scott et al., 

2007 ), ubiquitous overexpression of UAS-driven wild-type or 

kinase-defi cient Vps34 had no effect on the phosphorylation of 

these sites in whole larval extracts ( Fig. 6 K ). Fat body – specifi c 

expression of these transgenes also failed to alter the phosphory-

lation of these sites in extracts from dissected fat body tissue (un-

published data). Collectively, these results indicate that in contrast 

to the case in cultured mammalian cells,  D. melanogaster  Vps34 

does not play a critical role in TOR activation in vivo. 

 Recruitment of Vps34 activity to 
autophagosomal membranes is regulated by 
TOR/Atg1-dependent nutrient signaling 
 Although Vps34 is required for starvation-induced autophagy, it 

remains uncertain whether and how the PI(3)-kinase enzymatic 

activity of autophagy-specifi c Vps34 complexes is regulated by 

nutrient conditions. For example, some studies have reported an 

increase in Beclin 1 – associated PI(3)-kinase activity in response 

to starvation ( Byfi eld et al., 2005 ;  Nobukuni et al., 2005 ), whereas 

others report a decrease ( Tassa et al., 2003 ;  Takahashi et al., 2007 ). 

Comparison of GFP-2xFYVE localization in fed and starved ani-

mals revealed that starvation induced a relative shift from a peri-

nuclear concentration of this marker to a more widely dispersed 

pattern ( Fig. 7, A – D and F ). This did not refl ect a disruption of the 

early endosome itself, as the TR-avidin – accessible compartment re-

mained in the perinuclear region in starved larvae ( Fig. 7, A and B ). 

Rab5-GFP also remained associated with the perinuclear early 

endosome under starvation conditions ( Fig. 7, C and D ), and the 

accumulation of peripheral GFP-2xFYVE punctae was not asso-

ciated with decreased perinuclear localization ( Fig. 7 F ). 

 These fi ndings suggest that starvation causes recruitment 

of Vps34 activity to peripheral locations throughout the cell, 

presumably nascent autophagosomes. This was confi rmed by 

the observation that the nonendosomal myc-2xFYVE punctae 

induced by starvation displayed a nearly complete overlap 

with the autophagosomal marker GFP-Atg8a ( Fig. 7 E ). Thus, 

autophagy-inducing signals result in mobilization of Vps34 

activity directly to the autophagosomal membrane. Although we 

were unable to detect endogenous Vps34 protein in vivo, UAS-

driven Vps34 did not appear to be concentrated at the early 

endosome nor on autophagosomes, and its localization was not 

affected by starvation (unpublished data). Thus, the mobiliza-

tion of Vps34 activity may refl ect activation of preexisting 

Vps34 protein at distinct cellular locations. Alternatively, the 

high levels of UAS-driven expression may mask more subtle 

changes in the distribution of endogenous protein. 

 TOR signaling plays a critical role in conveying nutrient 

status to the autophagic machinery and may directly regulate the 

activity of the Ser-Thr kinase Atg1 ( Kamada et al., 2000 ;  Scott 

et al., 2007 ). To determine whether this pathway is involved in regu-

 Figure 5.    Vps34 is required for endocytosis.  (A)  Vps34  Δ m22   loss-of-function 
fat body clones (marked by lack of GFP) fail to incorporate the endocytic 
tracer TR avidin into the perinuclear early endosome (20-min pulse fol-
lowed by 10-min chase). (B and C) TR avidin accumulates in Garland cells 
of heterozygous controls (B) but not  Vps34  Δ m22   homozygous mutants (C; 
2-min pulse followed by 20-min chase). (D and E) Mosaic larvae express-
ing Rab5-GFP (D) or Rab5-GFP and Vps34 KD  (E) in a subset of Garland 
cells. TR avidin uptake and cortical localization of Rab5-GFP are disrupted 
in Vps34 KD -expressing cells (15-min pulse, no chase). Bar, 10  μ m (B – E). 
(F) Clonal loss of  Vps34  (marked by lack of GFP) in the eye imaginal disc 
results in accumulation of Notch-positive punctae. Bar, 10  μ m (A and F). 
Genotypes: (A)  hsfl p; FRT42D Vps34  Δ m22 /UAS-2xeGFP FRT42D fb-GAL4 , 
(B)  Vps34  Δ m22 /CyO-GFP , (C)  Vps34  Δ m22/ Δ m22  , (D)  hsfl p; Act > CD2 > GAL4 
UAS-Rab5-GFP/+ , (E)  hsfl p; Act > CD2 > GAL4 UAS-Rab5-GFP/UAS-Vps34 KD  , 
and (F)  hsfl p; FRT42D Vps34  Δ m22 /FRT42D Ubi-GFPnls.    
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including autophagy, endocytosis, endosome maturation, and 

both anterograde and retrograde traffi cking between the Golgi 

and lysosome ( Lindmo and Stenmark, 2006 ). Our fi ndings indi-

cate that despite these activities, the in vivo role of Vps34 in au-

tophagy is largely limited to its function at the autophagosome. 

Although fl uid-phase endocytosis, endocytic recycling of Notch, 

and traffi cking of lysosomal proteins were disrupted by muta-

tion of  Vps34 , our results suggest that events subsequent to 

autophagosome formation, including fusion between autopha-

gosomes and endosomes or lysosomes and subsequent lyso-

somal degradation, are not rate limiting in the absence of Vps34. 

Why does endocytic disruption lead to autophagosome fusion 

defects in ESCRT mutants but not in  Vps34  mutants? Accumu-

lation of endocytic tracer at the periphery of  Vps34  mutant cells 

suggests that Vps34 functions at an early step of endocytosis, 

activation, formation of GFP-2xFYVE cytoplasmic punctae in 

response to starvation was greatly diminished ( Fig. 8 A  and not 

depicted). Similar results were observed in cells lacking Atg1 

( Fig. 8 B ). Thus, signaling through TOR and Atg1 is necessary 

for proper nutrient-responsive recruitment of Vps34 activity to 

autophagosomes. Accordingly, down-regulation of TOR signal-

ing by cooverexpression of Tsc1 and 2 led to autophagy induc-

tion in control animals, but not in  Vps34  mutants ( Fig. 8, C and D ), 

which is consistent with Vps34 functioning downstream of TOR-

dependent nutrient signaling. 

 Discussion 
 Previous work in mammalian and yeast systems has identifi ed a 

wide range of vesicle traffi cking processes regulated by Vps34, 

 Figure 6.    Vps34 does not infl uence TOR signaling or function.  Transgene-expressing cells are marked by coexpression of GFP in A, B, D, and G – J. Loss-
of-function mutant clones are marked by lack of GFP in C, E, and F. All images are from fed larvae except G and H, which are from 48-h starved animals. 
(A and B) Inhibition of TOR signaling by expression of  Tor  double-stranded RNA (dsRNA; A) or overexpression of Tsc1 and 2 (B) results in a reduction in 
fat body cell size. (C and D) Fat body cells lacking  Vps34  (C) or expressing Vps34 KD  (D) are normal in size. (E and F) In the eye imaginal disc, cells mutant 
for  Tor  (E; GFP negative) proliferate more slowly than their wild-type  “ twin spot ”  control cells (two copies of GFP).  Vps34  Δ m22   homozygous mutant cells (F) 
proliferate at a rate similar to that of twin spot controls. (G and H) Overexpression of Rheb activates TOR and increases cell growth both in the absence 
(G) or presence (H) of coexpressed kinase-defective Vps34. (I and J) Inhibition of TOR signaling by cooverexpression of Tsc1 and 2 reduces cell growth in 
control (I) and  Vps34  Δ m22   (J) animals. (K) Ubiquitous hsGAL4-driven overexpression of wild-type Vps34 (lane 2) or kinase-defective Vps34 (lane 3) does not 
affect TOR-dependent phosphorylation of S6K-Thr398 or Akt-Ser505 relative to control extracts (lane 1). (L) Quantitation of the area of mutant or transgene-
expressing cells in A – D relative to wild-type cells from the same tissue. Data represent mean  ±  SEM of 7 – 10 animals per genotype. Bar: 10  μ m. Genotypes: 
(A)  hsfl p; Act > CD2 > GAL4 UAS-GFP/UAS-TOR dsRNA5092R-2  , (B)  hsfl p; Act > CD2 > GAL4 UAS-GFP/UAS-Tsc1 UAS-Tsc2 , (C)  hsfl p; FRT42D Vps34  Δ m22 /UAS-
2xeGFP FRT42D fb-GAL4 , (D)  hsfl p; Act > CD2 > GAL4 UAS-GFP/UAS-Vps34 KD  , (E)  hsfl p; Tor  Δ P  FRT40A/Ubi-GFPnls FRT40A , (F)  hsfl p; FRT42D Vps34  Δ m22 /
FRT42D Ubi-GFPnls , (G)  hsfl p; Act > CD2 > GAL4 UAS-GFP UAS-Rheb EP50.084 /+ , (H)  hsfl p; Act > CD2 > GAL4 UAS-GFP UAS-Rheb EP50.084 /UAS-Vps34 KD  , (I) 
 hsfl p; Act > CD2 > GAL4 UAS-GFP/UAS-Tsc1 UAS-Tsc2 , and (J)  hsfl p; Vps34  Δ m22 /Vps34  Δ m22 ; Act > CD2 > GAL4 UAS-GFP/UAS-Tsc1 UAS-Tsc2 .   
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accumulation in  Vps34  single mutants indicates that ESCRT 

complexes are at least partially functional in the absence of Vps34. 

Thus, PI(3)P may not be absolutely essential for these processes, 

or perhaps suffi cient levels of PI(3)P are generated indepen-

dently of Vps34 by the class II PI(3) kinase or by PI(3,4)P or 

PI(3,5)P phosphatases. As ESCRT components are required for 

multivesicular body formation but not autophagy in yeast 

( Reggiori et al., 2004 ), it will be interesting to determine 

whether the requirement for ESCRT complexes in autophagy in 

higher eukaryotes refl ects their role in multivesicular body for-

mation or an alternate function. 

 The cellular compartment in which Vps34 acts to promote 

autophagy and the mechanisms by which it is regulated by nu-

trient signals have remained unresolved. In mammalian cells, 

and apparently this event, as well as normal endocytic fl ux is 

not essential for fusion of autophagosomes with elements of the 

endosomal-lysosomal compartment. Interestingly, the accumu-

lation of autophagosomes in ESCRT/ Vps34  double mutants 

indicates that loss of Vps34 does not completely prevent auto-

phagosome formation. Similarly, the lack of autophagosome 

 Figure 7.    Recruitment of PI(3)P from early endosomes to autophago-
somes in response to TOR/Atg1-dependent nutrient signaling.  (A and B) 
Internalized TR avidin colocalizes with GFP-2xFYVE under fed conditions 
(A) but not after 4-h starvation (B). (C and D) Starvation causes dispersion 
of myc-2xFYVE but not Rab5-GFP. (E) Under starvation conditions, myc-
2xFYVE displays extensive colocalization with GFP-Atg8a. Yellow circles 
in E �  and E �  �  show overlap between GFP-Atg8a and myc-2xFYVE label. 
Bar, 10  μ m. (F) Quantitation of the myc-2xFYVE – labeled compartment area 
in a 2- μ m ring surrounding the nucleus (perinuclear) and the remaining 
peripheral cell area (cytoplasmic). Genotypes: (A and B)  Cg-GAL4/UAS-
GFP-2xFYVE , (C and D)  hsfl p; Act > CD2 > GAL4 UAS-Rab5-GFP/UAS-myc-
2xFYVE , and (E)  Cg-GAL4 UAS-GFP-Atg8a/UAS-myc-2xFYVE .   

 Figure 8.    Vps34 functions downstream of TOR signaling.  (A and B) Star-
vation-induced redistribution of Vps34 activity requires TOR-Atg1 signal-
ing. 4-h starvation causes relocalization of GFP-2xFYVE in control cells but 
not in  Tsc2  homozygous mutant cells (A) nor in cells mutant for  Atg1  (B). 
Mutant clones are marked by lack of dsRed. Note also the changes in GFP-
2xFYVE levels in the mutant cells. (C and D) Cooverexpression of Tsc1 and 
2 in GFP-marked clones induces formation of autolysosomes under fed con-
ditions in control (C) but not  Vps34  mutant (D) animals. Bar: (A and B) 10  μ m; 
(C and D) 25  μ m. Genotypes: (A)  hsfl p; Cg-GAL4 UAS-GFP-2xFYVE/+; 
Tsc2 192  FRT80B/UAS-dsRed FRT80B , (B)  hsfl p; Cg-GAL4 UAS-GFP-
2xFYVE/+; Atg1  Δ 3D  FRT80B/UAS-dsRed FRT80B , (C)  hsfl p; Vps34  Δ m22 /+; 
Act > CD2 > GAL4 UAS-GFP/UAS-Tsc1 UAS-Tsc2 , and (D)  hsfl p; Vps34  Δ m22 /
Vps34  Δ m22  ; Act > CD2 > GAL4 UAS-GFP/UAS-Tsc1 UAS-Tsc2 .   
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 Materials and methods 
 Fly stocks and culture 
 Flies were raised at 25 ° C on standard cornmeal/molasses/agar media. 
The following  D. melanogaster  stocks were used:  P[GawB]NP1626  (Kyoto 
stock center),  Df(2R)bw5  and UAS-YFP-Rab5 (Bloomington stock center), 
UAS-GFP-2xFYVE, UAS-myc-2xFYVE, and UAS-Rab5-GFP (gifts of M. 
Gonzalez-Gaitan, Max Planck Institute, Dresden, Germany), UAS-HRP-
Lamp1, UAS-GFP-Lamp1, and  FRT42D Vps28[k16503]  (gifts of H. Kramer, 
University of Texas Southwestern Medical Center, Dallas, TX), UAS-spin-
GFP (gift of G. Davis, University of California, San Francisco, San Fran-
cisco, CA),  Ird1[3]  and UAS-Vps15 (gifts of L. Wu, University of Maryland, 
College Park, MD),  FRT42D Vps25[A3]  (gift of D. Bilder, University of Cali-
fornia, Berkeley, Berkeley, CA),  FRTG13 Vps32/shrb[4]  (gift of F.-B. Gao, 
Gladstone Institute, San Francisco, CA), UAS-Tor dsRNA line  5092R-2  
(National Institute of Genetics), UAS-Tsc1 and UAS-Tsc2 (gifts of N. Tapon, 
London Research Institute, London, UK),  Rheb[EP50.084]  (gift of E. Hafen, 
Institute for Molecular Systems Biology, Z ü rich, Switzerland),  Tsc2[192] 
FRT80B  (gift of N. Ito, Massachussetts General Hospital, Charlestown, 
MA),  Tor[ Δ P]  ( Zhang et al., 2000 ),  Tor[R97C]  ( Zhang et al., 2006 ), and 
 Atg1[ Δ 3D]  ( Scott et al., 2007 ). 

 Null and hypomorphic alleles of  Vps34  were generated as pre-
viously described ( Scott et al., 2004 ) through imprecise excision of 
P[GawB]NP1626 ( Hayashi et al., 2002 ), inserted after base 13 of the 
annotated  PI3K_59F  transcript (Flybase ID FBtr0072064). Excision 
events were characterized by PCR amplifi cation of the  Vps34  locus 
using the primers 5 � -GCTGGAGGAGCACAGATCCGAGACG-3 �  and 
5 � -CAGCAGCTCCATCATCTTGAACAGGAACC-3 � . 

 RT-PCR of wild-type and mutant animals 
 Total RNA was isolated from 5 mg of larvae per genotype using RevertAid 
Total RNA Isolation kit (Fermentas). cDNA was synthetized using a First 
Strand cDNA Synthesis kit (Fermentas) with random primers and used in 
PCR reactions with the Vps34-specifi c primers 5 � -GGTGTTCAACCA-
GGGCAGAC-3 �  and 5 � -GTCCGACATACGCTTTTCGC-3 � , with primers 
5 � -GTCGCTTAGCTCAGCCTCG-3 �  and 5 � -TAACCCTCGTAGATGGG-
CAC-3 �  specifi c to actin as control. 

 Construction of transgenic  D. melanogaster  lines 
 All  P  element constructs were injected into  w �   embryos according to stan-
dard procedures. 

 UAS-GFP-Atg8a.   A NotI – XbaI fragment containing the GFP-Atg8a 
coding region was excised from pCasper-HS-GFP-Atg8a ( Scott et al., 
2004 ) and ligated into NotI – XbaI-digested pUAST. 

 UAS-Atg6.   Atg6/CG5429 EST LD35669 was cloned from the vec-
tor pOT2 into pUAST using XhoI and EcoRI restriction sites. 

 UAS-Myc-Atg6.   The Atg6 coding region was PCR amplifi ed from 
EST LD35669 using the primers 5 � -CACCATGAGTGAGGCGGAA-3 �  and 
5 � -TCACGGTGACACAAACTGTG-3 � , cloned into pENTR/D-TOPO, and 
then recombined into the  D. melanogaster  Gateway vector pTMW using 
LR clonase. 

 UAS-Vps34.   The  D. melanogaster  Vps34/PI3K_59F ORF was PCR 
amplifi ed from EST GH13170 and ligated into the pUAST vector. A kinase-
defective version of this construct (UAS-Vps34 KD ) with D805 → A and 
N810 → I substitutions was generated by site-directed mutagenesis of pUAST-
Vps34 and confi rmed by sequencing. 

 UAS-Vps34-TAP.   TOPO-TA cloning was used to clone the  D. melano-
gaster  Vps34/PI3K_59F ORF using the primers 5 � -GGGGTACCCCAAAAAT-
GGACC-3 �  (introducing a 5 �  KpnI site) and 5 � -CTAGGATTACTCGCTCCTCC-3 �  
for N-terminal fusion and 5 � -GCAGATCTGATATCATCGCC-3 �  and 5 � -GGG-
TACCCTTCCGCCAGTAT-3 �  (introducing a 3 �  KpnI site) for C-terminal 
fusion. To generate N-terminal UAS-TAP-Vps34, Vps34 was cloned from 
TOPO-Vps34(N) into pUAST-NTAP (obtained from A. Veraksa, University of 
Massachussetts, Boston, MA) using KpnI and XbaI restriction sites. C-terminal 
UAS-Vps34-TAP was generated by cloning Vps34 from TOPO-Vps34(C) 
into pUAST-CTAP using EcoRI and KpnI restriction sites. 

 Histology and imaging 
 Clonal analysis of fat body tissue and lysotracker staining were performed 
essentially as previously described ( Scott et al., 2007 ), except that Lyso-
Tracker Red DND-99 (Invitrogen) was used at 100 nM. TR avidin uptake 
was performed as previously described ( Hennig et al., 2006 ), with pulse 
and chase times as indicated. For immunohistochemistry, the following anti-
bodies were used: mouse monoclonal anti – myc (9E10; 1:1,000; gift of 

Beclin1/Atg6 has been reported to localize to the trans-Golgi 

network, ER, and mitochondria ( Kihara et al., 2001 ;  Pattingre 

et al., 2005 ). It was recently shown that Beclin1 – Vps34 com-

plexes can be inhibited by the antiapoptotic factor Bcl-2 in a 

nutrient-dependent manner ( Pattingre et al., 2005 ). Bcl-2 mu-

tants that are targeted to the ER, but not to mitochondria, retain 

their capacity to inhibit starvation-induced autophagy, suggest-

ing that the ER is an important site of Beclin1-Vps34 regula-

tion. However, it is unknown how these organelles contribute to 

the formation of autophagosomes, and recent studies suggest 

that rather than budding off a preexisting compartment, the au-

tophagosomal membrane is likely to form de novo from small 

lipid transport vesicles or lipoprotein complexes ( Juhasz and 

Neufeld, 2006 ;  Kovacs et al., 2007 ). Our fi nding that myc-

2xFYVE is recruited to GFP-Atg8a – positive structures under 

starvation conditions indicates that Vps34 activity is targeted 

directly to auto phagosomes in a TOR/Atg1-dependent manner. 

Although these results do not distinguish between a role for 

TOR/Atg1 signaling in regulating Vps34 activity versus pro-

viding a platform on which Vps34 complexes can assemble, to-

gether with these previous studies they indicate that Vps34 

is likely to promote autophagy by different mechanisms from 

multiple cellular locations. 

 How the TOR signaling pathway senses intracellular lev-

els of nutrients, such as amino acids, has been poorly under-

stood despite considerable work in yeast, mammalian, and other 

model systems. The recent identifi cation of Vps34 as a trans-

ducer of this signal in mammalian cells thus represents a signifi -

cant new insight into this issue ( Byfi eld et al., 2005 ;  Nobukuni 

et al., 2005 ). However, further work is necessary to determine 

the extent to which this mechanism is generally conserved, as 

starvation appears to have opposing effects on Vps34 activity in 

different cell types ( Tassa et al., 2003 ;  Nobukuni et al., 2005 ; 

 Takahashi et al., 2007 ). The results presented here fail to sup-

port this model in  D. melanogaster , as mutation of  Vps34  did 

not appear to infl uence TOR-dependent phenotypes nor to dis-

rupt TOR-dependent signaling. This may refl ect a fundamental 

difference in signaling mechanisms between the fl y and mam-

malian systems. The makeup of Vps34 complexes has diverged 

signifi cantly between yeast and metazoans, and perhaps compo-

nents of this complex, such as Ambra1 ( Fimia et al., 2007 ), that 

appear to be unique to vertebrates may confer functions not 

found in fl ies. It is also possible that production of PI(3)P by 

Vps34-independent mechanisms is more effi cient in  D. melano-
gaster  than in mammalian cells and, thus, a role for Vps34 

in TOR signaling may be obscured by these other sources. The 

continued ESCRT function and basal level of autophagy in 

 Vps34  null mutants are consistent with this possibility. Alterna-

tively, our fi ndings may refl ect important differences between 

the roles of TOR and Vps34 in vivo versus in cultured cells as 

well as the experimental paradigms of these systems. For exam-

ple, although complete starvation is commonly used to inacti-

vate TOR in cell culture studies, such experiments may not 

accurately mimic physiologically relevant events, given the in-

herent capacity of intact organisms to buffer changes in nutrient 

levels. Additional studies in an in vivo mammalian system will 

be helpful to clarify these issues. 
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of autophagy. Fig. S4 displays endocytic and autophagic phenotypes of 
 Vps25-Vps34  mutants. Fig. S5 includes TEM and confocal analysis of  Vps25-
Vps34  single and double mutants. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.200712051/DC1. 
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 TEM morphometry and statistics 
 Five images per section were taken randomly at a magnifi cation of 2,700 
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cytoplasm  ±  SD. Signifi cance values were calculated by STATISTICA soft-
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 Immunoprecipitation and Western blot 
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In holometabolous insects including Drosophila melanogaster a 
wave of autophagy triggered by 20-hydroxyecdysone is observed in 
the larval tissues during the third larval stage of metamorphosis. 
We used this model system to study the genetic regulation of 
autophagy. We performed a genetic screen to select P-element 
insertions that affect autophagy in the larval fat body. Light and 
electron microscopy of one of the isolated mutants (l(3)S005042) 
revealed the absence of autophagic vesicles in their fat body cells 
during the third larval stage. We show that formation of autophagic 
vesicles cannot be induced by 20-hydroxyecdysone in the tissues of 
mutant flies and represent evidence demonstrating that the failure 
to form autophagic vesicles is due to the insertion of a P-element 
into the gene coding SNF4Aγ, the Drosophila homologue of the 
AMPK (AMP-activated protein kinase) γ subunit. The ability to 
form autophagic vesicles (wild-type phenotype) can be restored 
by remobilization of the P-element in the mutant. Silencing of 
SNF4Aγ by RNAi suppresses autophagic vesicle formation in wild-
type flies. We raised an antibody against SNF4Aγ and showed that 
this gene product is constitutively present in the wild-type larval 
tissues during postembryonal development. SNF4Aγ is nearly 
absent from the cells of homozygous mutants. SNF4Aγ translocates 
into the nuclei of fat body cells at the onset of the wandering stage 
concurrently with the beginning of the autophagic process. Our 
results demonstrate that SNF4Aγ has an essential role in the regula-
tion of autophagy in Drosophila larval fat body cells.

Introduction

Autophagy—“self-digestion”—is a basic, general function of the 
cell and is an evolutionarily conserved process that occurs in virtu-
ally all eukaryotic cell types from yeast to mammals. In the mature 
organism, so-called macroautophagy is a catabolic mechanism, which 

works at a very low level in each cell to maintain the normal turnover 
of the cytosol and organelles by eliminating damaged, unfunc-
tioning or defective cellular organelles and long-lived proteins. 
During macroautophagy, portions of the cytoplasm are sequestered 
in a double-membrane structure, giving rise to autophagosomes, 
which in turn fuse with lysosomes. Upon the fusion, inside the 
formed autolysosomes, the engulfed material is digested by lyoso-
somal enzymes and recycled for synthetic and energy-producing 
processes.�-3 Although there are at least three distinct autophagic 
pathways: macroautophagy, microautophagy and chaperone-medi-
ated autophagy, we will focus on macroautophagy and use the term 
autophagy. For many years until recently, autophagy has been consid-
ered as type II programmed cell death, beside type I programmed 
cell death (apoptosis).4,5 Later, autophagy was also described as a 
mechanism of self-defense against starvation, hypoxia or physical 
and chemical influences.6-�� During the last few years, accumulating 
data prove that autophagy is involved in many other physiological 
processes such as remodeling, aging, cell growth control, innate 
immunity, and defense against invading microorganisms.�2-�9

The genetic regulation and molecular machinery of autophagy 
has been originally described in yeast.20-23 Using genetic screens 
that allow identification of genes involved in autophagy, about 30 
genes were characterized in unicellular fungal systems. Since then, a 
considerable amount of work focused on the cellular functions of the 
homologs of yeast autophagy-related (Atg) genes in higher organisms. 
More than half of them have proven to possess the same or similar 
roles in autophagy in plants, nematodes, flies and mammals.24

Insect metamorphosis represents one of the most extreme exam-
ples for this process, since in most larval tissues a mass of autophagic 
vesicles is observable before and during the destruction of the 
epidermis,25 salivary gland,26 larval midgut,27,28 Malpighian tubes,29 
prothoracic glands30 and fat body.3�,32 These vesicles appear in a 
well determined time of the postembryonal development and their 
appearance is under the control of the insect molting hormone.33

Genome-wide microarray and SAGE analyses have been performed 
in the larval salivary gland34,35 and in the fat body36 to identify genes 
involved in hormone induced metamorphotic changes, including 
autophagy, but much additional work is necessary to find out which 
of the up- or downregulated genes are related directly to autophagic 
processes.
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In the present work, we used a powerful forward genetic approach 
to select and identify autophagy genes in Drosophila melanogaster. By 
this method, the direct effect of a P-element induced loss-of-func-
tion mutation can be observed at the phenotypic level and can be 
followed experimentally in developing Drosophila larvae.

Among the identified genes found to contribute to the regula-
tion of the autophagic process, one encodes the SNF4Aγ gene, 
which is the Drosophila orthologue of the mammalian AMPK 
(AMP-activated protein kinase) γ subunit. At the cellular and whole 
body level, the AMPK complex is responsible for the maintenance 
of the energy balance through regulation of various anabolic and 
catabolic pathways, hence we became interested in studying its role 
in autophagy.

Results

Identification of loss-of-function autophagy genes in P-element-
generated mutant collections. Lines with late larval lethal phenotype 
were selected from 2nd (Bloomington) and 3rd 44 chromosome P-
insertion mutant collections to identify mutations with a fat body 
phenotype. Altogether, 400 late larval lethal lines are registered in 
the two collections, and 3�5 of them were tested at our laboratory. 
In the first screen, those in which the acidic acridine orange, neutral 
red and/or LysoTracker Red-stained granules were absent from the 
fat body or the number, size or distribution of the granules were 
strongly different from those of the wild-type larvae (50 lines) were 
considered as positive hits. These observations were also verified by 
electron microscopy. Larvae from all of these lines were treated with 
20-hydroxyecdysone (20-OHE). Those mutants which were able to 
form granules after the hormonal administration were separated for 
further studies (9 lines). The remaining 4� lines were crossed with 
appropriate deletions. Formation of the granules was inhibited in 
32 hemizygotes. We could restore the original, wild-type pheno-
type in 2� lines by remobilization of the P-element. One of our 2� 
remaining hits was the �(3)S005042 line. In the present paper we 
describe in detail our results concerning this mutant.

Morphology of the larval fat body cells. During the feeding 
period of the last larval stage (L3F), in wild-type (Oregon) animals 
the isodiametric, large fat body cells were filled with several huge lipid 
droplets. The droplet-free cytoplasm and the nucleus were situated 
generally in the central part of the cell. In this developmental phase, 
there were no autophagosomes, autolysosomes, protein granules or 
multivesicular bodies in the trophocytes (Fig. �A, D and G).

In the wild-type at the late larval (wandering, L3W) period, many 
acridine orange/LysoTracker-positive acidic granules were formed in 
the trophocytes of the wild-type animals, corresponding mainly to 
autophagic vesicles. At the ultrastructural level, a mass of autophago-
somes, huge autolysosomes (30–50/cell), some multivesicular bodies 
and protein storage granules could be seen in the cytoplasm (Fig. 
�B, E and H).

In the �(3)S005042 mutant line, the total absence of neutral red/
acridine orange-positive structures was the first phenotypic sign of 
the defect in autophagy. Our ultrastrucural observations revealed that 
the fat body cells were essentially unable to form autophagosomes, 
lysosomes or autolysosomes, and only �–2 autophagic structures/cell 
section were present in the trophocytes of the mutant larvae during 
the wandering and prepupal period. The number and size of the lipid 
droplets and the size of the glycogen areas were normal; the structure 

of the nucleus, mitochondria and Golgi areas did not show any 
alterations relative to the controls (Fig. �C, F and I).

The larval fat body cells of l(3)S005042 did not respond 
to 20-hydroxyecdysone treatment. Since autophagy is 20-OHE 
dependent, we tested if it takes place following hormone treat-
ment in the fat body cells of l(3)S005042 mutants. Wild-type and 
l(3)S005042 homozygous animals were treated with the hormone 
during the feeding period of the last larval stage. In controls, 
autophagic structures appear in the fat body (Fig. 2A), while in 
mutants the morphological signs of autophagy could not been 
observed (Fig. 2B).

Impaired starvation-induced autophagy in l(3)S005042 mutant 
fat bodies. Next, we wanted to test if the mutant fat body cells 
have the capability to build the structures seen in autophagy. To 
examine this we chose amino acid starvation, which results in massive 
autophagic activity in the fat body. Four hours of amino acid depriva-
tion of the L3F larvae resulted in intense acridine orange staining in 
the wild-type (Fig. 3A). However, the same treatment had no effect 
in the accumulation of autophagic vesicles in the fat body cells of 
homozygous l(3)S005042 larvae (Fig. 3B).

l(3)S005042 mutant flies carry a P-element insertion in the 
SNF4Aγ gene. The P-element was localized to cytological position 
93C�–C5 in the third chromosome, uncovered by the eN�9(93B,94) 
and the eR�(93B,93D) deficiency.

Inverse PCR on l(3)S005042 genomic DNA was used to localize 
the insertion site of the P-element. The P-element is inserted in the 
sixteenth intron of the SNF4Aγ gene, the γ-subunit of Drosophila 
AMP-activated protein kinase (AMPK). The SNF4Aγ gene may 
encode a number of alternatively spliced transcripts (data from 
FlyBase), and the different mRNAs encode at least seven different 
protein isoforms, all sharing the same C terminus containing the so-
called CBS domains responsible for the AMP-binding while varying 
in their N-terminal parts (Fig. 4).

The exact site of the insertion is 29 bp upstream of the transcrip-
tion start site of the SNF4Aγ-RL transcript, which is very close (57 bp 
upstream) to the SNF4Aγ-RG start site. Since nine of the twelve tran-
scripts contain the sixteenth intron, and the insertion may also affect 
the transcription of the SNF4Aγ-RG, SNF4Aγ-RL and/or SNF4Aγ-
RI transcripts, almost all messages may be altered by the P-element.

We tested ten other P-element insertions in the SNF4Aγ region 
(Fig. 4). Only one of them (l(3)S0�27�9, from the Szeged Stock 
Center) showed defective autophagy in homozygous late third instar 
larvae, with very similar phenotypic features to those observed in the 
l(3)S005042 mutants. l(3)S005042/l(3)S0�27�9 transheterozygotes 
died before pupariation. The P-element in the l(3)S0�27�9 strain 
inserted 53 bp upstream of the l(3)S005042 insertion site.

Interestingly, the two closest P-element insertions located upstream 
of the l(3)S005042 site (EP30�5b and EP33�0) caused lethality 
before the L3 stage. In contrast, flies homozygous for the EP648 
insertion 24 bp downstream from the l(3)S005042 site (thus only 
5 bp from the SNF4Aγ-RL transcription start site) are fully viable, 
without any signs of autophagy defects in late L3 larvae. This finding 
suggests that mutations in the genomic region ~20–500 bp upstream 
of the SNF4Aγ-RL transcription start site may affect the autophagy-
related function of the SNF4Aγ gene.

SNF4Aγ-RG, -RL and -RI mRNA expression was analyzed by 
RT-PCR in wild-type and mutant third instar larvae. The RG and 
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RL transcripts were nearly absent in mutant L3 larvae, and transcrip-
tion of SNF4Aγ-RI was also strongly reduced (Fig. 5).

Autophagy is restored in revertants. To verify that the observed 
phenotype, the absence of the autophagic structures, is indeed 

caused by the insertion of the P-element into the SNF4Aγ gene, 
we remobilized it to see if it restores the wild-type phenotype. We 
established lines which showed reversion of the autophagy-defec-
tive phenotype. Several revertant lines were generated. All revertants 

Figure 1. Acridine orange (A–C) and LysoTracker (D–F)-staining, and electron microscopy images (G–I) of whole-mount fat bodies of wild-type L3F, L3W 
and homozygous mutant larvae, respectively. DAPI stain was used for nuclei. (B and E) Acidic granules fill fat body cells of wild-type L3W larvae. These 
structures are missing in the early—L3F—stage (A and D) and the homozygous l(3)S005042 late third stage larval fat bodies (C and F). At the electron 
microscopy level, no autophagosomes or autolysosomes can be seen in feeding wild-type animals (G), whereas autophagic vesicles and protein granules 
accumulate in the cytoplasm during the L3W period (H). Fat bodies of homozygous l(3)S005042 larvae lack autophagic structures (I). Scale bar represents 
25 μm for (A–F), and 1 μm for (G–I).

Figure 2. Effect of 20-OHE treatment on feeding wild-type and homozygous 
l(3)S005042 larvae, stained with LysoTracker and DAPI. (A) In control fat 
bodies, acidic vesicles were formed after the treatment, whereas mutant larval 
trophocytes did not respond to 20-OHE (B). Scale bar represents 25 μm.

Figure 3. Acridine orange-stained whole-mount fat bodies of starved L3F 
wild-type and homozygous l(3)S005042 larvae. Nuclei were visualized 
with DAPI. (A) Acidic granules were present after 4 hours of starvation in 
wild-type fat body cells. (B) Larval fat bodies of the homozygotes did not 
show increase in the amount of acridine orange-positive granules. Scale bar 
represents 25 μm.
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were fully viable and fertile, and autophagy was normally induced. 
Acridine orange staining revealed huge amount of acidic vesicles 
in fat bodies of late third instar larvae (Fig. 6A), while numerous 
autophagic vesicles appeared between the lipid droplets in electron 
microscopy images (Fig. 6B). The precise excision of l(3)S005042 
insertion restored the wild-type phenotype.

SNF4Aγ RNAi supresses autophagy in late larval fat body. To 
check the biological consequences of the SNF4Aγ deficiency, we 
generated a Gal4 regulated transgene that contains an inverted repeat 
specific to the common 3' end of the transcripts (UAS-SNF4IR). 
To obtain directed SNF4Aγ silencing, lines carrying UAS-SNF4IR 
transgenes were crossed to the cg-Gal4 driver line. This driver 
expresses Gal4 in the fat body and in the hemocytes. In order to 
examine the effect of Gal4/UAS-induced SNF4Aγ inactivation 
specifically in L3W larvae, we used a temperature-sensitive Gal80 
insertion. In this system, the activator function of the Gal4 protein 
is repressed by a ubiquitously expressed temperature-sensitive Gal80 
protein (Gal80ts) (functional at �8°C, non-functional at 32°C). 
When early L3 animals carrying only the cg-Gal4 driver and the 

tubulin(tub)—Gal80ts gene were placed at 32°C for two days, we 
saw no change in the normal quantity of acidic granules in their fat 
body after the beginning of wandering (Fig. 7A). In contrast, restric-
tive temperature resulted in the absence of these structures during 

Figure 4. The genomic region adjacent to the P-element insertion site. The predicted exon-intron structures of the SNF4Aγ-RA to SNF4Aγ-RL transcripts are 
shown. Translational start codons are indicated by small arrows, and the predicted size of the translated protein by bold numbers. The grey arrow shows 
the exon used for antibody generation (see later). Large arrowheads indicate P-element insertions tested during this work, which are the following: (1) EP648 
(Szeged); (2) l(3)S005042 (Szeged); (3) l(3)S012719 (Szeged); (4) EP3015b (Szeged); (5) EP3310 (Szeged); (6) EP3332 (Szeged); (7) EP3176 (Szeged); 
(8) KG10152 (Bloomington); (9) EP772 (Szeged); (10) KG00325 (Bloomington); (11) EY07066 (Bloomington). For better visibility, we magnified the 3' 
part of the genomic region containing most of the insertions.

Figure 5. SNF4Aγ-RG, SNF4Aγ-RL and SNF4Aγ-RI mRNA expression was 
analyzed by RT-PCR in wild-type control (+/+) and homozygous mutant (-/-) 
third instar larvae. Expression of each of the three transcripts was decreased 
significantly in the mutants. Actin5C was used as a loading control.
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wandering and led to a longer larval stage in animals also carrying 
the UAS-SNF4IR construct (Fig. 7B).

Partial rescue of the autophagy-defective phenotype of the 
l(3)S005042 mutants. We used again the UAS-Gal4 system 
to generate transgenic flies expressing the SNF4Aγ-RG cDNA 
under heat-shock control. Flies carrying the UAS-SNF4Aγ-RG 
cDNA were crossed to hs-Gal4 flies in the l(3)S005042 mutant 
background. Some of the offspring L3F larvae were heat-shocked 

(4 h, 32°C) to induce Gal4, and thus SNF4Aγ-RG expression. 
Homozygous mutant L3F larvae lacking the transgene construct 
served as a negative control (data not shown). In two hours, fat 
body cells of heat-shocked UAS-SNF4Aγ-RG carrying mutant 
larvae contained the normal amount of LysoTracker-positive gran-
ules (Fig. 8B), and these larvae were able to pupariate. Larvae with 
the same genotype kept at 2�°C did not show restoration of the 
mutant phenotype, and died before pupariation (Fig. 8A). This 
result suggests that the overexpressed SNF4Aγ-RG cDNA was 
able to partially rescue the autophagy mutant phenotype of the 
l(3)S005042 strain.

Generation of the anti-SNF4Aγ antibody. SNF4Aγ antibody 
was raised against a protein corresponding to a shared exon of the 
SNF4Aγ-RA, SNF4Aγ-RB and SNF4Aγ-RF transcripts (ninth exon 
of the SNF4Aγ coding region, see Fig. 4; �94 amino acids). This 
exon was chosen for immunization because the SNF4Aγ-RF tran-
script was earlier described as loeI cDNA,45 which, when mutated 
due to a P-element insertion, caused a neurodegenerative pheno-
type in Drosophila. Characterization of the recombinant protein 
expressed in E. coli, and fly SNF4Aγ is shown in Figure 9. Western 
blots performed with the anti-SNF4Aγ antibody detected a ~28 kDa 
band corresponding to the recombinant bacterial protein used for 
immunization, and a ~�05 kDa protein in late third stage larvae, 
which presumably corresponds to the 947 amino acid SNF4Aγ-RA 
or SNF4Aγ-RB transcript.

SNF4Aγ expression during Drosophila development. After 
verifying that our SNF4Aγ antibody specifically recognizes its target 
protein, an analysis of SNF4Aγ protein expression during devel-
opment of w���8 wild-type animals was performed. Western blot 
analysis of whole extracts showed one protein band with �05 kDa 
molecular weight. As shown in Figure �0, this �05 kDa SNF4Aγ 
protein was not detected in embryos, a weak expression was observed 
in first instar larvae, and a strong increase, and then a relatively 
uniform level of the protein was detected throughout the later larval 
and pupal stages. We did not find difference in the expression pattern 
of female and male L3 larvae (Fig. ��). These results are consistent 
with the idea that at least the SNF4Aγ-RA/RB transcript may have 
specific functions during the larval-pupal stages.

We tested our anti-SNF4Aγ antibody on western blots prepared 
from homozygous mutant third instar larvae. Expression of the �05 
kDa SNF4Aγ protein was significantly reduced in L3F larvae, and 
was undetectable in L3W larvae (Fig. �2).

SNF4Aγ expression in SNF4Aγ-silenced wild-type flies. Western 
blot analysis was performed to confirm that the �05 kDa protein 
detected by our SNF4Aγ antibody truly corresponds to one of 
the SNF4Aγ translation products. We used the same Gal80ts/Gal4 
system to induce RNAi in L3W larvae (described above), except for 
the Gal4 driver, this time containing a ubiquitously expressed actin 
promoter to silence the SNF4Aγ gene in the whole larval body.

The level of the �05 kDa protein was markedly decreased in 
extracts from heat-shocked larvae containing the UAS-SNF4IR 
construct (Fig. �3, lane �), whereas almost the same quantity was 
present in the heat-shocked control (same genotype without UAS-
SNF4IR, Fig. �3, lane 2) and wild-type L3W larvae (Fig. �0).

SNF4Aγ localization in the larval fat body. We examined the 
expression of the SNF4Aγ protein in third instar larval fat body cells 
by immunohistochemistry. The protein showed uniform cytoplasmic 

Figure 6. Late third instar larval fat bodies from revertant strains show 
complete restoration of the wild-type phenotype both at the light microscopy 
(acridine-orange and DAPI staining) (A) and electron microscopy level (B). 
Scale bar represents 25 μm in (A), and 1 μm in (B).

Figure 7. After RNAi induction, SFNF4IR suppresses the formation of acidic 
vesicles in late third instar larval fat body, suggesting inhibition of autophagic 
activity. (A) Trophocytes are filled with acidic vesicules in Gal80ts/cgGal4; 
+/+ L3W larvae. (B) After induction of RNAi at the restrictive temperature, 
acidic structures did not appear in Gal80ts/cgGal4; UAS-SNF4IR/+ L3W 
larvae. Scale bar represents 25 μm.

Figure 8. Heat-shock-induced overexpression of the wild-type SNF4Aγ-RG 
cDNA in homozygous mutant third instar larvae resulted in normal amount 
of LysoTracker-positive granules in their fat body cells (B), indicating restora-
tion of autophagy. In contrast, larvae with the same genotype kept on room 
temperature did not show rescue of the mutant phenotype (A). Scale bar 
represents 25 μm.
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localization in fed early L3s, (Fig. �4A–A"), and a strong nuclear 
accumulation was observed later, in wandering larvae (Fig. �4B–B"). 
The same localization pattern was seen in L3F larvae after 4 h of 
starvation (Fig. �4C–C") or after 8 h of hypoxia (data not shown).

In fat body cells of homozygous mutant larvae, the antibody did 
not recognize any SNF4Aγ protein (Fig. �4D–D").

Discussion

In development and differentiation, autophagy is involved in 
morphogenetic changes during cell death, representing an integral 
part of normal development. Autophagic cell death is activated by 
a genetic program of development, when massive cell elimination 
is required in a tissue, organ or organ system. Extremely intensive 
formation and accumulation of autophagosomes and activation of 
the lysosomal system was observed in mammals, during the early 
development and differentiation of the pro- and meso-
nephros, Mullerian ducts, pharyngeal structures, limbs, 
heart and nervous system, and during the postembryonal 
development of the larval organs in amphibians and 
insects. These morphological and biochemical changes are 
in precise coincidence with the death and elimination of 
cells, tissues and even organs in developing systems.7,46-48

In insects it has been shown that 20-OHE stimulates 
autophagy in vivo and in vitro,33,49-5� and this inductive 
effect can be inhibited at the transcriptional and transla-
tional level.5�,52 The 20-OHE-receptor complex acts as 
an activator of early genes encoding transcriptional factors 
which in turn stimulate late (effector) genes involved in the 
regulation of all metamorphotic changes in larval tissues 
including autophagy.53-57 20-OHE also has a strong influ-
ence in the regulation of the synthesis and activity of the 
lysosomal enzymes.26,36,58-6�

The main aim of the present work was to select and identify 
autophagy-related genes in Drosophila melanogaster. Late larval lethal 
strains generated by P-element mutagenesis were screened to find 
mutants showing defects in the formation of autophagic structures 
(acidic granules identified by light and electron microscopy) in the 
larval fat body cells.

One of the candidate mutants is the l(3)S005042 strain, where 
the P-element is inserted in the SNF4Aγ gene. The SNF4Aγ protein 
is one of the regulatory subunits of the AMP-activated protein 
kinase (AMPK) complex in Drosophila. AMPK is an evolutionarily 
conserved master switch in the cellular energy balance activated 
by increases in AMP during metabolic stress. It inhibits anabolic 
processes (fatty acid, glycogen, protein synthesis, etc.) and stimulates 
catabolic pathways that generate ATP (fatty acid oxidation, glycol-
ysis). AMPK also has a key role in the regulation of the whole body 
energy balance, initiating feeding behavior in response to hypogly-
cemia and causing an increase in the rate of breathing in response to 
hypoxia.62 Its yeast homologue, the Snf�/Snf4 kinase complex is also 
activated by stress, most importantly by glucose limitation. Unlike 
AMPK, the Snf�/Snf4 complex is AMP-independent.63

AMPK is a heterotrimer, where the α subunit is responsible for the 
catalytic activity and the β and γ subunits have regulatory functions. 
The three subunits have a similar domain structure in all eukaryotes. 
The γ subunits contain variable N-terminal regions followed by 
four highly conserved repeat sequences at the C terminus, the CBS 

(cystathionine-b-synthase) domains that are important for the allo-
steric control of the α subunit by binding AMP.64,65 The Drosophila 
genome contains single α, β and γ subunit genes,66 in contrast to 
yeast and mammals, where multiple subunit isoforms are encoded 
by distinct genes. Therefore the Drosophila model provides a simpler 
tool to study evolutionarily conserved functions of AMPK.

Here we present molecular genetic and immunocytochemical 
data demonstrating that SNF4Aγ participates in the regulation of 
developmental and stress-induced autophagy in Drosophila. In 
the l(3)S005042 mutants, fat body cells are unable to undergo 
autophagy in response to 20-OHE treatments and starvation. 
These observations confirm the necessity and physiological role 
of the SNF4Aγ gene in autophagy. In order to collect further data 
on the function of the SNF4Aγ protein, a polyclonal antibody was 
developed. The antibody detected a ~�05 kDa band constitutively 
present in all of the investigated larval and pupal extracts, presum-
ably corresponding to the 947 amino acid SNF4Aγ-PA/PB proteins. 
The immunoblots showed that this gene product was nearly absent 
from homozygotes and gene silenced animals, suggesting that it is a 
prerequisite of autophagy, and that its presence is necessary for the 
process.

RT-PCR analysis confirmed strongly reduced expression of 
the SNF4Aγ-RG, SNF4Aγ-RL and SNF4Aγ-RI transcripts in 
mutant third instar larvae. On the other hand, overexpression of 
the SNF4Aγ-RG transcript resulted in partial rescue of the mutant 

Figure 9. The SNF4Aγ antibody specifically recognizes its cognate protein, 
the recombinant partial SNF4Aγ in E. coli (lane 1) and the endogenous 
SNF4Aγ protein in Drosophila third stage larval extract (lane 2). Arrowheads 
show the 28 kDa band in lane 1 and the 105 kDa band in lane 2.

Figure 10. Expression of SNF4Aγ protein increases during development. Whole cell 
extracts were prepared from Drosophila embryos (E), larvae (L1-L3W), prepupae (PP), 
white pupae (WP) and pupae (P), and were probed for the SNF4Aγ protein by western 
blot analysis. α-tubulin was used as a loading control.
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phenotype in the homozygotes, suggesting that SNF4Aγ proteins 
really participate in the regulation of autophagy.

Inhibition of Tor-dependent signalling by rapamycin is known to 
stimulate autophagy.�2,5�,67-68 Overexpression of tuberous sclerosis 
complex � and 2 (TSC�/2) in Drosophila fat body cells induces 
autophagy in fed larvae, whereas in TSC� and TSC2 Drosophila 
mutants, starvation-induced autophagy was supressed.�2 The active 
TSC�/2 complex functions as an inhibitor of Rheb, the major posi-
tive regulator of Tor.69 As TSC�/TSC2 is known to be activated 
by AMPK through phosphorylation,64 AMPK is a possible nega-
tive regulator of Tor. (Fig. �5). Growing evidence suggests that, 
in this way, AMPK is also implicated in autophagy both in yeast 
and mammals. A yeast genetic screen revealed that Snf� controls 

autophagy via Atg� and Atg�3,70 whereas another yeast study found 
a direct connection between the prevention of the association of 
Atg� and Atg�3 due to Tor-induced Atg�3 hyperphosphorylation 
and the repression of autophagy.68 LKB�-AMPK pathway-depen-
dent signaling permits mammalian cells to survive growth factor 
withdrawal and metabolic stress through autophagy.72 Ischemia 
in the mouse heart also stimulates autophagy through an AMPK-
dependent mechanism.73 A recent study suggests that AMPK 
inhibits Tor and induces autophagy in nonstarved cells due to a 
rise in the free cytosolic Ca2+, via the Ca2+/calmodulin-dependent 
kinase kinase-β (CaMKK-β)-AMPK-TSC�/2-Rheb-Tor signaling 
pathway.74

Surprisingly, the SNF4Aγ protein recognized by our antibody 
translocated from the cytoplasm into the nuclei at the beginning of 
the formation of autophagic structures during normal development. 
This movement could be also induced by 20-OHE administration, 
starvation and hypoxia. Using PredictNLS,75 we found a nuclear 
localization signal in the 8th exon of snf4aγ corresponding exclusively 
to the PA, PB and PF proteins. Although our finding about the trans-
location of SNF4Aγ was rather unexpected, there are some previous 
data supporting a nuclear role for AMPK. In yeast, there is an age-
associated shift of the SNF4Aγ protein from the plasma membrane 
to the nucleus,76 and in response to glucose limitation, the active 
kinase complex (containing the Gal83 β subunit) also accumulates 
in the nucleus.77 In human skeletal muscle, exercise enhances the 
nuclear translocation of the AMPK complex containing the α2 
subunit.78,79 There are also some data concerning the nuclear func-
tion of the AMPK complex: it regulates nuclear proteins involved in 
gene transcription by direct phosphorylation.80

Our results suggest that SNF4Aγ can act in the nucleus, influ-
encing gene regulatory processes during the induction of autophagy. 
Therefore, AMPK may regulate the autophagy process at multiple 
levels. Nuclear transport of the �05 kDa SNF4Aγ subunit may 
be needed to fulfill its role in the regulation of autophagy at the 
transcriptional level, whereas some SNF4Aγ proteins can reside in 
the cytoplasm completing the Tor-inhibiting effect of cytoplasmic 
AMPK, and to accomplish the canonical functions of AMPK.

During the past several years considerable advances have been 
achieved in determining the functions of autophagy-related (Atg) 
genes in yeast, and—using reverse genetic approaches—on the role 
of their orthologues in higher eukaryotes. Although, it is obvious to 
suppose that in highly organized animals more and different genes 
and regulatory pathways are involved in this process, our knowledge 
of the biology, regulation and molecular machinery of autophagy 
remains quite incomplete in multicellular organisms.

We performed a forward genetic screen in Drosophila to find 
genes associated with autophagy. The applicability and efficiency 
of our approach is proved by those hits (like the SNF4Aγ gene, 
presented here) which were also identified in two genome-wide anal-
yses performed on dying Drosophila salivary gland.34,35 Moreover, 
the involvement of AMPKγ in the regulation of autophagy in 
cultured mammalian cells has been suggested.73,74 The similar results 
originating from the two different and independent sets of experi-
ments emphasizes again that forward genetics is a proper and useful 
approach to identify autophagy genes. Furthermore, these findings 
have practical significance since genes and gene products regulating 
autophagy in multicellular organisms may represent new targets for 

Figure 11. Expression of SNF4Aγ protein in third instar female and male 
larvae.

Figure 12. Compared with the wild-type L3F (lane 1) and L3W (lane 3) ani-
mals, the 105 kDa SNF4Aγ protein is very weakly expressed in homozygous 
mutant L3F (lane 2) and L3W larvae (lane 4).

Figure 13. Induction of RNAi by heat-shock results in strong decrease in the 
quantity of the 105 kDa protein in Gal80ts/actGal4; UAS-SNF4IR/+ L3W 
larvae (lane 1), in contrast with control Gal80ts/actGal4; +/+ L3W animals 
(lane 2). The arrowhead marks the 105 kDa band.
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Figure 14. Pattern of SNF4Aγ protein localization in wild-type third instar larval fat body. In contrast with normally fed early L3 larvae (A–A"), the SNF4Aγ 
protein accumulated in the nucleus in the wandering period (B–B"), and in early L3 larvae during starvation (C–C"). No SNF4Aγ protein was detected in 
homozygous l(3)S005042 mutant larvae (D–D"). Scale bar in (A) represents 25 μm for all.

drug design and may help us to combat against widespread diseases 
such as strokes, neurondegenerative or developmental disorders.

Materials and Methods

Fly stocks. All Drosophila strains were maintained in a w1118 
background, and all of the crosses and treatments were done at 25°C 
except where indicated.

For the revertant generation, the third chromosomal P-
element was mobilized by crossing l(3)S005042/TM6,Tb flies to 
the TM3,Ser,delta2-3/Dr,delta2-3 strain.37 The F� l(3)S005042/
TM3,Ser,delta2-3 males were crossed to the original P-element-
carrying l(3)S005042/TM6,Tb females individually. The non-Tb, 
non-Ser, non-white-eyed viable progeny represented heterozygotes 
carrying the revertant third chromosome and were used to establish 
a stock.

Microinjection of the UAS-SNF4IR and the UAS-SNF4Aγ-RG 
construct (see below) into w1118 embryos was carried out by standard 
P-element-mediated germ line transformation.38

UAS-SNF4IR and tubulin-GAL80ts 39 transgenes were combined 
in the same lines and crossed with the cg-Gal4 or the act-Gal4 line 
(Bloomington) which drives expression in fat body cells or in the 
whole body, respectively. Development was allowed to proceed at 
�8°C until the beginning of the third larval stage (84-hours after egg 
laying); individuals were then shifted to the restrictive temperature 
(32°C) for 48 hours.

For rescue experiments, a UAS-SNF4Aγ-RGCyO,hsGal4UAS- 
GFP; l(3)S005042/TM6Tb strain was generated (CyO,hsGal4UAS- 
GFP flies were obtained from Bloomington), and fat body cells  
of starved L3F larvae were examined with respect to autophagy  
induction.

Acridine orange and LysoTracker staining. Fat body from fed 
or starved larvae was dissected in phosphate-buffered saline (PBS), 
and then incubated for 5 min in 5 mg/ml acridine orange in PBS40 
or in �00 μM LysoTracker Red DND 99 (Molecular Probes), and � 
μg/ml DAPI (Sigma). Fat bodies were transferred to 80% glycerol in 
PBS on glass slides, covered and immediately photographed live on 
an OlympusBX-5� fluorescence microscope with FluoView digital 
imaging software.

Electron microscopy. Fat bodies were fixed in 2% glutaraldehyde 
in 0.� M cacodylate buffer, pH 7.2. Samples were postfixed with 2% 
OsO4 and �.5% KFeCN in the same buffer, and 40–50 nm sections 
were observed in a JEOL CM-II �00 electron microscope.

Inverse PCR. Genomic DNA preparation was performed using 
standard methods. Inverse PCR4� was performed using the recom-
mended primers and restriction enzymes as described at http://www.
fruitfly.org/about/methods/inverse.pcr.html for the P{lacW} trans-
poson.

Reverse transcriptase PCR (RT-PCR). Total RNA from third instar 
larvae was extracted with RevertAid Total RNA Isolation Kit (Fermentas), 
and reversely transcribed using First Strand cDNA Synthesis Kit 
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Figure 15. Possible role of AMPK in the regula-
tion of autophagy via the Tor kinase pathway. In 
Drosophila and mammals, insulin-like receptor 
activation (via PI3K and Akt/PKB) and AMPK 
can act antagonistically to regulate TOR signal-
ing through inhibitory and activating phosphory-
lation of TSC2, respectively. Arrows indicate 
activation, bars inhibition.

(Fermentas) with random primers. The following specific primers were 
used to amplify the three SNF4Aγ transcripts and the loading control 
Actin5C by PCR: 5'-CTTCTTCTTGAGTGCGCGGT-3' and 
5'-GTCTTGTTTTTGCCGCTTGG-3' (SNF4Aγ-RG), 5'-CTG 
GCGCTCGCTAAACTCTT-3' and 5'-GTCTTGTTTTTGCCG 
CTTGG-3' (SNF4Aγ-RL), 5'-ACGGGCAGACGACACAAAAT-
3' and 5'-AAGACAACCAACTTGGCGGA-3' (SNF4Aγ-RI) and  
5'-GTCGCTTAGCTCAGCCTCG-3' and 5'-TAACCCTCGTAG 
ATGGGCAC-3' (Actin5C).

Generation of the RNA interference construct. The SNF4Aγ 
RNA interference (RNAi) construct was created with a 0.7 kb 
PCR fragment of the common 3' terminal region using ExTaq 

DNA polymerase (Takara) and the primers 
5'AATCTCGCCGCCGAGAAA3' and 
5'GTCAGTGACTGGCCCAAA3' flanked 
with BglII and XhoI sites, respectively. The 
PCR fragment was subcloned into the 
Topo-TA PCR Cloning vector (Invitrogen), 
then the fragment was transferred into the 
modified pUAST vector pWizMod suitable 
for dsRNA generation (GenBank accession 
number AB�86054; reviewed in ref. 42). 
In the first step, the fragment was inserted 
into the BglII-XhoI site of the pWizMod 
vector. In the second step, the same insert 
was cut out from Topo-TA by KpnI-XbaI 
double digestion and inserted in the oppo-
site orientation into the KpnI-XbaI sites of 
the intermediate plasmid obtained from the 
first step. The resulting plasmid was named 
UAS-SNF4IR.

Generation of the rescue construct. To 
generate the UAS-SNF4Aγ-RG vector, the 
ORF coding for the SNF4Aγ-RG transcript 
was excised from the full-length cDNA 
clone LD30628 (obtained from Drosophila 
Genomics Resource Center, Bloomington) 
as an EcoRI-XhoI fragment and was ligated 
into the pUAST Drosophila transformation 
vector, and the resulting plasmid UAS-
SNF4Aγ-RG was used for transformation.

Generation and purification of the 
recombinant SNF4Aγ partial protein. 
Molecular cloning techniques were 
performed according to standard proce-
dures.43 PCR amplification of the ninth 
SNF4Aγ exon was done using ExTaq DNA 
polymerase (Takara) with the primers 5' 
GAGGTCGGCTGACCCGCAGG 3' 

and 5'GGGGAATCTAGATTAACTAATTATTCG 3'. The PCR 
product was directly cloned into the pQE-UA bacterial expression 
vector (Qiagen), and a recombinant protein encoding the SNF4Aγ 
partial protein fused to an N-terminal hexahistidine tag was 
expressed in E. coli M�5 cells. Protein purification was performed 
using the QIAexpressionist kit of Qiagen. Rabbits were immunized 
with the fusion peptide, and the obtained polyclonal antiserum was 
used for further investigation.

Preparation of protein extracts. Embryos, larvae and pupae were 
homogenized in �x SDS electrophoresis running buffer supplemented 
with 2 mM Complete Proteinase Inhibitor Cocktail prepared from 
ready-to-use water soluble tablet (Roche) in a microcentrifuge tube 
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using a pestle. The homogenate was centrifuged for � min at �3000 g 
at 4°C in a benchtop centrifuge, then the supernatant was collected, 
aliquoted and frozen.

Western blots. � mg of total proteins prepared from 0–4 h old 
Drosophila (w���8) embryos, and each larval and pupal stage were 
subjected to SDS PAGE separation and transferred to nitrocellulose 
membrane for western blot analysis. Membranes were blocked in 
5% milk prepared in TBS (�0 mM Tris, pH 7.5, �00 mM NaCl), 
and hybridizations were carried out overnight at 4°C using �:750 
dilution of the SNF4Aγ antibody in 3% milk + TTBS (�0 mM Tris, 
pH 7.5, �00 mM NaCl, 0.05% Tween). Membranes were washed 
three times (5 min each) in TTBS after hybridization. Alkaline-phos-
phatase-conjugated mouse anti-rabbit antibodies (Amersham) were 
used in �:2000 dilution in 3% milk + TTBS, and the proteins were 
detected using NBT/BCIP (Sigma).

Prestained molecular weight marker (PageRulerTM Prestained 
Protein Ladder, Fermentas) served as the standard. Equal loading of 
samples was confirmed using an anti-α-tubulin antibody (DSHB 
AA4.3).

Immunocytochemistry. Immunocytochemistry was performed 
using standard techniques. Fat bodies from third instar larvae were 
dissected and fixed with 2% paraformaldehyde in PBS for �5 min 
at room temperature (RT). Samples were washed 2 x 5 min in 
PBS, then were incubated for 20 min in PBS + 0.�% Triton X-�00. 
Following a 3 x 5 min wash with PBS, nonspecific binding sites 
were blocked by � hr incubation with 3% milk powder in PBS. 
Incubations with primary and secondary antibodies were performed 
in the blocking buffer overnight at 4°C and for � hr at RT respec-
tively. Primary antibodies were used at a dilution of �:�00 (rabbit 
anti-SNF4Aγ; see above for preparation of SNF4Aγ antibodies). 
Anti-rabbit-Cy3 (Sigma; C-2306) secondary antibodies were used 
at a dilution of �:400. An Olympus BX-5� fluorescence microscope 
with FluoView digital imaging software was used to image fluores-
cently labeled antibodies.
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Abstract
In response to nutrient deficiency, eukaryotic cells activate macroautophagy, a degradative process in which
proteins, organelles and cytoplasm are engulfed within unique vesicles called autophagosomes. Fusion of
these vesicles with the endolysosomal compartment leads to breakdown of the sequestered material into
amino acids and other simple molecules, which can be used as nutrient sources during periods of starvation.
This process is driven by a group of autophagy-related (Atg) proteins, and is suppressed by TOR (target
of rapamycin) signalling under favourable conditions. Several distinct kinase complexes have been implic-
ated in autophagic signalling downstream of TOR. In yeast, TOR is known to control autophagosome formation
in part through a multiprotein complex containing the serine/threonine protein kinase Atg1. Recent work in
Drosophila and mammalian systems suggest that this complex and its regulation by TOR are conserved
in higher eukaryotes, and that Atg1 has accrued additional functions including feedback regulation of TOR
itself. TOR and Atg1 also control the activity of a second kinase complex containing Atg6/Beclin 1, Vps (vacu-
olar protein sorting) 15 and the class III PI3K (phosphoinositide 3-kinase) Vps34. During autophagy induction,
Vps34 activity is mobilized from an early endosomal compartment to nascent autophagic membranes, in
a TOR- and Atg1-responsive manner. Finally, the well-known TOR substrate S6K (p70 ribosomal protein S6
kinase) has been shown to play a positive role in autophagy, which may serve to limit levels of autophagy
under conditions of continuously low TOR activity. Further insight into these TOR-dependent control mech-
anisms may support development of autophagy-based therapies for a number of pathological conditions.

Introduction
The TOR proteins were identified in 1991 by Hall and
colleagues as direct targets of an antifungal rapamycin–
FKBP (FK506-binding protein) complex, and were shown
to be essential for progression through the G1-phase of the
cell cycle [1]. Subsequent studies have identified a wide range
of additional TOR (target of rapamycin)-dependent cellular
processes, including cap-dependent translation, transcrip-
tion, nutrient transport, endocytosis, glycogen accumulation
and autophagy [2,3]. Studies over the last 10 years have led to
the concept of TOR complexes acting as a critical nodal
point in a signalling network that regulates multiple cellular
processes in response to nutrient conditions and several
other inputs. A central challenge in this field is to understand
the different roles each of these processes play in mediating
TOR-dependent effects on cell growth, metabolism and
aging. In addition, we are only beginning to understand
how these different processes interact and the molecular
mechanisms of their regulation.

The degradative process known as autophagy is closely
linked to the role of TOR in nutrient sensing and uptake

Key words: autophagy-related gene 1/Unc51-like kinase 1 (Atg1/Ulk1), autophagy, cell growth,

Drosophila, target of rapamycin (TOR), vacuolar protein sorting 34 (Vps34).

Abbreviations used: Atg, autophagy-related gene; ESCRT, endosomal sorting complex required

for transport; PI3K, phosphoinositide 3-kinase; S6K, p70 ribosomal protein S6 kinase; TOR, target

of rapamycin; Ulk1, Unc51-like kinase 1; Vps, vacuolar protein sorting.
1To whom correspondence should be addressed (email neufe003@umn.edu).

[4,5]. Under nutrient-poor conditions, decreased TOR
activity results in removal of nutrient transporters from the
cell surface, leading to a further decrease in available nutrients
[6]. This loss of external nutrient supply is compensated for
by increased production of nutrients from intracellular stores
via autophagy. This catabolic process proceeds at a basal
rate in nearly all eukaryotic cells, providing a self-renewal
function that appears to be especially important in long-lived
highly active cells such as neurons [7]. Nutrient, oxidative
and energetic stresses result in a marked induction of
autophagy in most cell types, and this plays a key role in
cell survival under stressful conditions. The central role of
TOR as an autophagy regulator in response to these diverse
inputs has led to keen interest in the mechanisms by which
TOR signalling suppresses autophagy. Recent studies in this
area have identified a number of key downstream targets,
and have revealed a surprising level of complexity involving
both positive- and negative-feedback signalling.

Induction of autophagosome formation by
Atg1 (autophagy-related gene) 1/Ulk1
(Unc51-like kinase 1) complexes
Genetic studies in yeast have identified approx. 30 Atg genes,
which play essential roles in autophagy and autophagy-
related processes such as pexophagy and cytoplasm-to-
vacuole targeting of vacuolar hydrolases [8,9]. The products
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Figure 1 The TOR pathway and autophagy regulationT1

TOR complex 1, minimally comprising TOR, Lst8 and raptor (regulatory

associated protein of TOR), regulates rapamycin-sensitive processes in

response to upstream cues mediated by the Rheb and Rag family of

small GTPases. TOR suppresses autophagy induction in part by inhibiting

the activity of the serine/threonine protein kinase Atg1 and its partner

Atg13, and by preventing recruitment of the class III PI3K Vps34 to

autophagic membranes. Atg1 and Vps34 complexes are required for

early steps of autophagosome nucleation and expansion. Vps34 also

has an indirect role in subsequent vesicle fusion events (broken arrow),

which is not rate-limiting for autophagy progression. Normal induction of

autophagy also requires the serine/threonine protein kinase S6K, which

is positively regulated through direct phosphorylation by TOR. Feedback

signalling from S6K and Atg1 (grey arrows) result in self-limiting and

amplifying effects respectively.

of these genes act at discrete steps in autophagosome
formation. Among the earliest acting of the Atg components
is a protein kinase complex consisting of Atg1, Atg13 and
Atg17. Studies in Saccharomyces cerevisiae found that TOR-
dependent phosphorylation of Atg13 prevents assembly
of this complex under growth conditions [10–13]. Loss of
TOR activity leads to dephosphorylation of Atg13, complex
assembly and activation of Atg1 kinase activity. Interes-
tingly, some Atg1 functions, such as recycling of certain Atg
proteins, are independent of Atg1 kinase activity, implying
an additional structural role for Atg1 [14,15].

Orthologues of Atg1 have also been shown be essential for
autophagy induction in higher eukaryotes. Null mutations
in the Drosophila Atg1 gene cause a cell-autonomous de-
fect in autophagosome formation in response to starvation,
rapamycin treatment or developmental cues [16]. Similarly,
dsRNA (double-stranded RNA)-mediated knockdown of
the mammalian Atg1 orthologue Ulk1 (Unc51-like kinase 1)
inhibits autophagy induction in human embryonic kidney
cells [17]. Interestingly, autophagy is not disrupted in MEF
(mouse embryonic fibroblast) cells harbouring a complete
knockout of Ulk1, probably reflecting redundancy with
the related Ulk2 gene in some genetic backgrounds [18].
Expression of kinase-defective versions of Ulk1, Ulk2 or
Drosophila Atg1 cause an autophagy block, presumably
through a dominant-negative mechanism [16,17,19].

Given the conserved function of Atg1 orthologues, is the
TOR-mediated regulation of these proteins conserved as
well? Overexpression of Drosophila Atg1 leads to induction
of autophagy in well-fed animals, indicating that high Atg1
levels can be sufficient to bypass TOR-dependent repressive
signalling [20]. This function of Atg1 is inhibited by increased
expression of Rheb or loss-of-function mutations in TSC2
(tuberous sclerosis 2), conditions that lead to TOR activation,
consistent with the idea that TOR signalling suppresses
Atg1 activity. Although characterization of Atg13 and Atg17
orthologues has not yet been reported, Mizushima and
colleagues recently described the mammalian FAK (focal
adhesion kinase)-interacting protein FIP200 as playing a
role analogous to that of Atg17 [19]. This protein interacts
with Ulk1 and promotes its stability and kinase activity.
Atg13-related proteins have also recently been identified
in metazoans [21], and we have found that the Drosophila
orthologue is essential for autophagy induction downstream
of TOR, and that it binds to and regulates the TOR-
dependent phosphorylation and activity of Atg1 (Y.-Y. Chang
and T.P. Neufeld, unpublished work). Thus the basic frame-
work of signalling from TOR to Atg1 appears to have
been largely retained from single to multicellular organisms,
making this perhaps the most conserved output of TOR
signalling identified to date.

Despite these similarities in signalling mechanisms, meta-
zoan Atg1 proteins appear to have gained additional functions
relative to their yeast counterparts. For example, overex-
pression of Atg1 has been shown to inhibit TOR signalling
in Drosophila larvae, and disruption of Atg1 in Drosophila
or mammalian cells leads to increased TOR activity, as
measured by changes in S6K (p70 ribosomal protein S6
kinase) phosphorylation [20,22]. These effects of Atg1 are
indicative of a self-reinforcing feedback loop between Atg1
and TOR, which may serve to amplify and stabilize initially
small changes in nutrient signalling. To take another example,
murine Ulk1 plays a role in neurite outgrowth through effects
on Rab5-dependent endocytic trafficking [23]. Consistent
with such an extra-autophagic function, Drosophila Atg1 and
Atg13 mutant animals do not survive to adulthood, whereas
fruitflies carrying mutations in other Atg genes that disrupt
autophagy to a similar extent are viable [5,24]. Thus Atg1
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complexes may have adapted to provide increased regulation
and other functions to meet the demands of multicellularity.

Vps (vacuolar protein sorting) 34: a PI3K
(phosphoinositide 3-kinase) with multiple
roles in autophagy
The class III PI3K Vps34 represents a second potential target
for autophagy regulation by TOR. This kinase generates the
monophosphorylated lipid PtdIns3P, which acts to recruit
PX (Phox homology) and FYVE domain-containing proteins
to membrane compartments [25,26]. The enzymatic activity
of Vps34 is inhibited by the compound 3-methyladenine,
a commonly used autophagy inhibitor. Vps34 potentially
acts at a number of steps in autophagy. First, a complex
comprising Vps34, Vps15, Atg6 and Atg14 in yeast (and Vp34,
Vps15, the Atg6 orthologue Beclin1, the WD domain protein
Ambra1 and the endophilin Bif-1 in mammals) is essential
for an early nucleation step in autophagosome formation [4].
Secondly, a distinct Vps34 complex may function at a later
step in the autophagy pathway in metazoan cells, in which
autophagosomes must fuse with late endocytic vesicles to
gain competency for lysosomal fusion [27]. Vps34 promotes
the proper localization and assembly of components of the
ESCRT (endosomal sorting complex required for transport),
which acts in multivesicular endosome formation and
is essential for autophagosome–lysosome fusion [28,29].
Thirdly, human Vps34 has been found to promote TOR
activity in response to amino acid and calcium levels,
which should lead to autophagy inhibition [30–32]. These
conflicting roles of Vps34 suggest that distinct pools of Vps34
may be regulated in opposite ways by nutrients.

We recently addressed these potential Vps34 functions
through genetic and biochemical studies in Drosophila [33].
Null mutations in Vps34 were found to cause a strong
block in starvation-induced autophagy in the larval fat
body, resulting largely from a disruption of autophagosome
biogenesis. In contrast, genetic disruption of the ESCRT leads
to accumulation of autophagosomes, indicative of defective
fusion. In cells doubly mutant for Vps34 and ESCRT compo-
nents, formation and fusion of autophagosomes are both
deficient, resulting in their gradual accumulation under
both fed and starved conditions. These and additional
genetic results indicate the primary function of Vps34 in
autophagy is early in autophagosome formation, probably
in conjunction with Vps15 and Atg6/Beclin1, and that its
endocytic functions are not rate-limiting for autophagy.

How is the activity of Vps34 linked to a cell’s nutrient
status to promote autophagy under appropriate conditions?
In most cell types, Vps34 activity is concentrated at the
early endocytic compartment. In Drosophila fat body cells,
starvation causes a striking redistribution of PtdIns(3)P
pools from Rab5-positive early endosomes to Atg8-positive
nascent autophagosomes [33]. Interestingly, this starvation-
induced shift in Vps34 activity requires both reduced TOR
activity and wild-type Atg1 function, implicating Vps34 as a
downstream target of TOR–Atg1 signalling.

In contrast with the case in cultured mammalian cells,
Vps34 mutants were found to have no effect on TOR
activation in vivo in Drosophila [33]. Growth of Drosophila
Vps34 mutant cells is indistinguishable from that of wild-
type, both in mitotic and endoreplicative tissues, and
under both growth-promoting and -inhibitory conditions.
Phosphorylation of the TOR-dependent site on dS6K
(Drosophila S6K) is also unaffected by Vps34 activity. These
results may point to fundamental differences in mechanisms
of nutrient–TOR signalling between fruitflies and mammals,
or may reflect differences in TOR activation in cultured
cells compared with the case in vivo. Recent identification
of Rag GTPases as transducers of nutrient signals to TOR in
both Drosophila and mammalian systems indicates that this
critical aspect of TOR activation is conserved [34,35].

S6K: putting on the brakes
Although autophagy is generally considered a beneficial
process that promotes cell survival, high levels of autophagy
are capable of causing cell death in some cases, e.g. in response
to overexpression of Atg1 or activated Atg6/Beclin1. In
Drosophila, starvation-induced autophagy peaks approx. 4 h
after food withdrawal, and falls to a steady-state level that
can be maintained for 2–3 weeks [16]. Similarly, Bax/Bak-
deficient IL-3 (interleukin 3)-dependent cells can survive
on intracellular nutrients generated through autophagy for
several weeks [36]. What safeguards prevent autophagy
from reaching harmful levels, while still allowing a sustained
induction in response to starvation? Although the nutrients
generated by autophagy potentially result in an intrinsic
negative feedback, are there dedicated signalling mechanisms
that function to keep this process in check even in the
presence of inductive cues?

Findings from Drosophila and mammalian systems
indicates that S6K may play such a role. Whereas S6K acts as
positive mediator of TOR functions such as cell growth, its
role in autophagy runs counter to that of the rest of the TOR
pathway. Rather than inhibiting autophagy, S6K has been
shown to be required for normal levels of starvation-induced
autophagy. In Drosophila, S6K−/− fat body cells are deficient
for autophagy induction in response to starvation or TOR
mutation [16]. Similarly, simultaneous knockdown of
mammalian S6K1 and S6K2 prevents autophagy induction
[17]. One effect of this positive requirement for S6K is
to limit the magnitude of autophagy in response to TOR
down-regulation, due to the resulting down-regulation of
S6K. In the Drosophila fat body, expression of activated
S6K can increase the rate of autophagy in cells experiencing
chronic TOR inactivation, but not in cells undergoing
short-term starvation, indicating that S6K activity becomes
limiting in the former case. By coupling a factor essential for
autophagy to a negative regulator in this way, the chances of
autophagy reaching damaging levels are reduced.

By what mechanisms does S6K promote autophagy? The
requirement for S6K may simply reflect its role as a positive
regulator of translation initiation, since protein synthesis is

C©The Authors Journal compilation C©2009 Biochemical Society

               dc_840_14



4 Biochemical Society Transactions (2009) Volume 37, part 1

known to be required for normal expansion and maturation
of autophagosomes [37,38]. Alternatively, S6K-dependent
signalling to components of the Atg machinery or other sig-
nalling pathways may be required for a normal autophagic
response. For example, S6K can negatively regulate insulin
signalling through feedback phosphorylation of IRS1
(insulin receptor substrate 1) [39,40]. Induction of autophagy
in response to TOR/S6K down-regulation may therefore be
limited by a concomitant increase in insulin signalling, which
inhibits autophagy induction. S6K may also participate
directly in the regulation of more proximal autophagy
regulators such as Atg1–Atg13 or Atg6–Vps34 complexes.

Perspectives and conclusions
Given the leading role TOR plays in autophagy regulation,
and the important functions of autophagy in maintaining nu-
trient balance and cellular renewal, it is likely that autophagy
makes a significant contribution to the physiological effects
of TOR signalling. Indeed, the effects of rapamycin on cell
growth and neurodegeneration have recently been shown to
be partially dependent on autophagy [20,41]. Similarly, the
beneficial effects of reduced TOR signalling on lifespan in
Caenorhabditis elegans are prevented in autophagy mutants
[42]. The identification of Atg6/Beclin1 as a haploinsufficient
tumour-suppressor gene is also in keeping with autophagy
contributing to the effects of TOR on cancer development
and progression [43,44]. Although the ways in which
autophagy influences these processes are poorly defined,
these findings support the concept that autophagy represents
a potential therapeutic target for a number of pathological
conditions. In this regard, it may prove beneficial to develop
treatments that directly modulate autophagy-related outputs
of TOR signalling, while leaving other TOR outputs intact.
Increased understanding of the signalling mechanisms
underlying TOR-dependent autophagy regulation will aid
in the development of such therapies.Q1
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Screening P-element-induced mutant collections, 52 lines 
were selected as potentially defected ones in endocytosis or 
autophagy. After excluding those which were rescued by 20- 
hydroxyecdysone treatment, the exact position of the inserted 
P-element was determined in the remaining lines. In the case 
of l(3)S011027 stock, that liquid facets (lqf) gene was affected 
which codes an epsin-homolog protein in Drosophila. We reveal 
that Lqf is essential to the receptor-mediated endocytosis of larval 
serum proteins (LSPs) in the larval fat body cells of Drosophila. 
In l(3)S011027 line, lack of Lqf fails the formation of autopha-
gosomes thus leading to the arrest of destroying of trophocytes. 
Transgenic larvae carrying Lqf-RNAi construct were unable 
to generate endocytic and autophagic vacuoles and led to a 
prolonged larval stage. On the other hand, Lqf protein showed an 
exclusive colocalization with the LysoTracker Red- or GFP-Atg8a 
labeled autophagosomes. By using the antiserum generated 
against the fifth exon of lqf, we demonstrated that prior to the 
onset of developmental autophagy the Lqf protein was present in 
the nucleus of fat body cell, but thereafter the protein was local-
ized in the territory of endocytic and autophagic vacuoles. The 
fact that the inhibition of the target of rapamycin (TOR) did not 
restore the autophagic process and the normal development in 
the case of lqf mutant larvae points to that the Lqf is downstream 
to the TOR, the central kinase of the autophagy pathway.

Introduction

Autophagy is a basic cell biological process of self-digestion in 
eukaryotic cells that maintains homeostasis by cleaning up and 
recycling long-lived or damaged proteins and cellular organelles.1 
When the cells are challenged by different stress conditions such 
as hypoxia, cold or heat stress or starvation, autophagy provides 

monomers and energy for the survival of a cell or organism. 
Interestingly, autophagy also has been linked to programmed cell 
death, especially during postembryonal development of metamor-
phosing animals, which initiates a controversial discussion on how 
a suggested role of autophagy in cell suicide might meet with its 
survival function.2-9

Based on the mechanism of how cytoplasmic material is deliv-
ered to the lysosomal compartment, three types of autophagy have 
been established: chaperone-mediated autophagy, macroautophagy 
and microautophagy. During the course of the major pathway, 
macroautophagy (herein subsequently referred to as “autophagy”), 
part of the cytoplasm potentially including entire organelles is 
sequestered into double-membraned vesicles called autophago-
somes, that subsequently fuse with lysosomes, thereby generating 
single-membraned autolysosomes in which degradation of the 
sequestered material takes place.10-12

The autophagic machinery is evolutionarily conserved from 
yeast to mammals including the genes and their products that 
control and/or execute it.11,13,14 One of the central regulators of 
autophagy is the target of rapamycin (TOR) kinase, which inhibits 
autophagy under basal or nutrient-rich conditions.15,16 TOR 
activity is stimulated by insulin-responsive phosphatidylinositol-3 
kinase (PI3K)/Akt signaling, or by nutrients such as amino acids, 
and by high cellular energy levels.17,18

Downstream of TOR kinase, there are more than two dozen 
genes in yeast (known as the Atg genes) encoding proteins that 
are essential for the main steps of autophagy: initiation, vesicle 
formation (nucleation, expansion, completion, targeting, docking, 
fusion) and breakdown.8,11,19

Autophagy is an integral and essential part of insect metamor-
phosis. The forming of autophagosomes and autolysosomes in 
large numbers in larval tissues including the larval fat body is both 
temporally and spatially controlled in a precise way. The initiation 
of developmental autophagy is under exact hormonal regulation. 
20-hydroxyecdysone (moulting hormone, 20-HE) not only trig-
gers moultings in the course of postembryonic development but 
also stimulates autophagic activity in the larval tissues both in vivo 
and in vitro, while juvenile hormone inhibits it.22-25 The increasing 
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titer of 20-HE stimulates the formation of autophagosomes and 
also the synthesis and activity of the lysosomal enzymes in larval 
tissues at the start of metamorphosis.26 This hormone-induced 
developmental autophagy can be inhibited at both transcriptional 
and translational levels.27

The 20-hydroxyecdysone-receptor complex activates the imme-
diate early genes that encode transcription factors, which then 
stimulate the expression of late genes responsible for the regulation 
of all metamorphotic changes including autophagy.28-31 Genetic 
interaction studies revealed that ecdysone signaling downregulates 
the PI3K/Akt signaling pathway, forming a link between the 
hormonal induction of autophagy and the known regulatory func-
tion of the PI(3)K-AKT/PKB-TSC1/TSC2-Rheb-TOR signaling 
pathway in vivo.25,31

We conducted a forward genetic screen to isolate and identify 
genes regulating autophagy in the larval fat body cells of Drosophila 
melanogaster. Two P-element induced mutant collections were 
tested at first by light and electron miscroscopical methods for the 
lack of their ability to form autophagic structures.32,33 One of the 
21 identified loss-of-function mutations inhibiting the autophagic 
process was the liquid facets (lqf ), a gene, which encodes the 
Drosophila homolog of vertebrate epsin.34-36 lqfS011027 homozy-
gous larvae could not activate autophagy or endocytosis prior to 
metamorphosis when these cell-biological processes are stimulated 
physiologically.

Using a combination of various genetic and molecular biology 
methods, we present our data to prove that the lqf is one of the 
candidate proteins which have essential roles in the regulation 
and molecular mechanisms of both endocytosis and autophagy in 
Drosophila.

Results

Identification of potential autophagy genes in P-element-
induced mutant collections. As has been recently published, about 
400 lines exhibiting late larval or early pupal lethal phenotype had 
been screened for aberration in the formation of protein granules 
in the fat body characteristic prior to metamorphosis.37 The test 

included acridine orange and LysoTracker staining of the fat body 
dissected from wandering larvae. Fifty-two lines were identified 
exhibiting gross difference in either the formation of granules 
or in the number or the size, or the distribution of granules as 
compared to the wild-type situation. These observations were also 
verified at the ultrastructural level. To narrow the phenotype, if it 
is indeed not the result of arrested hormone-dependent develop-
ment, homozygous mutant larvae were challenged with 20-HE. 
Those 43 mutant lines that were not able to form granules after the 
hormonal administration were studied further. As is well known, 
a good proportion of mutations induced by transposase activity 
carry background mutations as well. To identify if the fat body 
phenotype is indeed related to the P-element insertion, the lines 
were crossed to deletions uncovering the site of the transposone 
insertion. Formation of the granules was inhibited in 32 lines 
after crossing them with appropriate deletions. In most lines the 
P-element insertion was remobilized by transposase activity and 
tested if in the resulted white revertant larvae both the viability and 
the normal fat body pattern is restored. In this test the original, 
wild phenotype was restored in case of 21 lines. In the present 
paper we describe detailed results on the l(3)S011027 line which 
represents one of these 21 hits.

Morphology of the larval fat body cells. Structural changes of 
control fat body cells during the last larval period. In wild-type 
(Oregon) animals, during the feeding period (72–104 h AEL) of 
the last larval stage huge lipid droplets gradually formed in the large, 
isodiametric fat body cells (trophocytes). The nuclei were located 
generally in the central part of cells. The functioning organelles 
were concentrated mainly around the nuclei and between the lipid 
droplets. In this developmental phase, there were no acidic acri-
dine orange, neutral red and/or LysoTracker Red positive granules 
present in the trophocytes (Figs. 1A and 2A).

At the ultrastructural level, the cytoplasm of the fat body cells 
contained large lipid droplets and glycogen areas. The structure 
of the nuclei, mitochondria, RER and Golgi areas was normal. 
Occasionally some small multivesicular bodies could be seen 
(Fig. 4A).

Lqf is required for developmental autophagy

Figure 1. Acridine orange stained the whole mount fat body lobes of the feeding Oregon R larvae at 96–100 h AEL, (A) the late wandering Oregon R 
larvae at 114–120 h AEL, (B) and the wandering-aged homozygous l(3)S011027 larvae (C). Bars equal 100 μm. (A) The contours of the cells as well 
as the homogenous pale greenish colored cytoplasm can clearly be seen among the lipid droplets, although the granules have not appeared in it yet. 
The acridine orange only stained those particular nucleoli which occupied the central part of nuclei. (B) A strong granulation traces the accumulation of 
autophagic vacuoles, multivesicular bodies and protein granules in the trophocytes. (C) No granules can be observed in the cytoplasm of wandering-
aged homozygous l(3)S011027 larvae.
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Before pupation, the functioning rought endoplasmic reticule 
(RER) areas and mitochondria were present only in the narrow, 
perinuclear part of the cytoplasm (Fig. 4B).

Structural changes of fat body cells of l(3)S011027 mutant 
larvae. The development of heterozygous l(3)S011027/+ larvae 
showed practically no differences compared to that of wild-type 
(Oregon) animals. The accumulation of acridine orange stained 
granules was clearly observed just prior to the pupariation in the 
trophocytes of l(3)S011027/+ larvae. (Data not shown).

There was no difference between the diameter of the tropho-
cytes or their nucleus size between the homozygous mutant and 
age-matched wild-type larvae. In spite of these similarities the fat 
body of l(3)S011027/S011027 larvae could not form any acridine 
orange or neutral red positive granules that correspond to the 
autophagic and/or endocytotic (heterophagic) vacuoles (Fig. 1C).

Using LysoTracker Red, lots of granules could be stained in the 
fat body cells of the l(3)S011027/+ heterozygous larvae (Data not 
shown). In the trophocytes of l(3)S011027 homozygous mutant 
larvae only a few small LysoTracker Red positive granules (prob-
ably lysosomes) could be observed (Fig. 2C). Quantified data of 
light microscopic observations can be seen in Figure 3.

Our electron microscopic observations revealed that the fat 
body cells of L(3)S011027 larvae were essentially unable to form 
large autophagosomes and autolysosomes. In spite of this, small 
lysosomes and autophagosomes could be observed in the cyto-
plasm of the trophocytes. Moreover, the multivesicular bodies 
and protein storage granules were also absent from the fat body 
cells of the mutant animals during the wandering period. Some 
other ultrastructural changes were also observed, potentially due 
to the mutation. The size of the lipid droplets and glycogen areas 
were smaller than in control animals and the RER was often frag-
mented into vesicles. The outer membrane of the mitochondria 
was thicker and more electron dense than those of the controls 
(Fig. 4C). The relative quantity of autophagosomes, autophag 
vacuoles, lysosomes and protein granules in the trophocytes of 
wild-type and l(3)S011027 wandering larvae was presented in 
Figure 5.

During the wandering period (approx. 110–120 h AEL), the 
formation of a mass of acridine orange, neutral red and LysoTracker 
Red positive granules could be observed. Approaching the time of 
pupariation, the number and size of these granules continuously 
grew and finally they became the dominant organelles of fat body 
cells (Figs. 1B and 2B).

At the ultrastructural level, large autolysosomes, protein storage 
granules and multivesicular bodies appeared and accumulated 
in the cytoplasm. The formation of autolysosomes seemed to be 
continuous in this period, since newly formed autophagosomes 
were also visible at the same time in the cells. Sometimes the fusion 
of autophagic and endocytotic vacuoles could be also observed. 

Figure 2. The LysoTracker Red stained fat body lobes of the feeding Oregon R larvae at 96–100 h AEL, (A); late wandering Oregon R larvae at 114–120 
h AEL, (B) and wandering-aged homozygous l(3)S011027 larva (C). Bars equal 100 μm. (A) At this developmental stage, a very weak LysoTracker Red 
accumulation can be observed around the nuclei of the trophocytes. (B) At the time of wandering, a large amount of granules showing the LysoTracker 
Red positivity were accumulated in the wild-type fat body cells. (C) Very few small granules can be observed in the cytoplasm of the trophocytes of 
wandering-aged homozygous l(3)S011027 larvae. The size of the fat body cells of the mutant larvae was approximately similar to that of the adequate 
aged wild type larvae.

Figure 3. Relative quantity of the acridine orange-(green columns) and 
LysoTracke Red-positive (red columns) granules in the fat body cells of wild 
type and l(3)S011027 wandering larvae.
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To test that the observed phenotype was caused by a back-
ground mutation or not the viable l(3)S011027/TM6b, flies were 
crossed with either lqfARI/TM6b or lqfL71/TM6b lines. The number 
of the homozygous larvae was less than 2% and all of them died 
before the onset of pupariation. Puparium formation occurred 
only in heterozygous animals. These results show that the observed 

20-HE treatment. As 20-HE is known to stimulate both 
autophagy and endocytosis in the course of normal development, 
it was necessary to verify that 20-HE signaling is properly working 
in l(3)S011027 mutants. In the case of wild-type feeding larvae, a 
4-hour 20-HE treatment was sufficient to induce autophagy. For 
the feeding l(3)S011027 homozygous larvae, however, the 8-hours-
long 20-HE treatment happened to be insufficient to elicit the 
formation of acridine orange-positive granules in their fat body 
cells. The same treatment however, resulted in a slight increase in 
the number of LysoTracker Red-positive granules (Fig. 6A and B).

l(3)S011027 mutant flies carry a P-element insertion in 
the liquid facets (lqf) gene. We performed inverse PCR on l(3)
S011027 genomic DNA to obtain a sequence tag that would 
precisely localize the insertion site of the P-element. We deter-
mined that the P-element is inserted at the 5' end of the liquid 
facets gene (lqf, CG8532, FBgn0028582). The exact site of the 
insertion is 32 bp downstream of the transcription start site of the 
lqf RC, RB, RE and RF transcripts. Therefore, all of these messages 
may be affected by this P-element insertion. The other two shorter 
transcripts reported on Flybase, lqf RA and RD are presumably 
also affected by the insertion.

Complementation test and heteroallelic combination. The 
P-element was localized by in situ hybridization to cytological 
position 66A4-66A5 on the left arm of the third chromosome. In 
order to test whether the fat body phenotype is really associated 
with the P-element insertion into the lqf gene, the l(3)S011027 
line was crossed with a deletion overlapping the insertion site. As 
expected, it failed to complement the deletion pbl-X1(65F, 66B), 
thus the l(3)S011027 line had a lethal mutation within the break 
points of the deletion, which corresponded to the location of the 
P-element insertion.

Figure 4. (A) The common organelles could be observed in the cytoplasm located around the nucleus of the trophocytes of Oregon R feeding larva at the 
electronmicroscopic level. Bar equals 5 μm. (B) By the time when the wild type larvae reach the late wandering stage, numerous autophagic vacuoles 
(AV), multivesicular bodies (MVB) and protein granules (PG) have already been accumulated in their trophocytes. Bar equals 10 μm. (C) Apart from 
some small autophagosomes (arrows), no sign of either endocytosis or autophagy can be detected in the electron micrographs of the fat body cells of 
homozygous l(3)S011027 wandering-aged larvae. Moreover, the multivesicular bodies and protein storage granules were also absent from the tropho-
cytes. The endoplasmic reticulum (ER), however, was often fragmented into vesicles and the size of the lipid droplets (L) and glycogen areas became 
smaller. Bar equals 10 μm. Further abbreviations: nucleus (N), mitochondria (M).

Figure 5. Relative quantity of autophagosomes, autophagy vacuoles, 
lysosomes and protein granules in the trophocytes of wild-type and l(3)
S011027 wandering larvae.
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An increase of the lqf mRNA level could be also triggered by a 
3-hour starvation in feeding wild-type larvae at 75–80 h AEL (Fig. 
8C). In homozygous lqfS011027 larvae, however, starvation failed to 
induce increased transcription of this gene (Data not shown).

lqf RNA interference in the larval fat body. Four transgenic 
lines carrying UAS-lqfIR (lqf6, lqf7, lqf10, lqf12) were generated 
in order to prove that the arrest of autophagy and endocytosis in 
lqfS011027 larvae was caused by the insufficient expression of the lqf 
gene. In order to stimulate efficient RNA silencing, the UAS-lqfIR 
lines were crossed with DCR2; hsGal4 transgenic line. The induc-
tion of RNAi against the lqf gene in early L2 larvae by shifting the 
animals from 18°C to 32°C for three days resulted in the absence 
of acridine orange-positive (Fig. 9A) or LysoTracker-positive 
(Fig. 10A) granules in wandering animals in all transgenic lines. 
This treatment led to a prolonged larval stage in case of animals 
that carry the UAS-lqfIR construct and resulted in the failure of 
metamorphosis. Without the heat treatment, the acridine orange-
positive (Fig. 9B) and LysoTracker-positive (Fig. 10B) granules 
appeared in the trophocytes of these larvae and their development 
was unaffected.

Characterization of anti-Lqf antiserum on larval fat body 
samples. Lqf-antiserum was raised against a peptide corresponding 
to the fifth exon of the lqf gene encoding the Epsin N-terminal 
homology (ENTH) domain of the protein. Western blots performed 
with the anti-Lqf (fifth exon) antiserum cross-reacted only with a 
~95 kDa protein in wild-type larvae at late third stage and in the 
prepupa. The size of the positive signal may be corresponding to a 
824 or 831 amino acid protein, that can be translated from any of 
the putative transcripts of Lqf-RB, -RC, -RE and -RF or Lqf-RA/
RD. On the other hand, expression of the 95 kDa Lqf protein 
was undetectable in homozygous lqfS011027 L3 larvae (Fig. 11). In 
larvae in which the lqf RNA silencing was induced, the quantity of 
95 kDa Lqf protein decreased with respect to the no heat-shocked 
controls or transgenic driver line (Fig. 12).

Localization of the Lqf protein in the larval fat body. In 
the larval fat body of wild-type feeding larvae, the Lqf protein 
showed a characteristic accumulation in the nuclear periphery of 
trophocytes, but no other compartments were labeled when 4% of 
paraformaldehide was used as fixative for 2 hours (Fig. 13A–C). 

phenotype was caused exclusively by the mutation of lqf gene 
(Table 1).

Analysis of mitotic clones. A line was created by crossing 
hsFlp; cgGal4, UAS-GFP, FRT80B virgins with lqfL71FRT80B/
TM6b males in which mitotic recombination was generated by a 
short heat shock during the embryonic development. The lqfL71 
homozygous clones were unable to express GFP, whereas the 
flanking cells contained this fluorescent protein. The four-hour-
long withdrawing of amino acids resulted strong accumulation 
of LysoTracker-positive granules in the trophocytes of 95–100 
h AEL larvae, which have lqf71/+ or +/+ genotype. At the same 
time no Lysotracker-positive granules were detected in the lqfL71 
homozygous clones of fat body cells of the larvae aged 95–100 h 
AEL (Fig. 7).

Changes of the lqf transcript in mutant and transgenic lines. 
Experiments using the RT-PCR method were performed to test 
whether the lqf transcript is present in the lqfS011027 larvae, and 
also to answer the question of whether the transcription level of 
the lqf gene was changed in w1118 larvae during the last larval 
instar (72–126 h AEL). A very small amount of lqf transcript was 
present in lqfS011027 larvae at 115–120 h AEL, as compared to 
the wild-type control. This is, however, not surprising, because 
the mutations induced by the P-element insertion are frequently 
hypomorphic (Fig. 8A).

The aim of the second series of experiments was to reveal 
whether the lqf gene may contribute to the regulation of develop-
mental autophagy, based on its expression pattern. It was clearly 
demonstrated that transcription of the lqf gene increased dramati-
cally before the start of autophagy at 100–105 h AEL (Fig. 8B).

Figure 6. The treatment of homozygous l(3)S011027 wandering-aged larvae with 20-HE could not provoke the appearance of acridine orange-positive 
granules in their fat body cells (A). At the same time, however, the number of the LysoTracker Red-positive granules was slightly increased (B). Bar equals 
100 μm.

Table 1 The result of heteroallelic combination

©
 2

00
9 

LA
N

D
ES

 B
IO

SC
IE

N
C

E.
 D

O
 N

O
T 

D
IS

TR
IB

U
TE

.               dc_840_14



www.landesbioscience.com Autophagy 6

Lqf is required for developmental autophagy

At the beginning of the wandering stage, some newly formed 
Lqf-positive granules appeared in the cytoplasm of the fat body 
cells while the nuclei staining remained unchanged (Fig. 14A–C). 
Just before the prepupal stage, the localization pattern changed 
markedly because the cell nuclei became negative and the presence 
of Lqf protein was restricted to the territory of granules filling the 
cytoplasm (Fig. 15A–C).

The Lqf protein showed colocalization with Atg8 and 
lysotracker red. Since the Atg8 is the widely accepted marker for 
the autophagosomes and autophagic vacuoles, the colocalization 
of the Lqf protein with it may provide a strong evidence on the 
involvement of the lqf gene product in the formation of autophagic 
structures. The immunohistochemistry using the Lqf antiserum on 
hsGFP-Atg8a expressing fat body cells showed a strong colocaliza-
tion of these two proteins (Fig. 16).

Since the LysoTracker Red dye is only ideal for unfixed tissues, 
a transgenic line bearing UAS-GFP::Lqf was created in order to 
identify whether those a-Lqf labeled vesicles also had lysoTracker-
positivity. When the UAS-GFP::Lqf was expressed under the 
control of the hsGal4 driver, the presence of the fusion protein 
was detected in the vacuolar compartment of the trophocytes 
of wandering larvae (Fig. 17A). The GFP-tagged protein also 
showed a strong and explicit colocalization with the LysoTracker 
Red-positive structures in these cells (Fig. 17B and C).

The CA07504 (Flytrap) line, in which the sequence of GFP was 
fused to the genomic lqf gene under the control of its endogenous 
promoter and enhancer elements, showed the same localization in 
the fat body cells (Fig. 18).

Lqf is also involved in receptor-mediated endocytosis of larval 
serum proteins. Larval serum proteins (LSPs) are synthesized and 
secreted into the hemolymph by the fat body cells during the first 
half of the last larval stage. Later on, LSPs are taken up from the 
hemolymph by the fat body cells and accumulate in the form of 
protein storage granules. Since LSPs are sequestered by receptor-
mediated endocytosis, the fate of these proteins was investigated 
in lqfS011027 mutants. LSP2 specific western blot on the haemo-
lymph from both w1118 and homozygous lqfS011027 late L3 larvae 
(115–120 h AEL) verified that the production and the secretion 
of LSP2 takes place in both lines equally. During the wandering 
period the trophocytes of wild-type larvae could take up LSPs from 

Figure 7. The four-hour-long starving led to the appearance of LysoTracker Red positive granules (B and C) in the GFP-expressing heterozygous (pale 
green) and the wild-type (strong green) fat body cells (A and C). However, there is no trace of the LysoTracker Red positive granules in the dark GFP 
negative lqf -/- clones of the trophocytes (A–C). Bar equal 100 μm.

Figure 8. The quantity of the lqf transcript was strongly reduced in the wan-
dering-aged homozygous l(3)S011027 larvae as compared to Oregon R 
or heterozygous l(3)S011027 larvae (A) The amount of the lqf transcript 
increased rapidly in wild type larvae during the first two-third of the last 
larval stage (B). Amino acid deprivation caused an increase of lqf mRNA 
levels in wild type larvae, but it did not change the amount of lqf transcript 
in the starved homozygous l(3)S011027 larvae (C).

the haemolymph, but the homozygous lqfS011027 larvae failed in 
the uptake (Fig. 19B). The protein content of the various samples 
on SDS PAGE was the same (Fig. 19A).

Effect of rapamycin treatment in vivo. In order to determine 
the position of Lqf relative to TOR, which is considered the 
central regulator of the autophagy pathway, lqf011027 homozygous 
wandering-aged larvae were treated with rapamycin, the widely-
used inhibitor of TOR. Contrary to the trophocytes of the late 
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Figure 10. The formation of LysoTracker Red positive granules was completely inhibited by activation of lqf RNAi in the UAS-lqfIR transgenic larvae (A) 
while the trophocytes of their siblings were filled with granules (B). Bar equals 100 μm.

organism.14,42 Many of them are evolutionarily conserved, having 
the same or similar functions in C. elegans, in Drosophila, and even 
in mammals.43-48 Now, on the basis of intensive reverse genetics-
based research, it is clear that ATG genes have essential roles not 
only in the molecular mechanisms of autophagy, but also in other 
important biological functions, such as response to starvation, 
oxidative stress, cell growth, neuronal death, innate immunity and 
aging.11,19 Therefore, it is quite obvious to suppose that in multi-
cellular organisms more genes and different regulatory pathways 
are also involved in the control of autophagy.

Figure 11. The Lqf protein was present in wild type larvae at the time of 
wandering, but it could not be determined in the case of homozygous l(3)
S011027 wandering-aged larvae. Figure 12. A decrease in the amount of Lqf protein was detected after 

silencing the lqf gene expression in the UAS-lqfIR transgenic larvae as 
compared to the case of the transgenic larvae in which the RNAi was not 
activated as well as the larvae carrying the driver constructions.wandering wild-type (Fig. 20C) the fat body cells of those larvae 

that were fed with yeast paste containing 4 μM rapamycin for 6 
hours, were absolutely free of LysoTracker Red-positive organelles 
(Fig. 20B) similar to those that were treated with yeast paste 
completed with the vehicle of rapamycin (Fig. 20A). Also, prolon-
gation of the treatment did not result in the rescue of the late larval 
lethality.

Discussion

The genetic regulation and molecular machinery of autophagy 
has been first described in yeast.14,38-41 Using genetic screens 
that allow identification of genes involved in autophagy, 27 
autophagy-related (atg) genes were characterized in this unicellular 

Figure 9. By silencing the lqf gene delayed the formation of acridine orange-positive granules in the UAS-lqfIR transgenic larvae (A) as compared to 
their siblings in which silencing was not turned on (B). Bar equals 100 μm.
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Figure 13. In the fat body cells of the wild type feeding larvae, the Lqf protein appeared in the peripheral region of nuclei in the trophocytes (A–C). Bar 
equal 100 μm.

Figure 14. After the larvae have started to wander, the anti-Lqf antisera also reacted with the newly formed granules that appeared in the cytoplasm of 
fat body cells, while the nuclei, however, remained labeled (A–C). Bar equal 100 μm.

Figure 15. By the end of the wandering period, the localization pattern of Lqf protein changed remarkably, because the signal in the peripheral region 
of cell nuclei disappeared, and because the Lqf localization became restricted to the granules (A–C). Bar equal 100 μm.

Figure 16. The Lqf protein showed a completely co-localization with the GFP-Atg8a containing granules (A–C). Bar equal 100 μm.
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Our present work is based on a forward genetic approach. 
More than 300 P-element-induced, late larval lethal Drosophila 
mutants were screened to isolate and identify new genes regulating 
autophagy in multicellular animals. 21 of the tested mutants were 
unable to form autophagosomes and/or autolysosomes in the 
fat body. On the basis of this test system, regulatory function of 
SNF4A in autophagy has been recently published.37

In the present work we demonstrate our data on the l(3)
S011027 P-element insertion line. In l(3)S011027 mutant larvae, 
developmental autophagy was inhibited in both homozygotes and 
hemizygotes. Autophagy could not be induced by 20-hydroxyecdy-
sone and by starvation or oxidative stress in mutants. Beyond the 
strong influence of this loss of function mutation on autophagy, 
the endocytotic uptake of larval storage proteins and the forma-
tion of protein granules were also inhibited in the fat body cells 
of wandering l(3)S011027 larvae. It has been established that in 
the l(3)S011027 mutant, a single P element was inserted into the 
first exon of the liquid facets (lqf) gene. The heteroallelic combi-
nation demonstrated that the phenotype was exclusively caused 
by the mutation of lqf gene itself. We also generated transgenic 
RNA interference animals to silence lqf expression, which severely 
impaired the formation of autophagic structures.

lqf encodes homolog of vertebrate epsin, a protein associated 
with the clathrin-mediated endocytosis complex.34 Epsin has 
a modular structure: an epsin N-terminal homology (ENTH) 
domain, which binds phosphoinositides, ubiquitin interaction 
motifs (UIMs), and a long, flexible region that includes binding 

Figure 18. When the expression of GFP-labeled Lqf protein was under the control of endogenous promoter and the enhancer elements, the protein gradu-
ally appeared in the discrete granules as the larvae developed through the feeding (A) early wandering (B) and late wandering (C) stages.

Figure 19. In spite of the fact that the trophocytes of homozygous l(3)
S011027 larvae were able to synthesize and secrete LSP2 (larval serum 
protein 2) into the haemolymph, they were unable to re-uptake prior to 
metamorphosis (B) Apart from the accumulated LSPs the protein pattern 
were similar in both fat body or hemolymph samples came from wild type 
or l(3)S011027 larvae (A).

Figure 17. The GFP-tagged Lqf protein showed a clear co-localization with the LysoTracker Red-positive structures in the fat body cells of the transgenic 
wandering larvae (A–C). Bar equal 20 μm.
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epsin1 and the huntingtin interacting protein1 (HIP1) to the 
membrane of endocytotic vacuoles was detected in different cell 
lines.65-67 According to our interpretation Lqf might have the 
same function in the formation of curved membranes, as it has 
been reported for the formation of curved membranes of primary 
endocytotic vesicles.68

Autophagy and endocytosis represent two of the most impor-
tant inputs of the lysosomal compartment. Still, there are only a 
few reports dissecting the possible cross-talk between the regula-
tion of these two processes. It is well known that TOR kinase is the 
central regulator of autophagy.69,70 It has been observed that LSP2 
uptake was severely reduced in Tor mutant Drosophila larvae, 
demonstrating a role for TOR in endocytosis.71 Biochemical 
studies in yeast found that TOR localizes to intracellular vesicles 
and cofractionates with endosomal markers which suggests again 
the endocytotic role of TOR.72,73

To find out the position of Lqf relative to Tor in the regula-
tory pathway of autophagy, lqfS011027 larvae were treated with 
rapamycin. Rapamycin is a potent and specific inhibitor of TOR, 
and inhibition of TOR induces massive autophagy in wild-type 
animals.44,74 In lqfS011027 mutants, fat body cells were unable to 
form autophagic structures when treated with rapamycin. This 
observation suggests that lqf acts downstream to the TOR.

We recently demonstrated that, similar to other autophagy-
related genes, lqf is also involved in aging. RNAi-mediated silencing 
of lqf in adult flies significantly shortened their lifespan.48,77,76

Taken together, our results suggest that Lqf, a Drosophila epsin, 
is required for both autophagy and endocytosis. Its function in 
autophagy is probably not due to its requirement for endocytosis, 
as is the case for ESCRT components, since mutation of ESCRTs 
inhibits endocytosis and as a result autophagosomes accumulate 
even in well-fed animals, a phenotype we have not seen in lqf 
mutants.77,78 Another necessary component of the endocytotic 
machinery is the lipid kinase Vps34, and we have recently shown 
that it is required for the generation of autophagosomes inde-
pendent of its endocytotic function.78 Therefore, Vps34 mutant 
animals are defective in both endocytosis and autophagosome 
generation, so they do not accumulate autophagosomes unlike 
ESCRT mutant animals.77,78 In this respect, the lqf phenotype 
is similar to that of Vps34 mutant flies: both endocytosis and 

sites for the clathrin adaptor AP-2, and EH domain-containing 
proteins such as Eps15, which is another UIM-containing endo-
cytic adaptor.50-53 The ENTH domain of epsins is one of the 
core components of the endocytic machinery evidenced by its 
dominant-negative effects on endocytosis in mammalian cells and 
ENTH also has an essential role in endocytosis in yeast cells.54-56 
Identification of the ubiquitin-interacting motifs (UIMs) in epsins 
has led to the suggestion that Epsins belong to a family of cargo-
selective adapters.50 It has been demonstrated that the Drosophila 
Epsin, lqf, is essential for endocytosis of delta (Dl) in the devel-
oping eye.36

Our observations agree well with all these data. In wild-type 
animals, LSP2 (larval serum protein 2) is synthesized by the fat 
body cells (trophocytes) and is secreted into the hemolymph from 
the beginning of the third larval stage, until pupariation.57-59 
During the wandering period, the LSPs are taken up from the 
hemolymph by the larval fat body cells.60,61 These processes are 
under the control of 20-HE, the moulting hormone.57,58,62

The P-element mutation in lqf inhibits the endocytotic processes 
in the fat body. Although l(3)S011027 mutant larvae are able to 
synthesize and secrete LSP2, they are unable to take up this storage 
protein from the hemolymph. As a consequence, LSP2 remains in 
the hemolymph until the death of the mutant larvae.

These results suggest that the mutation in the lqf gene may 
have a direct effect on both endocytosis and autophagy, since fat 
body cells can normally synthetise and secrete LPS2 during the 
last larval instar.

The localization of Lqf showed a markedly different pattern 
in the fat body cells of feeding and wandering wild-type larvae. It 
was present in the nuclei of the fat body cells during the feeding 
period. In mammals, most epsins are found in the cytosol by 
immunohistochemistry, even after overexpression.54,63 However, it 
has been also reported that epsin1 is localized to the nucleus when 
overexpressed together with PLZF, and it was suggested that they 
take part in the regulation of specific gene expression.64

From the beginning of the wandering period (when autophagy 
and endocytosis are started in the fat body), the Lqf protein was 
found to be associated with the membrane of acidic organelles, 
similar to the distribution of the GFP-Lqf fusion protein. The 
association of proteins which contain an ENTH-domain like 

Figure 20. No sign of autophagy can be detected in the fat body cells of neither homozygous l(3)S011027 larvae following the treatment of rapamycin 
vehicle (A), nor after the rapamycin treatment (B) as compare to the trophocytes of wild-type wandering larva (C), Bar equals 100 μm.
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of the intron (BglII and XhoI sites upstream and SpeI, KpnI and 
XbaI sites downstream of it in the given order) for cloning the 
same fragment of the targeted cDNA in opposite orientation. 
After expressing the entire artificial transcript, the intron is spliced 
out by the splicing machinery of the fly cell and the parts of the 
inverted repeats bind to form a hairpin. (Genebank accession 
number: AB186054 describes a specific application of the vector).

The lqf RNAi construct contains a 605 bp long piece of the 
fifth exon (FBgn0028582:6) which was amplified by PCR from 
Drosophila genomic DNA. The following two primers were used 
for the PCR amplification:

forward:
5'GGA TCC AGC GAG ATA GCG GAA CTC ACC3'
reverse:
5'CTC GAG TCA CTT GAA ATC CTG CTC ACT C3'

The resulting fragment was inserted into PCR cloning vector 
Topo-TA (Invitrogen, catalog number: K4600). First, the lqf frag-
ment was excised using its flanking BamHI and XhoI restriction 
sites (shown in lower case on the primer sequences) and cloned 
into a BglII, XhoI digested pWizMod vector. In the second cloning 
step, the same insert was excised from Topo-TA by KpnI, XbaI 
double digestion (using vector specific flanking sites this time) 
and inserted into KpnI, XbaI sites of the intermediate plasmid 
obtained from the first step resulting in the desired inverted repeat 
arrangement of the insert at opposite side of the intron. The 
resulting plasmid was named UAS-LqfIR.

Microinjection of the UAS-LqfIR into w1118 embryos was 
carried out by standard P-element mediated germ line transforma-
tion (Spradling, 1986).

The DCR2; hsGal4 (courtesy of William Ja) driver was used for 
the expression of UAS-lqfIR. Development was allowed to proceed 
at 18°C until the beginning of second larval stage (48 hours after 
egg laying, (AEL)); individuals were then shifted to the restrictive 
temperature (32°C) for 72 hours.

Creation of the construct coding GFP-Lqf fusion protein. 
First, the GFP-tagging cassette was prepared by subcloning a 
BamHI-BglII fragment containing GFP-sequence from pRSET/
EmGFP (Invitrogen) into pUAST vector. The original GFP ORF 
was amplified from the pRSET/EmGFP using primers that were 
completed by BamHI and BglII site at their flanking regions 
(shown in lower case on the primer sequences). The following two 
primers were used for the PCR amplification:

forward:
5'ATT GGA TCC ATG GTG AGC AAG GGC GAG3'
reverse:
5'CTT AGA CTC CTT GTA CAG CTC GTC CAT3'

Then the fragments were cloned into a BglII-digested pUAST 
vector in-frame in front of the multi cloning site (pUAST-GFP). 
Second, the full length lqf cDNA GH27912 in a pOT2 vector 
(from Berkeley Drosophila Genome Project, BDGP) was  amplified 
by primers bearing artificially formed BglIIand XhoI sites (shown 

autophagy are impaired, and no autophagosome accumulation is 
observed in the mutants. Further biochemical studies and genetic 
interaction tests are necessary to reveal the exact role of lqf in these 
processes.

Materials and Methods

Fly stocks. All Drosophila strains were maintained in a w1118 
background. All of the crosses and treatments were done at 25°C 
except where otherwise indicated.

Acridine orange and LysoTracker staining. Fat bodies from 
feeding, wandering or starved third instar (L3) larvae were 
dissected in 100 μl phosphate-buffered saline (PBS), and then 
incubated for 5 min in 5 mg/ml acridine orange in PBS or in 100 
μM LysoTracker Red DND 99 (Invitrogen-Molecular Probes), 
and 1 μg/ml DAPI (Sigma).79 Following 3 washes in PBS, the 
fat bodies were transferred to 80% glycerol in PBS on glass slides, 
covered and immediately photographed live on an OlympusBX-51 
fluorescence microscope with AnalySis digital imaging software.

Electron microscopy. Fat bodies were fixed in 2% glutaralde-
hyde in 0.1 M cacodylate buffer, pH 7.2. Samples were postfixed 
with 2% OsO4 in the same buffer, embedded in Araldyte (Fluka) 
and 60–70 nm sections were investigated in a JEOL CM-II 100 
electron microscope.

Treatments. 20-hydroxyecdysone treatment. Pure baker yeast 
was diluted with equal volume distilled water and boiled. After 
cooling, 10 μl of 20-hydroxyecdysone solution (5 mg hormone 
was dissolved in 1 ml nanopure water containing 5% ethanol) was 
added per ml of the yeast mixture and 100 μl was loaded into each 
well of a 24 well plate. Larvae at the late wandering stage were 
kept on the yeast mixture completed with hormone, while controls 
were put on the purely diluted yeast. After 12 hours the larvae were 
dissected, stained and investigated under light microscope.

Rapamycin treatment. Wandering aged lqfS011027 larvae were 
kept in yeast mixture containing 4 μM rapamycin (Sigma) for 6 
hours. The rapamycin was solved in PBS completed with 10% 
DMSO. After treatment the larvae were dissected and stained with 
LysoTracker Red.

Inverse PCR. Genomic DNA preparation was performed using 
standard methods. Inverse PCR was performed using the recom-
mended primers and restriction enzymes as described at http://
www.fruitfly.org/about/methods/inverse.pcr.html for the P{lacW} 
transposon.

Analysis of mitotic clones. The virgins of hsFlp; cgGal4, 
UAS-GFP, FRT80B line (courtesy of Thomas Neufeld) were 
crossed with lqfL71FRT80B/TM6b males (courtesy of Janice 
Fischer) and the freshly laid eggs (till 8 h AEL) were heat shocked 
for 30 min at 32°C. During the subsequent developmental period 
the larvae were kept at 25°C. Followed the 4 hour-long starving 
in 20% sucrose solution the 95–100 h AEL larvae were dissected 
and stained with LysoTracker Red and their fat body lobes were 
investigated under fluorescent microscope.

Generation of the RNA interference construct. The pWizMod 
vector used for the RNAi experiment carries the 1.2 kb long third 
intron of the wg gene inserted into the polycloning site of pUAST 
plasmid.80 The vector has unique restriction sites on both sides 
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in lower case on the primer sequences) at their endings. The 
primers which were used in this step were:

forward:
5'AGA TCT ATG GAT CCG GTA TCG GCG AAC3'
reverse:
5'CTC GAG CGA CAA AAA CGG ATT TGT TGC3'

Finally, these fragments were gel-purified, digested with BglII 
and XhoI and ligated into pUAST-GFP vector in-frame behind the 
GFP. The resulted plasmid named pUAST-GFP::Lqf was injected 
into w1118 embryos according to standard techniques.81

Generation and purification of the recombinant Lqf partial 
protein. Molecular cloning techniques were performed according 
to standard procedures. PCR amplification of the fifth exon 
(FBgn0028582:6) of lqf gene was done using ExTaq DNA poly-
merase (Takara) with the primers 5'GGA TCC CCA AAA CTT 
CCG CCT CCC GT3' and 5'CTG CAG TTC CAG CTT GCA 
GTT GGC CG3'. The forward and reverse primer was completed 
with BamHI and PstI site, respectively, which was shown in lower 
case on the primer sequences. The PCR product was directly 
cloned into the pQE-UA bacterial expression vector (Qiagen), 
and the recombinant partial LQF protein fused to an N-terminal 
hexahistidine tag was expressed in E. coli M15 cells. Protein puri-
fication was performed using the QIAexpressionist kit (Qiagen). 
Mice were immunized with the fusion peptide, and the obtained 
polyclonal antiserum was used for further investigations.

Preparation of protein extracts. Embryos, larvae and pupae 
were homogenized in Eppendorf tubes using a pestle in 2 mM 
Complete Proteinase Inhibitor Cocktail prepared from ready-to-
use water soluble tablet (Roche). The homogenate was completed 
with 2x SDS electrophoresis running buffer then centrifuged for 2 
min at 13,000 g at 4°C in a benchtop centrifuge. The supernatant 
was collected, aliquoted and frozen.

Western blots. 10 μg of total protein prepared from each 
larval and pupal stage was subjected to SDS-PAGE separation and 
transferred to nitrocellulose membrane (BioRad) for western blot 
analysis. Membranes were blocked in 5% milk prepared in TBS 
(10 mM Tris, 100 mM NaCl, pH 7.5), and hybridizations were 
carried out overnight at 4°C using 1:750 dilution of the Lqf anti-
body in 3% milk in TTBS (10 mM Tris, 100 mM NaCl, 0.05% 
Tween, pH 7.5). Membranes were washed three times (5 min each) 
in TTBS after hybridization. Alkaline-phosphatase-conjugated 
anti-mouse (goat) antibodies (Sigma) were used in 1:2,000 dilu-
tion in 3% milk + TTBS, and the proteins were detected using 
NBT/BCIP (Sigma).

Prestained molecular weight marker (PageRulerTM Prestained 
Protein Ladder, Fermentas) served as standard. Equal loading of 
samples was confirmed using an anti-α-tubulin antibody (Sigma, 
DM 1/A clone).

Immuncytochemistry. Immuncytochemistry was performed 
using standard techniques. Fat bodies from third instar larvae 
were dissected and fixed with 2% paraformaldehyde in PBS for 
15 min at room temperature (RT). Samples were washed 2 x 5 
min in PBS then were incubated for 20 min in PBS + 0.1% Triton 

X-100. Following 3 x 5 min wash with PBS, nonspecific binding 
sites were blocked by incubation with 3% milk powder in PBS 
for 1 hr. Incubations with primary and secondary antibodies were 
performed in the blocking buffer overnight at 4°C and for 1 hr 
at RT respectively. Primary antibodies were used at a dilution of 
1:100 (rabbit anti-Lqf; see above for preparation of Lqf antiserum). 
Anti-mouse-Alexa488 (Invitrogen) secondary antibodiy was used 
at a dilution of 1:400. An Olympus IX-81 View 500 confocal 
microscope with Fluoview digital imaging software was used to 
image fluorescently labeled antibodies.

Semi-quantitative analysis of lqf mRNA abundance. Total 
RNA was isolated from w- (w1118)—control—and lqfS011027 
larvae using QIAeasy RNA isolation kit (Qiagen). The RNA for 
Revers Transcriptase PCR (RT-PCR) was treated with RNAse free 
DNAse (Fermentas) prior to the synthesis of first-strand cDNA by 
RevertAid kit (Fermentas). The RT-PCR reaction was performed in 
28 cycles with Ex-Taq polymerase (TaKaRa), using the lqf second 
exon-specific forward 5' GGC AAA GGA AAG ATT CGC CC 3' 
and reverse 5' CCA TGC CAG GTC CAA GAG CT 3' primers 
as well as Drosophila actin Act5C specific primers as control. The 
products were analyzed in a 1% agarose gel containing SybrSafe 
(Invitrogen) dye.
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Recent publications showed that the 
kinase MTOR localizes to lysosomes 

and its activation depends on amino 
acids inside the lysosomal lumen, imply-
ing that autophagic protein degradation 
is a positive regulator of MTOR in this 
setting. Since decreased MTOR activ-
ity results in autophagy induction, drug 
treatments that block autolysosomal deg-
radation (a commonly used technique to 
estimate autophagic flux) may actually 
interfere not only with lysosomal break-
down, but also increase autophagosome 
generation through impaired MTOR 
signaling.

Autophagy ensures the autophagosome-
mediated transport of cytoplasmic mate-
rial to lysosomes for degradation and 
re-use. By now it has become widely 
accepted that analyzing the number of 
autophagy-related structures alone is an 
inadequate measure of autophagic degra-
dation activity (flux), as increased auto-
phagosome numbers can reflect both 
their accelerated generation or decreased 
clearence. Similarly, the number and size 
of autolysosomes depend on both ’input’: 
material delivered by autophagosomes, and 
’output’: material degraded and recycled 
back to the cytoplasm for re-use. The lev-
els of activated, lipidated Atg8/MAP1LC3 
family proteins (mostly referred to as 
Atg8-II or LC3-II) are increased during 
autophagy induction which can be easily 
followed in western blot experiments, but 
since Atg8 molecules linked to the inner 
autophagosomal membrane are subject 
to degradation in autolysosomes, their 
levels also depend on both activation (i.e. 

Interpretation of bafilomycin, pH neutralizing or protease inhibitor 
treatments in autophagic flux experiments
Novel considerations

Gábor Juhász
Department of Anatomy, Cell and Developmental Biology; Eötvös Loránd University; Budapest, Hungary

autophagy induction) and degradation 
(i.e. breakdown in autolysosomes).1

One popular method for the estima-
tion of autophagic flux is to carry out 
experiments in the absence and presence 
of lysosomal protease inhibitors (such as 
leupeptin), intralysosomal pH neutraliz-
ing agents (such as chloroquine), or drugs 
that inhibit the vacuolar type H+-ATPase 
(v-ATPase) complex necessary for lyso-
somal acidification (such as bafilomycin 
A

1
). These treatments block autopha-

gic degradation at a step downstream of 
autophagosome formation, allowing one 
to make a direct comparison of autopha-
gosome numbers or lipidated Atg8/LC3 
levels with experiments done without 
using these drugs.1

MTOR (mechanistic target of rapamy-
cin) is a serine/threonine kinase that inte-
grates multiple signals such as growth 
factor abundance with intracellular amino 
acid and ATP levels to coordinate cell 
growth and autophagy. MTOR promotes 
translation in a number of ways including 
the activation of RPS6KB1/2 (ribosomal 
protein S6 kinase, 70 kDa, polypep-
tide 1/2) and inhibition of EIF4EBP1 
(eukaryotic translation initiation fac-
tor 4E binding protein 1) and blocks 
autophagy by inhibiting the Atg1/ULK1 
(unc-51-like kinase 1) kinase complex.2 
MTOR is rapidly inactivated upon star-
vation that results in autophagy induction 
typically peaking at 2–4 h depending on 
the experimental system. Recent papers 
showed that autophagy is required for the 
re-activation of MTOR and repression of 
autophagy during prolonged starvation, 
and that amino acids inside lysosomes 
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Therefore, estimating MTOR activity by 
looking at phospho-RPS6KB1/2 and phos-
pho-EIF4EBP1 levels should be an essential 
part of flux assays that involve these drug 
treatments. Along these lines, finding of a 
drug or genetic mutation that specifically 
blocks only the fusion of autophagosomes 
with endosomes or lysosomes and not other 
vesicle fusion events would provide a useful 
tool for the autophagy community.
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are necessary for MTOR activity.3,4 Also, 
the ragulator complex required for amino 
acid-induced MTOR activation recruits 
MTOR complex 1 to the v-ATPase com-
plex and ensures the localization of active 
MTOR on lysosomes (Fig. 1A).5

In light of these new results, we may 
need to re-evaluate the use of inhibitors 
that block lysosomal protein degradation 
for autophagic flux. Bafilomycin, chloro-
quine and protease inhibitor treatments 
are very likely to interfere with MTOR 
activity, potentially resulting in further 
acceleration of autophagosome formation 
unless MTOR is already completely inac-
tive in the experimental setting (Fig. 1B). 

Figure 1. schematic representation of the connection between autophagy and mtor signal-
ing mediated by lysosomes. (A) induction of autophagy results in autophagosome-mediated 
delivery of proteins to lysosomes. the v-AtPase complex ensures optimal acidic pH for lysosomal 
proteases that break down proteins into amino acids, which in turn activate mtor complex 1 
associated with the v-AtPase complex. mtorC1 activation then results in feedback inhibition 
of autophagosome generation. (B) inhibition of the v-AtPase proton pump, neutralization of 
lysosomal acidity or block of lysosomal proteases decreases autophagic protein degradation and 
intralysosomal amino acid levels, likely leading to mtorC1 inactivation and increased formation 
of autophagosomes.
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Autophagy delivers cytoplasmic material for lysosomal degradation in eukaryotic cells. Starvation induces high levels of
autophagy to promote survival in the lack of nutrients. We compared genome-wide transcriptional profiles of fed and
starved control, autophagy-deficient Atg7 and Atg1 null mutant Drosophila larvae to search for novel regulators of
autophagy. Genes involved in catabolic processes including autophagy were transcriptionally upregulated in all cases.
We also detected repression of genes involved in DNA replication in autophagy mutants compared with control animals.
The expression of Rack1 (receptor of activated protein kinase C 1) increased 4.1- to 5.5-fold during nutrient deprivation in
all three genotypes. The scaffold protein Rack1 plays a role in a wide range of processes including translation, cell
adhesion and migration, cell survival and cancer. Loss of Rack1 led to attenuated autophagic response to starvation, and
glycogen stores were decreased 11.8-fold in Rack1 mutant cells. Endogenous Rack1 partially colocalized with GFP-Atg8a
and early autophagic structures on the ultrastructural level, suggesting its involvement in autophagosome formation.
Endogenous Rack1 also showed a high degree of colocalization with glycogen particles in the larval fat body, and with
Shaggy, the Drosophila homolog of glycogen synthase kinase 3B (GSK-3B). Our results, for the first time, demonstrated
the fundamental role of Rack1 in autophagy and glycogen synthesis.

Introduction

The proper balance of anabolic and catabolic processes ensures
cellular and organism-wide homeostasis under physiological
conditions. Major intracellular catabolic pathways include the
ubiquitin-proteasome system, responsible for the regulated
degradation of selected proteins and autophagy, capable of
degrading all intracellular macromolecules and even whole
organelles. The major pathway of autophagy utilizes double-
membrane vesicles called autophagosomes to deliver cytoplasmic
cargo for degradation in lysosomes.1 Basal levels of autophagy are
required to prevent the accumulation of abnormal protein
aggregates that are detrimental for cell function and survival,
especially in long-lived cells such as neurons.2-5 Autophagic
activity is tightly controlled in all cells: factors increasing cell
growth rate usually decrease, while nutrient or growth factor
deprivation dramatically increases the levels of autophagy.1

A set of about 20 evolutionarily conserved genes required for
autophagy has been identified in yeast. These Atg (autophagy-
related) gene products orchestrate the formation of early
autophagic structures where autophagosome generation takes
place.6 The Atg1 protein kinase complex is directly controlled by

TOR (target of rapamycin), a kinase that coordinates growth-
promoting stimuli with the availability of nutrients, ATP and
oxygen. Inactivation of TOR rapidly activates the Atg1 complex,
resulting in autophagy induction.7 Autophagy also requires a
specific phosphatidylinositol-3-kinase (PtdIns3K) complex, the
transmembrane protein Atg9 and factors involved in its cycling
from cellular reservoirs to phagophore assembly sites, and two
ubiquitin-like protein conjugation systems that ensure lipidation
and membrane association of the ubiquitin-like protein Atg8.
Atg8 is associated with the surface of autophagosomes similar to a
coat protein. Atg8 needs to be cleaved off from the outer
membrane to allow the fusion of autophagosomes with lysosomes
and endosomes, while the Atg8 pool associated with the inner
membrane is degraded along with sequestered cargo in autolyso-
somes.8,9 This way, half of these Atg8 protein molecules are
broken down in each autophagosomal cycle.10

Yeast studies found that the levels of Atg8 can become rate-
limiting during autophagy, and that upregulation of this gene is
normally observed during induction.1 In higher eukaryotes,
increased transcription from Atg8 homologs and other Atg genes
has been documented in certain settings, for example in murine
muscles, or in Drosophila fat body and salivary gland cells at the
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onset of metamorphosis, but not in all cases of autophagy
induction.11-15 Basal levels of Atg proteins and the extent of
autophagy induction must together determine if transcriptional
upregulation of these genes is necessary during the response. The
presence of multiple homologs of a single yeast gene may also
supply enough proteins to support autophagy induction. Inter-
estingly, the Atg8 gene family has expanded in higher eukaryotes,
for example there are two members in Drosophila (Atg8a
and Atg8b), and five in mammals with specialized functions
during autophagosome formation (GABARAP, GABARAPL1,
GABARAPL2, GABARAPL3 and MAP1LC3—this latter gene
also produces four different protein isoforms).6,16

Drosophila is an excellent model for autophagy studies, as
polyploid tissues like the fat body grow rapidly during the larval
stages, and store nutrients to support metamorphosis later on.
Therefore, low levels of autophagy are observed during the feeding
period in larval stages L1 (approximately 24–48 h after egg
laying—AEL), L2 (48–72 h AEL) and most of L3 (72–120 h
AEL). Larvae leave the food at around 108 h AEL (the onset of
the wandering period) to find a proper, dry place for pupariation,
which is observed around 120 h AEL. Robust induction of
autophagy is seen in the larval fat body and midgut in wandering
larvae, or in response to starvation during earlier stages.17,18

We have previously used transcription profiling to search for
gene expression changes in dissected fat bodies of feeding and
wandering animals. By following the expression levels of 3,200
genes, we found that Atg8 homologs were upregulated, and we
have successfully shown that the downregulated gene FKBP39
(FK506-binding protein of 39 kD) is an inhibitor of autophagy.
FKBP39 likely acts by inhibiting the transcription factor Foxo,
and we found for the first time that Foxo is an important positive
regulator of autophagy.15 Since then, Foxo-dependent transcrip-
tional upregulation of Atg8 homologs during autophagy has been
described in murine muscles.11,12

We reasoned that a similar strategy could be applied by looking
at gene expression changes during starvation. An earlier study
reported a whole-genome analysis of starvation responses in 48 h
AEL (L2 stage) larvae, and found the transcriptional induction of
only Atg8a (annotated as CG1534 at that time) and Atg9 of all the
autophagy genes.19 We decided to use a more sensitive newer
generation microarray platform to test 86 h AEL (L3 stage) larvae
as these are used in most cases for studies on starvation-induced
autophagy. In addition, this time point is after the developmental
milestone known as the ‘70 h change.’ This simply refers to the
observation that all larvae before 70 h AEL die in a few days upon
complete starvation, while a fraction of the larvae past 70 h AEL
(near the L2- to L3-molt) that have presumably accumulated
appropriate nutrient stores to sustain metamorphosis are able to
pupariate and give rise to small adults.20

Results

Microarray analysis of starvation-induced autophagy in Droso-
phila larvae. We compared genome-wide expression changes of
86 h AEL control larvae subjected to a 4-h complete starvation to
their well-fed siblings. We have also analyzed previously described

autophagy-deficient null mutants for Atg7 (on a similar genetic
background with control larvae) and Atg1 (from a distinct genetic
background), with the purpose of finding gene networks that are
specifically regulated in starved autophagy mutants.3,21 Genes that
showed at least a two-fold induction or repression with a p value
, 0.05 were considered regulated. We found that the expression
of 2,819 vs. 3,690 and 3,971 of 13,613 genes (represented by
unique FBgn identifiers)22 was starvation-regulated in controls,
Atg7 and Atg1 mutants, respectively. Please see Table S1 for
detailed results.

Genes encoding antimicrobial peptides such as Drosomycin
and IM10 (immune-induced molecule 10) were among the most
highly upregulated genes in all three genotypes (Table S2).
Growth/insulin signaling is inhibited in response to starvation,
which activates the transcription factor Foxo (forkhead box, sub-
group O).15 Induction of these immune effector molecules is
directly controlled by Foxo.23 The FoxA/Forkhead transcription
factor target gene CG6770 which is transcriptionally induced
upon inhibition of TOR was also induced 37- to 95-fold.19,24

Another highly upregulated gene was CG7224, encoding a small,
118-amino acid protein. As it was transcriptionally induced 19.5-
to 30.5-fold in the different genotypes, we named this gene Sirup
(starvation-upregulated protein). Interestingly, expression of Sirup
and its paralog CG15283 was also induced during developmental
autophagy of the fat body.15

Of the 20 genes showing the strongest downregulation, only
two were found in all three genotypes: CG15615 encoding an
oxidoreductase (36- to 61-fold repression) and CG15155 encod-
ing a transferase that transfers acyl groups other than amino-
acyl groups (30- to 60-fold repression; Table S3). The biological
processes in which these gene products are involved are not
known, and no phenotypic data are available for these genes.

We performed gene ontology (GO) analysis of the significantly
regulated genes in the three different genotypes (Fig. 1A and B;
Tables S4 and S5 for details). The analysis revealed that genes
belonging to 10 enriched GO categories were specifically induced
in autophagy mutants (please see Table S6 for a list of induced
genes in these 10 Atg mutant-specific enriched GO categories).
Some of these GO categories that are high in the hierarchy of GO
terms (such as GO0009056: catabolic process) included genes
that were also present in other, more specific GO groups enriched
in all three genotypes, which is a clear limitation of GO analyses.
Nevertheless, these groups include genes involved in the
metabolism of purine nucleotides and in various catabolic
processes, such as CG9363 encoding an enzyme involved in the
breakdown of tyrosine and L-phenylalanine. Numerous genes
encoding members of the ubiquitin-dependent protein catabolic
process were also found here, including CHIP, CG1950,
CG4661, CG18341 and Ubc84D.22 Only 3 enriched GO terms
were specific for autophagy mutants among repressed genes
(please see Table S7 for a list of repressed genes in these 3 Atg
mutant-specific enriched GO categories). Genes in these
categories encode proteins involved in DNA metabolism,
amplification and replication, such as DNA polymerases
CG8142, DNA polymerase a 73 kD and 180 kD, DNA
polymerase delta, and essential DNA replication factors Mcm5

RESOURCE
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Figure 1. Transcriptional analysis of
starvation responses. The number
of gene ontology (GO) terms
enriched (p , 0.05) among
the significantly upregulated
(A) and downregulated (B) genes
(minimum two-fold change in
expression level during the 4-h
complete starvation, p , 0.05)
in control, Atg7 and Atg1 mutant
larvae. See text and Tables S4
and S5 for details. (C) lists star-
vation-induced transcriptional
changes (gene expression levels in
starved animals relative to
the expression levels detected in
fed animals) for Drosophila homo-
logs of yeast and human Atg genes,
involved in the core mechanism
of autophagy. Atg8a encoding a
ubiquitin-like protein showed
the highest induction during star-
vation. Interestingly, the highest
average upregulation was observed
for genes encoding members
of the Atg9 cycling complex.
(D) Quantitative real-time (QT) PCR
analysis of fat bodies dissected
from fed and starved control larvae.
Numbers represent fold change
values, and nonsignificant changes
are crossed out in (C and D).
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(Minichromosome maintenance 5), Mcm10, disc proliferation
abnormal, replication factor C subunits RfC3 and RfC38, double
parked, DNA ligase I, SuUR (suppressor of under-replication),
mus209/PCNA (proliferating cell nuclear antigen) and origin
recognition complex subunit 2.22

Interestingly, we detected many more genes significantly
regulated upon a 4-h complete starvation when compared with
an earlier study.19 Zinke et al. reported 369 and 279 genes
significantly induced or repressed, respectively, while we found
that 1,584 and 1,235 genes were significantly up- or down-
regulated in control larvae, respectively. Comparing the list of hits
revealed that 170 genes were found induced and 134 repressed in
both studies (please see Tables S8 and S9 for a list of these genes),
which is almost half of all genes identified by Zinke et al. While
some of these differences are likely due to the different genetic
backgrounds and larval stages tested, we are convinced that our
approximately 4.3-fold higher discovery rate is mostly due to the
use of a different, more sensitive microarray. This is further
supported by a previous study that compared different microarray
technologies and found that the long oligonucleotide platform
(such as in the case of our study utilizing arrays printed with 60-
mer oligos) is more sensitive and produces lower levels of technical
variability when compared with cDNA-based systems (used by
Zinke et al.).25

Most autophagy genes are transcriptionally induced during
starvation. Several GO terms that include Atg genes (such as
GO0048102: autophagic cell death) were found enriched among
the upregulated genes in all three genotypes. To focus more on
autophagy, we looked at the expression of Atg gene homologs.
Many of these genes showed increased induction in autophagy
mutants compared with controls (Fig. 1C). Expression from the
Atg7 and Atg1 loci was still observed in the mutants; since these
alleles had been previously characterized as genetic nulls,
presumably truncated versions of wild-type transcripts were
detected.3,21

Of the genes encoding members of the Atg1 kinase complex,
Atg1, FIP200 and Atg101 showed a moderate induction, while the
levels of Atg13 did not change. This is in agreement with recent
findings that Atg13 is continuously degraded by the ubiquitin-
proteasome system, and it is stabilized by the binding of Atg101
during autophagy induction.26,27 Therefore, Atg13 protein levels
appear to be mainly regulated on the post-translational level. It is
important to note that Atg101 showed the highest upregulation in
this group (on average 3.5-fold in the 3 different genotypes), but
it was mostly due to its stronger induction in autophagy mutants.
In controls, FIP200 shows the highest induction in this group
(4.6-fold).

Genes encoding members of the autophagy-specific PtdIns3K
complex (Vps34, Vps15, Atg6, Atg14) showed an even milder
response: only Vps34 that codes for the lipid kinase itself was
upregulated in all three genotypes. To our surprise, EDTP (Egg-
derived tyrosine phosphatase) showed the highest average
induction in this lipid signaling group: 2.9-fold. This gene
encodes the Drosophila homolog of the lipid phosphatase Jumpy,
a potent antagonist of the autophagy-promoting activity of Vps34
in mammals.28 The upregulation of a potential inhibitor of

autophagy may represent a negative feedback loop that acts to
prevent hyperactivation. Elucidation of this hypothetical mecha-
nism needs further studies.

Interestingly, genes encoding members of the pre-autophago-
somal cycling complex showed the strongest average induction,
between 3.2- and 6.2-fold. Atg9 is the only transmembrane
protein among Atg gene products, and it has been shown to cycle
between early autophagic structures and potential intracellular
membrane sources to ensure membrane transport to forming
autophagosomes. Atg2 and Atg18 are required for the cycling of
Atg9 in yeast.29

Half of the genes (5/10) encoding members of the ubiquitin-
like protein conjugation systems did not even show an
upregulation. Atg4a, Atg7, Atg8b and Atg16 were moderately
induced, while the highest upregulation of all the Atg genes was
detected for Atg8a, 8.4-fold on average.

Atg8a itself is a specific cargo selectively degraded during
autophagy. Additional substrates have also been described, such as
p62/Ref(2)P, which is an intracellular receptor of ubiquitinated
proteins for selective autophagy, in addition to its scaffolding roles
in multiple signaling pathways. p62 binds to Atg8 homologs, so it
is continuously degraded during autophagy.30 We found that p62
is transcriptionally induced 6-fold during starvation, potentially in
part to compensate for its accelerated rate of degradation during
increased autophagy. A more moderate upregulation was detected
for Blue cheese/Alfy, whose protein product is involved in the
selective degradation of cytosolic protein aggregates.31

Next we sought to expand on our findings obtained by
microarray analysis of starved whole larvae by focusing on the fat
body. We followed the expression of selected genes by
quantitative real-time PCRs, comparing fat bodies dissected from
starved vs. fed control larvae (Fig. 1D). These QT-PCR
experiments further supported our most important findings:
among the genes encoding members of the Atg1 kinase and lipid
kinase complexes EDTP showed the highest upregulation (6.5-
fold), which is still moderate when compared with genes that
showed the strongest induction. Atg8a was by far the most highly
upregulated gene (169-fold), and all members of the membrane
transport group were strongly induced (11- to 35-fold). The
expression of Sirup also increased 60.4-fold. There were also
important differences, such as in the case of Atg5 that showed a
7.6-fold upregulation in fat bodies while no significant change was
detected in whole larvae, as it was probably masked by other
tissues.

Rack1 is required for a full autophagic response to starvation.
We selected a set of genes for further studies that were starvation-
regulated in all three genotypes, and no autophagic function had
been assigned to these in spite of having been already
characterized to some extent. For example, Rack1 transcription
increased 4.1-, 5.5- and 4.1-fold in controls, Atg7 and Atg1
mutants, respectively. QT-PCR analysis also showed that Rack1
was upregulated 21.6-fold in the fat body upon starvation.

Silencing of Rack1 expression reduced autophagy based on
mCherry-Atg8a (Fig. 2A and N), Lysotracker Red staining and
Lamp-GFP, a reporter for lysosomes.32 Numerous small,
presumably inactive Lamp-GFP positive lysosomes were seen in
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fat body cells of well-fed control larvae, which were not strongly
acidic as revealed by lack of Lysotracker Red labeling (Fig. 2B). In
contrast, large Lamp-GFP and Lysotracker-positive autolysosomes
were formed during starvation (Fig. 2C). Silencing of Rack1
reduced the number and size of Lysotracker and Lamp-GFP
positive autolysosomes formed during starvation (Fig. 2D, see
also Fig. 2O–Q for statistics).

To expand on these RNAi studies we have also analyzed a
previously described null mutant Rack1[1.8].33 Using the same
mCherry-Atg8a and Lysotracker assays, we observed again a
strong reduction of autophagy in Rack1 mutants compared with
heterozygous controls (Fig. 2E–H; see also Fig. 2N and O for
statistics). As a final proof for the role of Rack1 in autophagy,
we have generated transgenic animals expressing Rack1 with a
C-terminal FLAG-HA tag by using a DNA construct from the
ongoing Drosophila proteomics project. Heat shock-mediated
expression of Rack1 in mutant larvae partially rescued their
autophagy defect (Fig. 2I and O). To avoid a possible effect of the
heat shock on autophagy, all genotypes were heat shocked in these
Lysotracker and electron microscopy experiments (see below).

Similar to the above findings, ultrastructural analysis showed
that while numerous autophagosomes and large autolysosomes
were observed in heterozygous controls, the cumulative area of
these structures was decreased in cross-sections of Rack1 mutant
fat body cells, and heat shock-mediated expression of Rack1 in
mutant larvae again showed a partial rescue (Fig. 2J–M; see
Fig. 2R for statistics). The partial rescue effect may reflect
insufficient expression levels, or more likely it may be caused by
the C-terminal tag interfering with full protein activity. Still, the
reduction of autophagosome area was completely rescued in these
experiments (p = 0.02 for mutant and rescue, and p = 0.84 for
control and rescue sample pairs, respectively), suggesting that
Rack1 is required for efficient autophagosome formation (Fig. 2L).

Interestingly, we found that Rack1 was dispensable for
developmental autophagy induced in fat body and midgut cells
prior to metamorphosis in late L3 stage wandering animals
(Fig. S1C and S1D). In contrast, p62 aggregates accumulated in
Rack1 RNAi cells in well-fed early L3 stage animals (Fig. S1E
and S1F). This finding suggests that Rack1 is also involved in
basal autophagy, as the ubiquitin- and Atg8-binding protein p62

is continuously degraded by autophagy along with aggregated
ubiquitinated proteins.30

Rack1 is involved in glycogen synthesis. Glycogen stores are
normally present in fat body, midgut and muscle cells in
Drosophila larvae. A striking phenotype of these Rack1 mutant fat
body cells was the 11.8-fold reduction of glycogen particle area
compared with heterozygous controls in electron micrographs,
and this effect was also partially rescued by Rack1 expression
(Fig. 2J–M; see Fig. 2S for statistics). Reduced glycogen stores
were most likely caused by defects in glycogen synthesis induced
by the 4 h starvation in 20% sucrose rather than accelerated
degradation, as no glycogen particles could be observed in fat
bodies of well-fed control or Rack1 mutant larvae (Fig. S1A and
S1B). In these latter cases, the lack of glycogen was probably due
to the high-protein diet that we routinely feed larvae before
starving them, by supplementing the medium with live yeast
paste. Taking advantage of a monoclonal antibody specific for
glycogen, we were also able to show that silencing of Rack1
decreased glycogen stores in a cell-autonomous manner in larvae
fed a high sugar-high protein diet, that is, medium supplemented
with live yeast paste prepared in 20% sugar; similar phenotypes
were observed in mutants (Fig. 2T–V).

Endogenous Rack1 localizes to early autophagic structures
and glycogen. Immunofluorescence analysis revealed that Rack1
is present in numerous cytoplasmic particles in most tissues.
Knockdown of Rack1 expression reduced staining both in fat
body and midgut cells (Fig. 3A and B). To assess the potential
role of Rack1 in autophagy, we performed colocalization
experiments. Atg8a fusion proteins are the best characterized
fluorescent reporters for autophagosome generation. We found
that endogenous Rack1 colocalized with GFP-Atg8a in 5.8% of
the cases (n = 10/171 dots) (Fig. 3C). Vice versa, 6.1% of
GFP-Atg8a particles colocalized with Rack1 (n = 11/181 dots). In
contrast, not a single case of colocalization was observed between
endogenous Rack1 and the lysosome reporter Lamp1-GFP
(Fig. 3D). We next used immunogold labeling of endogenous
Rack1 to localize it on the ultrastructural level. We found that
Rack1 was associated with 7.7% of pre-autophagosomal phago-
phores and autophagosomes (n = 17/221) (Fig. 3E; see also
Fig. 3G). Again, no labeling of lysosomes was seen.

Figure 2 (See opposite page). Rack1 is required for the full autophagic response to starvation, and for efficient glycogen synthesis. (A) Knockdown
of Rack1 results in reduction of autophagy in response to starvation. Please compare the number of mCherry-positive dots in RNAi cells vs. control cells in
each panel (red; the red channel is also shown in greyscale in insets). RNAi expressing cells are marked by coexpression of GFP (green). Cell nuclei
are labeled with DAPI (blue). (B) Numerous small Lamp1-GFP dots are seen in fat body cells of well-fed control larvae, which are not co-labeled
by Lysotracker Red. (C) In contrast, large Lamp1-GFP and Lysotracker-positive autolysosomes are formed during starvation. (D) Silencing of Rack1 strongly
reduces the number of Lysotracker particles that are formed during starvation; note that the size of Lamp1-GFP dots is also more similar to fed control
cells. (E and F) The number of starvation-induced mCherry-Atg8a dots is reduced in Rack1 null mutant fat bodies compared with controls.
(G and H) Similarly, the number of Lysotracker-positive autolysosomes is reduced in Rack1 mutants compared with controls. (I) Starvation-induced
autophagy is rescued by heat shock-mediated expression of a Rack1 transgene in Rack1 null mutant animals. (J) Transmission electron microscopy shows
the presence of large glycogen stores (g), numerous double-membrane autophagosomes (arrowheads) and autolysosomes (arrows) in fat body cells of
control animals starved for 4 h in 20% sucrose. (K) A portion of (J) is shown enlarged. (L) Fewer autophagic structures and glycogen particles are detected
in Rack1 mutants. (M) Heat-shock mediated expression of a Rack1 transgene in Rack1 null mutant animals partially rescues the reduced autophagy
and glycogen accumulation phenotypes of the mutants. (N–S) Statistical analyses of mutant and RNAi phenotypes on autophagy and glycogen stores.
Graphs represent dots/cell (N–P), average dot size (Q) and normalized cytoplasmic area (R and S), **p , 0.01 (two-tailed, two-sample unequal variance
Student’s t-test). (T) Knockdown of Rack1 expression cell-autonomously decreases glycogen stores. (U and V) No specific Rack1 labeling is observed
in Rack1 mutants, and glycogen stores are strongly decreased compared with heterozygous controls. Scale bars: 30 mm for all fluorescent images
(indicated in A, E and T–V), 10 mm for (J, L and M, indicated in J) and 2 mm for (K).
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Immuno-electron microscopy analysis also identified that
endogenous Rack1 localized in the periphery of, or immediately
next to glycogen particles in fat body cells, in addition to being
present in unidentified cytoplasmic clusters (Fig. 3F and G). In
indirect immunofluorescence experiments most Rack1-positive
dots localized next to or in the periphery of glycogen particles
in laser scanning confocal microscopy as well (Fig. 3H). 77% of
glycogen particles had associated Rack1 dots (n = 426/553), while
48% of Rack1 dots were associated with glycogen (n = 394/822).

The activity of glycogen synthase is a major determinant of
glycogen levels. Phosphorylation of glycogen synthase by Shaggy,
the Drosophila homolog of glycogen synthase kinase 3B
(GSK-3B) promotes glycogen synthesis.34 A physical interaction
between the human homologs of Rack1 and GSK-3B was
already reported.35 In line with that, we found that 73.9% of
endogenous Rack1 colocalized with endogenous Shaggy, and
39.4% of Shaggy positive dots were also positive for Rack1
(n = 82/111 and n = 82/208 dots, respectively) (Fig. 3I). In
contrast, no colocalization was found between Shaggy and
GFP-Atg8a (not shown).

Discussion

We have used whole-genome microarrays to identify genes
regulated during the starvation response in Drosophila, and also
compared gene expression changes between control, Atg7 and
Atg1 mutant larvae. Based on a gene ontology analysis, genes
involved in catabolic processes such as proteasomal degradation
and amino acid catabolism were more significantly upregulated in
starved autophagy mutants, which is likely a compensatory
reaction. On the other hand, genes required for DNA replication
were specifically downregulated. Mitotic tissues continue to grow
and divide even in Drosophila larvae deprived of all nutrients.36

Repression of genes required for DNA replication in autophagy
mutants suggests that energy-consuming DNA replication processes
are strongly inhibited in completely starved autophagy mutants,
presumably because polyploid cells are not able to supply nutrients
to support diploid cell divisions in the absence of autophagy.

We detected increased transcription of most Atg genes upon
starvation, and an even higher upregulation was seen for most
genes in fat bodies dissected from starved vs. fed animals. The
most highly induced gene was Atg8a in all cases, in agreement
with previous studies that showed the importance of Atg8
induction during autophagy in various models.1,12,15 It is
important to note that Atg8b is mostly expressed in adult testis,
and its very low level larval expression is restricted to the fat
body.37 In line with this, mutation of Atg8a completely blocks
starvation-induced autophagy in the fat body confirming that
Atg8b expression is unable to sustain autophagy in this setting,
although Atg8b was also upregulated 118-fold during starvation in
the fat body.21 Induction of Atg8a is likely necessary to make up
for the degradation of half of its protein products involved in each
autophagosomal cycle. Members of the Atg9 cycling complex
showed the strongest average upregulation of the functional
groups of Atg proteins. We speculate that the sudden induction of
autophagy in polyploid larval Drosophila tissues requires a lot of

membrane to sustain the high level of autophagosome generation,
explaining the increased transcription of genes whose products are
required for membrane transport.

In this work we chose Rack1 (receptor of activated protein
kinase C 1) for further analysis. Rack1 was induced in whole
animals and in dissected fat bodies during starvation, and loss of
Rack1 impaired both starvation-induced and basal autophagy,
while it had no effect on developmentally programmed autophagy
of the fat body. These findings indicate that Rack1 is involved in
multiple but not all types of autophagy.

Autophagosomes generally have a short half-life of 5–10 min,
which is the most likely explanation why basal levels of autophagy
are very difficult to visualize in most tissues.38 In contrast,
autophagosomes appear in high numbers during starvation. The
autophagosomal compartment was reduced in Rack1 mutants
which was rescued completely by transgenic expression of Rack1,
and Rack1 was at least transiently associated with phagophore
assembly sites and autophagosomes, altogether suggesting that
Rack1 is required for efficient autophagosome formation. As we
observed no defects in cell size/cell growth, DNA polyploidization
or lipid droplet accumulation in Rack1 loss of function cells, the
autophagy defect seems to be a highly specific phenotype and
not just a consequence of general problems with normal cellular
functions.

Rack1 is an evolutionarily conserved guanine nucleotide-
binding scaffold protein with a WD40-repeat: 77% (243/315)
of the amino acid residues are identical and 87% (275/315) are
similar between Drosophila Rack1 and human GNB2L1. A
proteomic study of Atg complexes found that GNB2L1 interacts
with human homologs of Atg1, Atg4, Atg14 and Atg18.39

Although GNB2L1 was not classified as a high-confidence
interacting partner, these data support our hypothesis that
Rack1 may act as a scaffold, transiently binding multiple Atg
proteins at phagophore assembly sites to promote maximal
activity. In line with that, it is interesting to note that the
potential interacting partners of human Rack1 include a member
from all four Atg protein complexes. Further biochemical studies
such as co-immunoprecipitation experiments are necessary to
verify this hypothetical mechanism.

In addition, half of the Rack1-positive dots localized to
glycogen particles, and loss of Rack1 prevented the proper
formation of glycogen stores in larval fat body cells. The high
degree of colocalization with GSK-3B strongly suggests that
Rack1 is associated with a pool of GSK-3B that promotes
glycogen synthesis. The known interacting partners of Rack1
include three subunits of AMPK (AMP-activated protein kinase):
PRKAA1, PRKAA2 and PRKAB2. The β-subunit of AMPK has a
glycogen-binding domain that targets a pool of this kinase to bind
the surface of the glycogen particle. Activated AMPK turns on
catabolic processes to generate ATP, and it also inhibits glycogen
synthesis through direct phosphorylation of glycogen synthase.40

We hypothesize that a signaling complex containing Rack1, GSK-
3B and AMPK assembles on glycogen particles to regulate the
rate of synthesis through phosphorylating different amino acid
residues of glycogen synthase, with AMPK being responsible for
targeting this complex to glycogen. In this scenario, the activity of
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multiple kinases including AMPK and GSK-3B would determine
the rate of glycogen synthesis. These interactions may be less
relevant for Rack1’s role in autophagy for a number of reasons.
First, GSK-3B never colocalized with Atg8a, and overexpression

of GSK-3B actually inhibits starvation-induced autophagy (our
unpublished observation). Second, the exact role of AMPK in
starvation-induced autophagy of the fat body is not clear:
mutation of SNF4Ac encoding a regulatory subunit of AMPK

Figure 3. Localization of endogenous Rack1. (A and B) Knockdown of Rack1 reduces anti-Rack1 immunostaining in both midgut and fat body cells
in a cell-autonomous manner. (C) Rack1 shows a partial colocalization with the (pre-) autophagosome reporter GFP-Atg8a. (D) In contrast, no overlap
was found between Rack1 and the lysosome reporter Lamp1-GFP. Boxed areas in (C and D) are shown enlarged. (E) Immunogold labeling of Rack1
is associated with a pre-autophagosomal phagophore near the growing edges (asterisk) and an autophagosome (red arrowhead). Please note
the characteristic cleft (empty-looking space) between the two membrane sheets of phagophores and autophagosomes, which facilitates their
recognition in glutaraldehyde-fixed samples. In contrast, no labeling of a lysosome is observed (arrow in E). Some of the gold particles are highlighted
by yellow arrowheads. (F) Gold particles representing endogenous Rack1 are frequently associated with the peripheral parts of glycogen stores (g) in
fat body cells. (G) Rack1 is also present in cytoplasmic clusters (c); an autophagosome (red arrowhead) is also labeled (yellow arrowhead). (H and I)
Rack1 is closely associated with glycogen granules in the fat body, and it colocalizes with Shaggy, the Drosophila homolog of GSK-3B. Boxed areas of
(A and B) are shown enlarged. Scale bars: 10 mm for (A–D, H and I), 5 mm for (C’–D” and H’–I”) and 1 mm for (E–G). All colocalization experiments
were performed using confocal laser scanning microscopy.
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has been shown to lead to impaired autophagic responses in
mutants, but a more recent report suggested that AMPK mutants
show a persistent starvation phenotype that may interfere with
further induction of autophagy by additional experimental
starvation.41,42 In line with that, none of the more than 10 different
transgenic RNAi and dominant-negative AMPK lines we tested
showed any suppression of starvation-induced autophagy in clonal
analysis (our unpublished observations), potentially supporting the
hypothesis that the autophagy phenotype of AMPK mutants may
not be cell autonomous in the Drosophila fat body.

Rack1 was originally described as a cytoplasmic receptor for
activated protein kinase C (PKC). The structure of Rack1
resembles that of the β-subunit of heterotrimeric G proteins. The
individual WD40 repeats can simultaneously bind to different
proteins, making Rack1 a candidate platform for integrating
several signaling pathways. Rack1 was shown to physically interact
with β-integrin, various kinases including PKC, AMPK, GSK-3B
and Src, protein phosphatase 2A, focal adhesion components, and
even ribosomes. Indeed, Rack1 plays a role in a wide range of
processes including cell adhesion and migration, cell survival and
translation.33,43 Recent findings showed that Rack1 promotes and
is required for progression of several types of cancers, and its
increased expression predicts poor clinical outcome for breast
cancer patients.44-48

Here we have shown that Drosophila Rack1 is also involved in
the autophagic response to starvation, potentially acting again as a
scaffold protein during the formation of autophagosomes. In
addition, Rack1 is necessary for the proper generation of glycogen
particles in the larval fat body, likely through recruiting Shaggy/
GSK-3B to promote glycogen synthesis. Taken together, we have
demonstrated that novel roles in autophagy and glycogen
synthesis must be added to the already diverse list of functions
for Rack1.

Materials and Methods

Drosophila stocks and culture. Flies were raised at 25°C on
standard cornmeal/agar media, at 60% humidity and a 12-h light/
12-h dark daily cycle. The following stocks were used: CG5335
[d30], Atg7[d77], Atg7[d14],3 (d14 deletes the promoters and the
first parts of both Atg7 and Sec6, d77 deletes both CG5335 and
Atg7, and d30 deletes CG5335 only; therefore, d77/d14 animals
are mutant for Atg7 only and heterozygous for both CG5335 and
Sec6, while d30/d14 are heterozygous for all three genes), Atg1
[d3D],21 UAS-Lamp1-GFP, UAS-GFP-Atg8a,49 hs-Flp; UAS-Dcr2;
R4-mCherry-Atg8a, Act . CD2 . Gal4, UAS-GFPnls (gift of
Tom Neufeld), Df(2L)rack1-mts, Rack1[1.8],33 (the 1.8 allele
carries a premature stop codon instead of the sixth amino acid; we
used hemizygous animals in trans with the deficiency Df(2L)
rack1-mts that deletes both Rack1 and mts in all experiments), hs-
Gal4 (Bloomington Drosophila Stock Center, BDSC), and
transgenic RNAi lines for Rack1 KK104470 (designated as
Rack1 RNAi throughout the text and figures), HMS01173
(designated as Rack1 RNAi_2 in Fig. S1F) (provided by
the Vienna Drosophila RNAi Center, VDRC and BDSC,
respectively). Starvations were routinely performed by floating

well-fed 72–96 h AEL (after egg laying) larvae on top of a 20%
sucrose solution in an Eppendorf tube for 4 h. For complete
starvations (no calorie), we placed well-fed animals onto filter
papers soaked in PBS. Twenty to 30 larvae were transferred into a
new vial amply supplemented with live yeast culture (high protein
diet) 12–24 h before starvation to reduce crowding and make sure
that all animals were well-fed at the onset of the starvation
experiments, which is necessary for a proper autophagic response.
For diet high in both protein and sugar, yeast paste was prepared
in a 20% sucrose solution.

Microarray analysis. Our microarray experiments conformed
to MIAME guidelines, and full data sets are available at www.ebi.
ac.uk/arrayexpress under accession number E-MEXP-3352.

Four microarrays were used for analyzing each genotype: two
independent fed and starved samples were collected (biological
replica), and a dye swap was performed for each fed/starved
sample pair (technical replica—please see below). Eighty-six ± 2 h
AEL L3 stage larvae were allowed to feed on standard fly food
supplemented with yeast (fed) or starved in PBS for 4 h (starved).
Approximately 30 mg of larvae were collected and frozen
immediately in liquid nitrogen in RNAlater (Sigma, R0901).
Total RNA was purified using a NucleoSpin RNA II RNA
isolation kit (Macherey-Nagel, 740955). RNA samples were
stored at –80°C in the presence of 30 U Prime RNase inhibitor
(Fermentas, EO0382). For probe preparation, 1 mg of total RNA
were first reverse transcribed in 10 ml volume using Oligo(dT)
Primer and ArrayScript enzyme, then the second cDNA strand
was synthesized in 50 ml final volume using DNA polymerase and
RNase H. Amino allyl modified aRNA were then synthesized by
in vitro transcription using aaUTP and T7 Enzyme mix. All these
steps were done using AminoAllyl MessageAmpTM II aRNA
Amplification Kit (Ambion, AM1753). Six micrograms of amino
allyl modified amplified RNA was labeled with either Cy5 or Cy3
dyes in 10 ml volume (GE Healthcare, PA23001, PA25001) and
purified using RNA purification columns (Macherey Nagel,
740955). The specific activity and concentration of the labeled
aRNA samples was checked by spectrophotometry (NanoDrop
3.1.0, Rockland). 4 � 44 k format Drosophila Gene Expression
Microarrays (Agilent, G2519F-021791) were used to determine
gene expression changes. 300 ng of Cy5 and Cy3 labeled aRNA in
19 ml volume, 5 ml 10 � blocking agent and 1 ml 25 �
fragmentation buffer were mixed together and incubated at
60°C for 30 min. Twenty-five microliters 2� GEx hybridization
fuffer was added to each sample to stop the fragmentation
reaction. All these steps were done using gene expression
hybridization kit (Agilent, 5188-5242). Forty-eight microliters
of these mixes were used for the hybridization in microarray
hybridization chambers (Agilent, G2534A). The chambers were
then loaded into a hybridization rotator rack (~5 rpm) and
incubated at 65°C for 17 h. After hybridization the slides were
washed in wash buffer 1 (Agilent, 5188-5327) at room
temperature for 1 min then in wash buffer 2 at 37°C for another
1 min before scanning. Each array was scanned at 543 nm (for
Cy3 labeling) or at 633 nm (for Cy5 labeling) in Agilent Scanner
using the built-in XDR (Extended Dynamic Range) function with
5 mm resolution. Output images were analyzed with the Feature
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Extraction software from Agilent (ver.9.5.1.1.) using the two-
color gene expression protocol (GE2_v5_95_Feb07) to get the
raw data. All ratios were normalized using the Lowess
normalization method. Two-tailed two-sample unequal variance
Student’s t-test with a two-fold change cut off was applied to
determine which genes showed significantly altered expression
levels (p , 0.05). Additionally, we applied multiple testing
correction (Benjamini-Hochberg method; p value 2 in Tables S1–
S3) using Genspring to estimate false discovery rate (corrected p
value in supplemental tables) associated with such a large number
of comparisons.

QT-PCR experiments. RNA samples were prepared from fat
bodies dissected from fed and starved control larvae as described
above. QT-PCR reactions were performed on 4 independently
collected fed and 4 independently collected starved fat body
samples. The reactions were performed on a RotorGene 3000
instrument (Corbett Research) with gene-specific primers and
SybrGreen protocol to monitor gene expression. Two micrograms
of total RNA was reverse transcribed using the High-Capacity
cDNA Archive Kit (Applied Biosystems, 4322171) according to
the manufacturer’s instructions in a final volume of 30 mL. The
temperature profile of the reverse transcription was the following:
10 min at room temperature, 2 h at 37°C, 5 min on ice and
finally 10 min at 75°C for enzyme inactivation. After dilution
with 30 mL of water, 1 mL of the diluted reaction mix was used as
template in QT-PCR reactions, using FastStart SYBR Green
Master mix (Roche, 04673484001) at a final primer concentra-
tion of 250 nM under the following conditions: 15 min at 95°C,
45 cycles of 95°C for 15 sec, 60°C for 25 sec and 72°C for 25 sec.
Fluorescence intensity of SYBR Green was detected after each
amplification step. Melting temperature analysis was done after
each reaction to check the quality of the products. Relative
expression ratios were calculated as normalized ratios to GAPDH.
As an additional control, no significant change was observed in
expression from the Actin5C locus. Nontemplate control sample
was used for each PCR run to check the primer-dimer formation.
The final relative gene expression ratios were calculated as DDCt
values. Primer sequences are available upon request. Two-tailed
two-sample unequal variance Student’s t-test was used to calculate
p values.

Bioinformatic analysis. GO analysis was performed using
DAVID Bioinformatics Resources 6.7 at http://david.niaid.nih.
gov.50 We selected unique FBgn identifiers of genes showing an at
least two-fold expression change in response to starvation with
p , 0.05 from all three genotypes. Separate lists of induced and
repressed FBgn identifiers were uploaded, and the GO terms of
biological processes functional annotation tool was used for
functional annotation clustering with default options. We then
compared the significantly enriched (p , 0.05) GO categories
among the three genotypes. As most genes are represented
by multiple 60-mer oligos on the whole-genome microarray, all
p , 0.05 fold change values were collected for each gene of
interest, averaged, and then visualized using JColorGrid for the
expression analysis of individual Atg genes.51 BLASTP searches were
used to find homologous gene products in yeast, Drosophila and
human, and the top-scoring hit is shown for each gene in Figure 1C.

Construction of UAS-Rack1 transgenic lines and genetic
rescue experiments. The pUAST-Rack1-FLAG-HA clone
UFO04269 was obtained from DGRC (Drosophila Genomics
Resource Center). Following sequencing, standard PhiC31-
mediated transformation procedures were used to obtain
transgenic Drosophila lines carrying UAS-Rack1 on a 65B2
platform chromosome (Bestgene). Expression of UAS-Rack1 was
induced with hs-Gal4 in a Rack1 null mutant background by a
1 h heat shock at 37°C, followed by a 4 h starvation.

Histology and imaging. Clonal analysis in polyploid larval
Drosophila tissues and Lysotracker stainings were performed as
described previously.21,49 For statistics, Lysotracker, mCherry-
Atg8a and Lamp1-GFP puncta were manually counted in
Photoshop. Two-tailed two-sample unequal variance Student’s
t-test was used to calculate p values. The following antibodies
were used for immunostainings: rabbit polyclonal anti-Rack1
(1:500, gift from Julie Kadrmas),33 mouse monoclonal anti-
glycogen (1:20, gift from Otto Baba),52 mouse monoclonal
anti-Shaggy (4G1E11, 1:100, gift from Marc Bourouis),34 mouse
monoclonal anti-GFP (1:1,000, Invitrogen, A11120), Alexa488-
conjugated goat anti-mouse (Invitrogen, A11001, 1:1,000),
Alexa568-conjugated goat anti-rabbit (Invitrogen, A21069,
1:1,000). A Zeiss Axioimager M2 microscope equipped with an
Apotome2 unit and a Plan-NeoFluar 40� 0.75 NA objective was
used to capture images with Axiovision software using MinMax
setting for automatically adjusting image levels. Confocal images
were acquired on an Olympus FV500 laser scanning microscope
with a 63� 1.45 NA oil-immersion objective in sequential
scanning mode. Primary images were processed in Adobe
Photoshop to produce final figures.

Transmission electron microscopy (TEM). Tissues were pro-
cessed for TEM analysis as described previously.49 For immuno-
electron microscopy, rabbit polyclonal anti-Rack1 (1:50) was used
as described previously.3 Images were captured on a JEOL
JEM-1011 transmission electron microscope using an Olympus
Morada 11 megapixel camera and iTEM software (Olympus). For
statistical analysis, four 5,000 � magnification images were taken
randomly from four larvae in each genotype (16 images per
genotype), and the area of autophagic structures and glycogen has
been manually encircled in Photoshop to obtain area values.
Relative cytoplasmic area values and two-tailed two-sample
unequal variance Student’s t-tests were calculated using Excel.
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Abstract

Levels of the selective autophagy substrate p62 have been established in recent years as a specific readout for basal
autophagic activity. Here we compared different experimental approaches for using this assay in Drosophila larvae. Similar
to the more commonly used western blots, quantifying p62 dots in immunostained fat body cells of L3 stage larvae
detected a strong accumulation of endogenous p62 aggregates in null mutants for Atg genes and S6K. Importantly, genes
whose mutation or silencing results in early stage lethality can only be analyzed by microscopy using clonal analysis. The
loss of numerous general housekeeping genes show a phenotype in large-scale screens including autophagy, and the p62
assay was potentially suitable for distinguishing bona fide autophagy regulators from silencing of a DNA polymerase
subunit or a ribosomal gene that likely has a non-specific effect on autophagy. p62 accumulation upon RNAi silencing of
known autophagy regulators was dependent on the duration of the knockdown effect, unlike in the case of starvation-
induced autophagy. The endogenous p62 assay was more sensitive than a constitutively overexpressed p62-GFP reporter,
which showed self-aggregation and large-scale accumulation even in control cells. We recommend western blots for
following the conversion of overexpressed p62-GFP reporters to estimate autophagic activity if sample collection from
mutant larvae or adults is possible. In addition, we also showed that overexpressed p62 or Atg8 reporters can strongly
influence the phenotypes of each other, potentially giving rise to false or contradicting results. Overexpressed p62
aggregates also incorporated Atg8 reporter molecules that might lead to a wrong conclusion of strongly enhanced
autophagy, whereas expression of an Atg8 reporter transgene rescued the inhibitory effect of a dominant-negative Atg4
mutant on basal and starvation-induced autophagy.
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Introduction

Human p62/SQSTM1 (sequestosome-1) is a multidomain

scaffold protein involved in various signaling pathways regulating

a number of processes including apoptosis, stress responses, and

cell growth. [1] Its single Drosophila homolog is also known as

Ref(2)P (refractory to sigma P), based on its implicated roles in

sigma rhabdovirus multiplication. [2] For simplicity, hereafter we

refer to the Drosophila gene as p62. Its encoded protein product

shows a similar domain structure to human p62, both containing

an N-terminal PB1 domain required for self-oligomerization and

binding to other PB1-domain proteins, a ZZ-type zinc finger

domain, an LIR (LC3-interacting region) required for its in-

teraction with Atg8/LC3 family members, and a C-terminal

ubiquitin-binding UBA (ubiquitin-associated) domain. [3] The

Atg8/LC3 interaction enables selective degradation of p62 by

autophagy, and by acting as a specific adaptor protein it also

ensures the targeting of ubiquitinated proteins for lysosomal

degradation. Numerous human degenerative disorders are ac-

companied by the formation of cytoplasmic aggregates containing

p62 and ubiquitinated proteins. [4] These abnormal aggregates

also form in response to impaired autophagy, so p62 levels are

thought to inversely correlate with dysregulation of basal

autophagy. [5,6].

Different p62-based assays have been implemented in recent

years in various experimental systems, including immunostaining

of cultured cells or tissue samples, western blots, and GFP-tagged

reporters. [7] Drosophila melanogaster is a key in vivo model

organism, traditionally used as a tool for the discovery of genes and

genetic interactions. Previous reports have already shown the

progressive formation of p62/ubiquitin aggregates in adult brains,

with greatly enhanced rates upon genetic inhibition of autophagy

and in fly models of neurodegenerative disorders. [3,4,8,9] Here

we set out to test different p62-based assays in the fat body or

whole larvae in a quantitative manner, comparing the results and

relative efficiency of the various experimental approaches. Our

work has important implications for other model systems as well:

we show that I. statistical analysis of p62-positive aggregates in

immunostained cells and tissues is similarly effective as western

blots for the estimation of basal autophagy levels, II. immunos-

taining of mosaic fat bodies allows for testing the specific role of

genes with lethal phenotypes in basal autophagy, III. endogenous

p62 provides a much more sensitive measure of autophagy levels

than a constitutively overexpressed GFP-tagged reporter in

microscopy, IV. the duration of efficient RNAi knockdown is
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very important for the p62 assay unlike in the case of induced

autophagy, V. p62 and Atg8 reporters may strongly interact with

each other, and hence ’’autophagy phenotypes’’.

Results

Given the importance of the p62 assay in characterizing

autophagy phenotypes of selected mutants and RNAi treatments,

we have generated polyclonal antibodies against endogenous

Drosophila p62. The antibody recognized a single prominent

band of about 100 kDa on western blots prepared form L3 stage

larvae or adult heads (Figure 1a). The intensity of this band was

reduced more than 10-fold relative to tubulin levels upon silencing

of p62 in both cases of ubiquitously expressed different RNAi

transgenes in L3 larvae. Null mutation of Atg8a resulted in

a substantial increase of p62 levels in larvae and in adult heads,

respectively, similar to Atg7 mutant heads. Expression of p62-GFP

in the larval fat body gave rise to a slower mobility band of about

130 kDa, corresponding to the tagged version of this protein

(Figure 1a). Interestingly, the presence of p62-GFP also increased

the levels of endogenous p62 3.3-fold on an organismal level

(probably much higher in case of the fat body, the tissue in which

the tagged protein was expressed). This finding suggests that

overexpression of a p62 reporter strongly drives aggregate

formation, and that endogenous p62 may also be captured and

stabilized in these structures.

Next we analyzed the distribution of p62 in larval fat body cells

by immunostaining whole-mount tissues. We found that endog-

enous p62 formed numerous small cytoplasmic dots in these cells,

and RNAi silencing of p62 using three different transgenes all

strongly and significantly reduced the number of these dots

(Figure 1b–d, see Figure 1f for statistics). As expected,

expression of p62-GFP in fat body cell clones strongly promoted

aggregate formation, resulting in a 9-fold increase in the number

and 2.8-fold increase in the size of p62-positive structures,

respectively (Figure 1e, f).

Since defective basal autophagy is known to enhance p62

aggregation, we analyzed previously described null mutants for

selected genes involved in autophagy. Both the number and size of

p62-positive dots were significantly increased in fat bodies

dissected from L3 stage larvae mutant for the following core

autophagy genes: Atg1 and Atg13 (encoding members of the Atg1

kinase complex), Vps34 (encoding the phosphatidyl-inositol 3-

kinase), Atg2 and Atg18a (encoding binding partners of the

transmembrane protein Atg9), Atg7 and Atg8a (encoding the E1-

like enzyme and one of the ubiquitin-like proteins in the

autophagy-specific protein conjugation systems) (Figure 2a, b,
d, see also Figure S1 for additional images). S6 kinase is

a physiologic substrate of TOR kinase (Target Of Rapamycin),

a central regulator of autophagy and cell growth. Activation of

TOR suppresses autophagy and results in phosphorylation of

S6K. Based on these correlations, S6K was long considered as an

inhibitor of autophagy. Therefore, the finding that Drosophila

S6K was actually required for starvation-induced autophagy was

surprising. [10,11] In line with those observations, we have also

found that loss of S6K significantly increased the number (but in

this case not the size) of p62 aggregates in larval fat body cells,

consistent with its suggested positive role in autophagy (Figure 2c,
compare to Figure 2a; see also Figure 2d for quantification).

We then evaluated how inactivation of known regulators of

autophagy in somatic clones of mosaic animals affected p62 levels.

RNAi silencing of Atg1 or Atg14 (the autophagy-specific subunit

of the Vps34 complex) enhanced p62 aggregation, similar to

overexpression of dominant-negative Vps34 (Figure 3a, d; see

also Figure S2). Silencing of Atg2, Atg9 and Atg8a also promoted

p62 dot formation. Enhancing TOR signaling by overexpression

of its activator Rheb or knockdown of the Rheb inhibitor Tsc2 also

increased p62 dot number, although in case of Rheb the

phenotypes were so variable that the change was not statistically

significant (Figure 3b, d; see also Figure S2). Silencing of Atg7

did not lead to increased p62 dots, consistent with the observation

that this line had a weaker effect on starvation-induced autophagy

relative to the other lines we used, potentially caused by either less

efficient knockdown or by the kinetics of the Atg7 E1-like enzyme

reaction, that is, lowered levels of Atg7 due to RNAi being

potentially sufficient to support basal autophagy (data not shown).

Numerous genes are required for fundamental cellular processes

such as transcription or translation. It is not so surprising that these

genes are often identified as putative hits in various genome-wide

RNAi screens, although their effect is likely indirect in most cases.

While knockdown of many of these genes reduces cell size to an

extent that evaluation of autophagy phenotypes becomes practi-

cally impossible, silencing of the genes coding for the RNA

polymerase II. complex member Atms or the ribosomal subunit

RpS8 strongly interfered with starvation-induced mCherry-Atg8

and Lysotracker puncta formation (Figure S3). On the other hand,

these knockdowns did not enhance p62 aggregation as expected

from a condition that indirectly interferes with autophagy

induction through perturbing a fundamental cellular process

and/or the expression of a transgenic marker (Figure 3c, d; see
also Figure S2), suggesting that the p62 assay is potentially suitable

for distinguishing specific regulators of autophagy (‘‘hits’’) from

indirect effects (‘‘noise’’).

A GFP-tagged p62 reporter was previously used successfully in

Drosophila to detect basal autophagy defects in Atg13 mutant

cells. [12] We decided to investigate how phenotypes obtained by

p62-GFP compare with those based on the endogenous protein.

Expression of p62-GFP together with RNAi against Atg1, Atg7,

Atg8a, Atg9, Atg14, Atg18a, Tsc2, Pten or with dominant-

negative Vps34 were all found to decrease the number of GFP-

positive aggregates (Figure 3e–g; see also Figure S4). In case of

Pten and Tsc2 the size of GFP-positive aggregates increased

significantly, while it did not change in most cases. Importantly,

the number of these aggregates also decreased while their size

increased in case of both RpS8 and Atms. As no clear conclusions

could be drawn based on these results, we also looked at exposure

times used during image acquisition. With this approach we could

detect significantly increased GFP signal for Atg1, Atg8a, Atg9,

Atg14, Atg18a, Pten RNAi and Vps34KD expressing cells, but not

in the case of Atg7, Tsc2, RpS8 and Atms RNAi cells (Figure 3e–
h; see also Figure S4). These results well agreed with the data

obtained with the endogenous p62 antibody differing only in the

case of Tsc2, although there was a several-fold difference for each

positively scoring line in favor of the endogenous p62 assay.

While testing a large number of RNAi lines in our genome-wide

RNAi screen (to be described elsewhere), one striking observation

was that the p62 assay occasionally showed large differences in

case of two different RNAi lines targeting the same gene. For

example, two different transgenic RNAi lines for Atg18a had

quantitatively different effects on p62 aggregation, potentially

reflecting differences in knockdown efficiencies. Interestingly, one

of two different RNAi lines against Atg16 (encoding a protein

required for Atg8a lipidation) failed to enhance p62 aggregation,

similar to the case of PTEN, inactivation of which strongly

enhances insulin signaling to promote cell growth and suppress

autophagy (Figure 3d; see also Figure S2). As both RNAi lines for

Atg18a, Atg16 and PTEN very effectively blocked starvation-

induced autophagy in L3 larvae, we decided to look for potential
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reasons of these discrepancies. Quantification of mCherry-Atg8a

dots in starved fat bodies revealed that Atg18aJF showed better

suppression than Atg18aKK in both L3 and L2 stage animals, likely

explaining the quantitatively different p62 results (Figure 4f–j). In

case of PTEN RNAi lines (Figure 4k–o), both showed a strong

suppression of mCherry-Atg8a dot formation in L3 stage, while

PTENKK did not significantly inhibit starvation-induced autop-

hagy in L2 animals, consistent with its failure to enhance p62 dot

Figure 1. p62 levels in Atg mutants, p62 RNAi and p62 overexpression cells. A. Western blot analysis shows p62 accumulation in Atg8a and
Atg7 mutant heads and in Atg8a mutant larvae. RNAi knockdowns of p62 (i1, i2) greatly decrease endogenous protein levels, while overexpression of
p62-GFP increases endogenous p62 levels in addition to the appearance of the 130 kDa extra band corresponding to the tagged protein. Numbers
refer to p62 protein level relative to tubulin loading control for each sample. B-D. RNAi knockdown of p62 in fat body cell clones (marked by
expression of Lamp-GFP) strongly decreases p62 puncta formation. E. Expression of p62-GFP in cell clones increases aggregate formation. Arrowhead
in E’ indicates a large aggregate in a p62-GFP expressing cell, arrow marks an endogenous p62 dot in a control cell. F. Statistical evaluation of the
number and size of p62 dots for samples in panels B–E. ** indicates a very significant difference (p,0.01), based on two-tailed two-sample unequal
Student’s t tests. Scalebar in panel B equals 30 mm for panels B–E. Genotypes are: (A) lane 1: w [1118], lane 2: Atg7[d77]/Atg7[d14], lane 3: Atg8a[d4],
lane 4: UbiGal4/+; p62[HMS00551]/+, lane 5: UbiGal4/+; p62[HMS00938]/+, lane 6: w [1118], lane 7: Atg8a[d4], lane 8: cgGal4/UAS-p62-GFP; (B) hs-Flp;
UAS-LampGFP/p62[KK108193]; Act.CD2.Gal4, UAS-Dcr2/+; (C) hs-Flp; UAS-LampGFP/+; Act.CD2.Gal4, UAS-Dcr2/p62[HMS00551]; (D) hs-Flp; UAS-
LampGFP/+; Act.CD2.Gal4, UAS-Dcr2/p62[HMS00938]; (E) hsFlp; UAS-p62-GFP/+; Act.CD2.Gal4,UAS-Dcr2/+.
doi:10.1371/journal.pone.0044214.g001
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formation. Interestingly, no differences could be seen in starved L3

stage animals between the two RNAi lines in case of Atg16.

However, Atg16HMS reduced the size of dots 8-fold, while

Atg16KK showed only a two-fold reduction in L2 stage

(Figure 4a–e). Larger mCherry-Atg8a dots are thought to

represent mature autolysosomes, and Atg16HMS had a stronger

block on formation of these structures in L2 stage larvae.

Lysotracker stainings further supported this hypothesis, as only

Atg16HMS reduced the size of Lysotracker puncta statistically

significantly in L2 stage animals (Figure S5). Altogether, these

results suggest that differences seen in starvation-induced autop-

hagy in the L2 stage and the progressive formation of p62

aggregates (analyzed in the L3 stage) may both reflect the

knockdown efficiency of the given RNAi line in earlier stages (that

is, L2).

Finally, we have evaluated the impact of overexpressed p62

and Atg8a reporters (which potentially create a gain of function

condition) on autophagy phenotypes, as the possibility of genetic

interactions could not be excluded. In fact, when p62-GFP was

co-expressed with mCherry-Atg8a, large colocalizing GFP- and

mCherry-positive aggregates were formed even in well-fed

animals (Figure 5a). These aggregates were likely caused by

the specific interaction of the two overexpressed proteins and

represented an artefact and not bona fide autophagic structures,

as Atg8a strongly binds to the LC3-interacting region of p62. In

line with that, we did not detect an obvious increase in

autophagy in p62-GFP expressing cells by Lysotracker staining

and transmission electron microscopy (Figure 5b, c). Similarly,

we saw no conversion of p62-GFP to free GFP in western blots

of larvae coexpressing mCherry-Atg8a and p62-GFP in the fat

body, suggesting that mCherry-Atg8a expression does not

obviously enhance autophagic degradation of p62-GFP in

well-fed L3 stage control animals. As expected, free GFP was

readily detected after a 4-hour starvation or in wandering stage

animals undergoing developmental autophagy. Expression of

Atg1 RNAi or dominant-negative Vps34 strongly decreased

starvation-induced conversion of p62-GFP, while Atg1 silencing

showed only a weaker effect in wandering animals (Figure 5d).

Atg4 encodes a cysteine protease required for the cleavage of

the C-terminal amino acids of Atg8a, which is necessary for its

subsequent activation and conjugation to the membrane lipid

phosphatidyl-ethanolamine. Atg8a needs to be delipidated after

successful completion of an autophagosome to allow lysosomal

fusion. A mutant form of human Atg4B with a substitution of

cysteine 74 to alanine was shown to act in a dominant-negative

fashion, inhibiting proper formation and clearence of autopha-

gosomes. [13] We reconstituted this mutant in Drosophila,

creating transgenic flies with inducible expression of Atg4aC98A.

Expression of dominant-negative Atg4a strongly suppressed

Lysotracker staining in fat body cells of starved larvae, and

also caused accumulation of p62 (Figure 5e, Figure 3d; see
also Figure S2). As expression of mCherry-Atg8a in Atg8a null

mutants could rescue the p62 accumulation phenotype (Figure

S6a, b), we tested whether overexpressed mCherry-Atg8a can

also rescue the effect of dominant-negative Atg4. Co-expression

of mCherry-Atg8a with dominant-negative Atg4 restored both

starvation-induced autophagy in starved animals and the normal

turnover of p62 (Figure 5f; see also Figure S6c, d).

Ultrastructural analysis further confirmed that expression of

dominant-negative Atg4 strongly inhibited starvation-induced

autophagy: no autolysosomes were seen in cross-sections of fat

body cells, while small autophagosome-like structures were

occasionally observed (Figure 5g). Coexpression of Atg8a with

dominant-negative Atg4 restored starvation-induced autophagy,

as numerous autolysosomes and autophagosomes were seen in

all cells (Figure 5h), similar to previous findings in mammalian

Figure 2. Endogenous p62 accumulates in Atg and S6K mutants. A. p62 immunostaining detects small dots scattered throughout the
cytoplasm in fat body cells of wild-type larvae. B. p62 aggregates appear bigger and more numerous in Atg1 null mutants, while loss of S6K (C) only
increases the number, but not the size of p62 aggregates. D. Statistical evaluation of p62 puncta in fat bodies of various Atg mutants and in S6K null
animals. * indicates a significant difference (p,0.05), ** indicates a very significant difference (p,0.01), based on two-tailed two-sample unequal
Student’s t tests. Scalebar in panel A equals 30 mm for panels A–C. Genotypes are: (A) w [1118]; (B) Atg1 [25]; (C) S6K[l–1].
doi:10.1371/journal.pone.0044214.g002
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cells. [13] Similarly, knockdown of Atg4a using the RNAi line

Atg4aKK blocked starvation-induced Lysotracker staining and

induced p62 accumulation in fat body cells but failed to inhibit

mCherry-Atg8a dot formation (not shown), further supporting

our hypothesis that partial loss of Atg4a function can be rescued

by overexpression of Atg8a.

Figure 3. Loss of known autophagy regulators enhances p62 puncta formation cell-autonomously. Knockdown of Atg1 (A) or Tsc2 (B)
increases p62 aggregate formation, while silencing of RpS8 results in a slight reduction of p62 dot number (C). Panel D shows statistical evaluation of
the effect of RNAi and overexpression lines on p62 accumulation. Overexpressed p62-GFP forms multiple aggregates in control and Atg1 RNAi cells
(panels E and F, respectively). Exposure times are indicated in the top right corner for panels E and F. Statistical evaluation of p62-GFP aggregate size
and number in various RNAi and overexpression lines reveals changes that are difficult to interpret (G), but p62-GFP levels inferred from exposure
times during image acquisition are qualitatively similar to data obtained with anti-p62 immunostaining (compare H to D). * indicates a significant
difference (p,0.05), ** indicates a very significant difference (p,0.01), based on two-tailed two-sample unequal Student’s t tests in panels D, G, H.
Scalebar in panel A equals 30 mm for panels A–C and E–F. Genotypes are: (A) hsFlp; UAS-Dcr2/+; Act.CD2.Gal4, UAS-GFPnls/Atg1[JF02273]; (B) hsFlp;
UAS-Dcr2/TSC2[KK103417]; Act.CD2.Gal4, UAS-GFPnls/+; (C) hsFlp; UAS-Dcr2/RpS8[KK106835]; Act.CD2.Gal4, UAS-GFPnls/+; (E) hsFlp; UAS-p62-GFP/
+; Act.CD2.Gal4, UAS-Dcr2/+ (F) hsFlp; UAS-p62-GFP/+; Act.CD2.Gal4, UAS-Dcr2/Atg1[JF02273].
doi:10.1371/journal.pone.0044214.g003
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Discussion

Determining the levels of the specific autophagy substrate p62 is

becoming a standard assay to estimate basal autophagy rates. [7]

Western blots are the most widely used experimental setup to

detect endogenous p62 levels with the possibility to distinguish

soluble and aggregated forms using differential detergent extrac-

tions, but these experiments are simply not feasible in studies that

involve genetic mosaic animals. Here we presented evidence that

an immunostaining approach is similarly effective as western blots

to detect even subtle changes of p62 aggregation in the larval fat

body, and it can actually provide additional information compared

with western blots, as the number, size and intracellular

distribution of these aggregates are all detected this way. We

recommend using a p62-specific antibody rather than a constitu-

tively overexpressed GFP-tagged reporter as the latter led to

extensive self-aggregation and also increased the level of the

endogenous protein, because of which the size and number of p62

aggregates were no longer indicative of autophagic activity. Still,

comparing GFP signal intensities may yield qualitatively similar

information to data obtained by looking at endogenous p62 levels

in some but not all cases. Endogenous p62 protein levels may also

be influenced by changes unrelated to autophagy, which should

not be a problem with a tagged reporter expressed from an

artificial promoter. In addition to comparing fluorescence in-

tensities of p62-GFP expressing cell clones, a probably more

reliable approach is to follow the generation of free GFP produced

by autolysosomal degradation in western blots of larvae expressing

p62-GFP by a tissue-specific promoter. Alternatively, p62-GFP

expression can be induced by a heat shock in mutant animals and

the decay of the tagged protein followed in western blots or

microscopy to measure tagged p62 half-life in a pulse-chase assay.

This a very efficient method to determine flux during basal or

starvation-induced autophagy in cultured cells. [7] Regarding

endogenous p62 expression, we found that it is transcriptionally

upregulated 4.8-fold in larval fat body cells in response to a 4-hour

starvation, [14] and a similar starvation-induced upregulation is

also obvious on western blots. Interestingly, starvation mainly

increases soluble p62 levels and decreases the amount of the

aggregated fraction. [4] This observation also suggests that

evaluation of endogenous p62 aggregates is a reliable measure of

autophagic flux.

In case of autophagy induced by a certain stimulus such as

starvation, levels of proteins required for autophagy at the time of

the stimulus and during the response are critical determinants of

the magnitude of autophagy that follows. In contrast, p62 levels

are also strongly influenced by basal autophagic activity, so

formation of excess p62 aggregates is a progressive, time-

dependent process. Therefore, duration of a certain treatment or

effective gene silencing by RNAi has a major impact on this type

of assay. In line with that, we have shown here that p62 levels may

remain normal despite a strong block of starvation-induced

autophagy if the onset of efficient gene knockdown is delayed

during larval Drosophila development. Based on these observa-

tions, the perdurance of maternally supplied gene products during

development may also account for some of the differences seen in

p62 levels in different Atg mutants.

Additionally, certain problems may arise when using over-

expressed reporter transgenes for autophagy. First, overexpressed

Atg8a reporters were found to be captured in overexpressed p62

aggregates, giving a false impression of increased autophagy.

Second, overexpression of an Atg8a reporter may genetically

rescue the partial loss of a gene as seen in case of Atg4a, again

complicating the interpretation of potentially contradicting results.

While the examples shown here may be rare, we have seen several

instances when inactivation of certain genes led to such a high

accumulation of endogenous p62 aggregates that sequestered

Atg8a reporter molecules, and overexpressed Atg8a reporters also

seemed to genetically rescue the effect of a number of RNAi lines

on autophagy.

Finally, although our experiments involved fat body cells of

Drosophila larvae, we are convinced that the results and

limitations presented here will be applicable to most cells and

organisms used in autophagy research.

Methods

Fly Husbandry
Drosophila stocks were maintained on a standard cornmeal/

sugar/agar medium at 25uC and 50% humidity on a 12 h light/

12 h dark cycle. Thestocks used in this study were: UAS-p62-GFP,

Atg13[D81], [12] p62[KK108193], Atg8a[KK109654], At-

g18a[KK105366], Atg14[KK108559], Atg16[KK105993],

TSC2[KK103417], Pten[KK101475], RpS8[KK106835],

Atms[GD20876], [15] Atg7[d77]/Atg7[d14], [8] Vps34[Dm22],
UAS-Vps34[KD], [16] p62[HMS00551], p62[HMS00938],

Atg1[JF02273], Atg18a[JF02898], Atg9[JF02891], Atg7[JF02787],

Atg16[HMS01347], Atg2[JF02786], Pten[JF01987], [17] At-

g2[EP3697]/Df(3L)BSC119], Atg18a[KG03090]/Df(3L)Exel6112],

S6K[l-1], UAS-Rheb[EP50.084cre(w-)]/TM6B, w [1118], [11] Atg1

[25]. [18]. The Atg8a[d4] mutant used in this study was generated

by imprecise excision of the P element KG07569 and harbors

a deletion removing the first 25 codons of Atg8a and the first 53

codons of CG1826, a gene with an unknown function (kindly

provided by Tom Neufeld). The mutants are homozygous viable

and fertile with no gross morphological or developmental

abnormalities. UAS-Atg4[C98A] transgenics were established as

described below.

Molecular Cloning and Embryo Injections
The full-length coding sequence of Atg4a/CG4428 with

a Cysteine 98 to Alanine mutation changing the coding triplet

from TGC to GCC was chemically synthesized (Genscript), and

Figure 4. The effect of Atg16, Atg18a and Pten RNAi lines on starvation-induced autophagy in L3 and L2 larval stages. Both RNAi
lines for Atg16 show a similar block of mCherry-Atg8a puncta formation in L3 (compare A to C), while the size of these dots is reduced more
efficiently by Atg16HMS in L2 (compare B to D; see also panel E for statistics). Both RNAi lines for Atg18a strongly inhibit mCherry-Atg8a dot formation
in L3 (compare F to H), while Atg18aJF shows a more complete block in L2, reducing both the size and number of puncta (compare G to I; see also
panel J for statistics). Both RNAi lines for Pten strongly inhibit mCherry-Atg8a dot formation in L3 (compare K to M), while PtenJF shows a more
complete block in L2, again reducing both the size and number of puncta (compare L to N; see also panel O for statistics). * indicates a significant
difference (p,0.05), ** indicates a very significant difference (p,0.01), based on two-tailed two-sample unequal Student’st tests in panels E, J, O.
Scalebar in panel A equals 30 mm for panels A, C, F, H, K, M, and scalebar in panel B equals 30 mm for panels B, D, G, I, L, N. Genotypes are: (A, B) hsFlp;
UAS-Dcr2/Atg16[KK105993]; Act.CD2.Gal4, UAS-GFPnls, r4-mCherry-Atg8a/+; (C, D) hsFlp; UAS-Dcr2/+; Act.CD2.Gal4, UAS-GFPnls, r4-mCherry-Atg8a/
Atg16[HMS01347]; (F, G) hsFlp; UAS-Dcr2/Atg18a[KK105366]; Act.CD2.Gal4, UAS-GFPnls, r4-mCherry-Atg8a/+; (H, I) hsFlp; UAS-Dcr2/+; Act.CD2.Gal4,
UAS-GFPnls, r4-mCherry-Atg8a/Atg18a[JF02898]; (K, L) hsFlp; UAS-Dcr2/Pten[KK101475]; Act.CD2.Gal4, UAS-GFPnls, r4-mCherry-Atg8a/+; (M, N) hsFlp;
UAS-Dcr2/+; Act.CD2.Gal4, UAS-GFPnls, r4-mCherry-Atg8a/Pten[JF01987].
doi:10.1371/journal.pone.0044214.g004
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cloned into pUAST using EcoRI and XhoI restriction sites.

Drosophila embryo transformation was carried out according to

standard methods (Bestgene).

Polyclonal Anti-p62 and Anti-GFP Antibodies and
Western Blots
The polyclonal affinity-purified p62 antibody was raised in

rabbits using the peptide antigene PRTEDPVTTPRSTQ corre-

sponding to amino acids 297–311 (Genscript). Polyclonal anti-

GFP antibodies were raised using standard procedures by

immunizing rats with bacterially expressed His-tagged eGFP

purified on Ni affinity columns (Sigma). Samples were separated

by SDS-PAGE on an 8% acrylamide gel and transferred to

Immobilon-P PVDF membrane (Millipore). Membranes were

blocked in 3% milk/TBS for 1 h at room temperature and washed

three times for 10 min each in TBST (TBS +0.1% Tween-20).

Blots were incubated with primary antibodies: rabbit polyclonal

anti-p62 [1:8,000], mouse monoclonal anti-tubulin AA4.3 (DSHB)

[1:200], rat polyclonal anti-GFP [1:10,000] in 1.5% milk/TBST

for 1 h at room temperature, followed by three 10-min washes in

TBST. Blots were incubated in AP-conjugated goat anti-rat

(Sigma), anti-rabbit or anti-mouse secondary antibody (Millipore)

diluted 1:10,000 in 1.5% milk/TBST for 1 h at room tempera-

ture. Blots were washed for 3610 min in TBST and then

incubated with Immobilon Western Chemiluminescent AP Sub-

strate (Millipore), followed by exposure to Super RX film (Fuji).

Histology and Imaging
Clonal analysis using the spontaneously activated Gal4/UAS

system in the larval fat body was carried out as described

previously. [11,12,16,19] Bisected third instar larvae were inverted

and fixed with 3.7% paraformaldehyde in PBS overnight at 4uC.
Next, samples were rinsed twice and washed for 2 hours in PBS,

permeabilized for 15 minutes in PBTX-DOC (PBS with 0.1%

Triton X-100 and 0.05% sodium deoxycholate) and blocked for

3 h in 3% goat serum in PBTX-DOC. Samples were then

incubated overnight at 4uC with primary antibodies rabbit

polyclonal anti-p62 [1:2,000] and mouse monoclonal anti-GFP

[1:1,500] (Invitrogen) in 1% goat serum in PBTX-DOC. After

3630 minutes washes in PBTX-DOC, samples were incubated

with secondary antibodies goat anti-mouse Alexa 488 and goat

anti-rabbit Alexa 568 [1:1,500] (Invitrogen) in 1% goat serum in

PBTX-DOC for 4 hours at room temperature. Finally, after 3615

minutes washes in PBTX-DOC and 1615 minutes in PBS, fat

bodies were dissected and mounted in 50% glycerol/PBS with

0.2 mMDAPI. For p62 staining of mCherry-Atg8a expressing cells

Alexa 647-conjugated goat anti-rabbit antibody was used to avoid

detection of signal from mCherry. Lysotracker stainings have been

carried out as described previously. Images were captured on

a Zeiss Axioimager M2 microscope equipped with an Apotome2

grid confocal unit, a Plan-NeoFluar 4060.75 NA objective,

Axiocam Mrm camera, and Axiovision software using a MinMax

setting for automatically adjusting image levels. Lysotracker

stainings were photographed in widefield mode, and single optical

sections are shown for colocalisations and mCherry-Atg8a assays.

For p62 stainings, 3 subsequent optical sections taken at 0.55 mm
intervals were projected into a single plane using Maximum

Intensity Projection.

Statistical Analysis
For western blots, the image of the scanned film was inverted in

Adobe Photoshop, saved and loaded in ImageJ. The strongest

band was selected first, and individual bands were measured

(Analyze, Set measurements, Integrated density, Measure) using

a selection area with the same width and height as for the strongest

band. Mean p62 values were normalized to tubulin mean scores

first, and then expression levels were calculated relative to the

control sample (wt head, lane 1). For immunostainings, images

were loaded in ImageJ, and the image type was changed from

RGB Color to RGB Stack. In the case of mutants, a 3006300 dpi

area was chosen randomly from the red channel, and the threshold

was adjusted to select dots. Each selected area was analyzed

(Analyze Particles, Show, Masks) and the count and average size

(in pixel2) were noted from the summary of masked images. At

least 10 images were evaluated from 4–6 animals per genotype.

The number/size data were summarized in Excel, and normalized

to control (average dot number and size in control animals was set

to 1). For clonal analysis, image type was again changed from

RGB Color to RGB Stack. Then the threshold was adjusted for

the adequte channel, and clone cells and neighbouring control

cells were evaluated. First, randomly selected GFP-positive or

control cells were manually encircled with the Freehand selection

tool, and then the selected area was analyzed in the channel of

interest (Analyze Particles, Show, Masks), and the count and

average size (in pixel2) were noted from the summary of masked

images. At least 10 images from 4–6 animals were evaluated for

each genotype. These number/size data were processed as in the

case of mutants, except that GFP-positive cells were compared to

controls cells in the same image, and data was also normalized to

cell size. Two-tailed two-sample unequal Student’s t test was used

to estimate p values in all cases.

Transmission Electron Microscopy
Larvae of the genotypes hs-Flp; UAS-p62-GFP/+;

Act.CD2.Gal4, UAS-Dcr2/+ or hs-Flp; UAS-Dcr2/+;
Act.CD2.Gal4, UAS-GFPnls/UAS-Atg4[C98A] or hs-Flp;

UAS-Dcr2/+; Act.CD2.Gal4, UAS-GFPnls, r4-mCherry-

Atg8a/UAS-Atg4[C98A] were heat shocked for 1 hour at 37uC

Figure 5. The effect of p62 and Atg8a reporters on autophagy phenotypes. A. Coexpression of p62-GFP and mCherry-Atg8a results in
formation of aggregates containing both tagged proteins in fed animals, potentially suggesting enhanced autophagy. B. Expression of p62-GFP fails
to induce Lysotracker puncta in fed animals. C. p62-GFP expression leads to the appearance of protein aggregates in ultrastructural images of fat
body cells (asterisks), but no autophagic structures are seen in the cytoplasm. Inset shows an enlarged aggregate to illustrate that these inclusion
bodies are not membrane-bound. D. Western blot analysis using anti-GFP antibodies of larval extracts expressing mCherry-Atg8a and p62-GFP in the
fat body. No generation of free GFP by autolysosomal degradation is seen in well-fed control larvae, it is only induced by a 4-hour starvation or in the
wandering stage. Silencing of Atg1 or expression of dominant-negative Vps34 inhibits autophagy-mediated conversion of p62-GFP to free GFP. E, F.
Expression of dominant-negative Atg4 blocks starvation-induced Lysotracker puncta formation, but it has no effect on overexpressed mCherry-Atg8a
dots. G. Ultrastructural analysis of starved fat bodies reveal small autophagosomes (marked by arrowheads in G’ and G’), but no autolysosomes are
seen. Coexpression of GFP-Atg8a with dominant-negative Atg4 rescues this inhibition: numerous autolysosomes (arrow) and autophagosomes
(arrowheads) are seen in H, H’. Scalebar in panel A equals 30 mm for panels A, B, E, F and scalebars in panels C, G, H equal 2 mm. Genotypes are: (A)
hsFlp; UAS-p62-GFP/+; Act.CD2.Gal4, UAS-Dcr2/r4-mCherry-Atg8a; (B, C) hsFlp; UAS-p62-GFP/+; Act.CD2.Gal4, UAS-Dcr2/+; (D) lanes 1, 2, 3: cgGal4,
UAS-p62-GFP/+; Atg1[JF02273]/+, lanes 4, 5, : cgGal4, UAS-Vps34[KD]/UAS-p62-GFP, lanes 6, 7, 8, : cgGal4, UAS-p62-GFP/+; (E, G) hs-Flp; UAS-Dcr2/+;
Act.CD2.Gal4, UAS-GFPnls/UAS-Atg4[C98A]; (F, H) hs-Flp; UAS-Dcr2/+; Act.CD2.Gal4, UAS-GFPnls, r4-mCherry-Atg8a/UAS-Atg4[C98A].
doi:10.1371/journal.pone.0044214.g005
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to activate Act.CD2.Gal4 expression by hs-Flp in all fat body

cells. Larvae were processed for electron microscopy 24 hours later

as described previously. [16] Ultrathin sections were prepared

from two animals per genotype and images were captured using

a JEOL JEM-1011 transmission electron microscope with an

Olympus Morada 11 megapixel camera and iTEM software

(Olympus).

Supporting Information

Figure S1 Endogenous p62 dots in Atg mutants. Loss of
Atg2 (A), Atg7 (B), Atg8a (C), Atg13 (D), Atg18a (E) and Vps34 (F)

all increase p62 aggregation. Scalebar in panel A equals 30 mm for

all images. Genotypes are: (A) Atg2[EP3697]/Df(3L)BSC119]; (B)

Atg7[d77]/Atg7[d14]; (C) Atg8a[d4]; (D) Atg13[D81]; (E) At-

g18a[KG03090]/Df(3L)Exel6112]; (F) Vps34[Dm22].
(TIF)

Figure S2 The effect of additional RNAi and over-
expression lines on p62 aggregation. The effect of over-

expressed dominant-negative Atg4 (B), dominant-negative Vps34

(G), wild-type Rheb (H), and knockdown of Atg2 (A), Atg7 (C),

Atg8a (D), Atg9 (E), Atg14 (F), Atg16 (I, J), Atg18a (K, L), Pten (M,

N) and Atms (O) on p62 aggregation. Scalebar in panel A equals

40 mm for all images. Genotypes are: (A) hsFlp; UAS-Dcr2/+;
Act.CD2.Gal4, UAS-GFPnls/Atg2[JF02786]; (B) hsFlp; UAS-

Dcr2/+; Act.CD2.Gal4, UAS-GFPnls/UAS-Atg4[C98A]; (C) hsFlp;

UAS-Dcr2/+; Act.CD2.Gal4, UAS-GFPnls/Atg7[JF02787]; (D)

hsFlp; UAS-Dcr2/Atg8a[KK109654]; Act.CD2.Gal4, UAS-GFPnls/

+; (E) hsFlp; UAS-Dcr2/+; Act.CD2.Gal4, UAS-GFPnls/

Atg9[JF02891]; (F) hsFlp; UAS-Dcr2/Atg14[KK108559];

Act.CD2.Gal4, UAS-GFPnls/+; (G) hsFlp; UAS-Dcr2/UAS-

Vps34[KD]; Act.CD2.Gal4, UAS-GFPnls/+; (H) hsFlp; UAS-

Dcr2/+; Act.CD2.Gal4, UAS-GFPnls/UAS-Rheb[EP50.084cre(w-

)]; (I) hsFlp; UAS-Dcr2/Atg16[KK105993]; Act.CD2.Gal4, UAS-

GFPnls/+; (J) hsFlp; UAS-Dcr2/+; Act.CD2.Gal4, UAS-GFPnls/

Atg16[HMS01347]; (K) hsFlp; UAS-Dcr2/Atg18a[KK105366];

Act.CD2.Gal4, UAS-GFPnls/+; (L) hsFlp; UAS-Dcr2/+;
Act.CD2.Gal4, UAS-GFPnls/Atg18a[JF02898]; (M) hsFlp; UAS-

Dcr2/Pten[KK101475]; Act.CD2.Gal4, UAS-GFPnls/+; (N) hsFlp;
UAS-Dcr2/+; Act.CD2.Gal4, UAS-GFPnls/Pten[JF01987]; (O)

hsFlp; UAS-Dcr2/Atms[GD20876]; Act.CD2.Gal4, UAS-GFPnls/+.
(TIF)

Figure S3 Knockdown of RpS8 or Atms inhibits starva-
tion-induced mCherry-Atg8a and Lysotracker puncta
formation. Silencing of RpS8 or Atms strongly interferes with

starvation-induced mCherry-Atg8a dot formation (panels A and B,

respectively) and blocks punctate Lysotracker staining (panels C

and D, respectively). Scalebar in panel A equals 30 mm for all

images. Genotypes are: (A) hs-Flp; UAS-Dcr2/RpS8[KK106835];

Act.CD2.Gal4, UAS-GFPnls, r4-mCherry-Atg8a/+; (B) hs-Flp;

UAS-Dcr2/Atms[GD20876]; Act.CD2.Gal4, UAS-GFPnls, r4-

mCherry-Atg8a/+; (C) hs-Flp; UAS-LampGFP/RpS8[KK106835];

Act.CD2.Gal4, UAS-Dcr2; (D) hs-Flp; UAS-LampGFP/

Atms[GD20876]; Act.CD2.Gal4, UAS-Dcr2.

(TIF)

Figure S4 p62-GFP aggregation in additional RNAi and
overexpression lines. Knockdown of Atg7 (A), Atg8a (B), Atg9

(C), Atg14 (D), Atg18a (E), Pten (G), Tsc2 (H), RpS8(I), Atms (J)

and expression of dominant-negative Vps34 (F) in p62-GFP

expressing cell clones. Exposure times are indicated in the top

right corner for each image. Scalebar in panel A equals 30 mm for

all images. Genotypes are: (A) hsFlp; UAS-p62-GFP/+; Act.CD2.-

Gal4, UAS-Dcr2/Atg7[JF02787]; (B) hsFlp; UAS-p62-GFP/At-

g8a[KK109654]; Act.CD2.Gal4, UAS-Dcr2/+; (C) hsFlp; UAS-

p62-GFP/+; Act.CD2.Gal4, UAS-Dcr2/Atg9[JF02891]; (D) hsFlp;

UAS-p62-GFP/Atg14[KK108559]; Act.CD2.Gal4, UAS-Dcr2/+;
(E) hsFlp; UAS-p62-GFP/Atg18a[KK105366]; Act.CD2.Gal4,

UAS-Dcr2/+; (F) hsFlp; UAS-p62-GFP/UAS-Vps34[KD];

Act.CD2.Gal4, UAS-Dcr2/+; (G) hsFlp; UAS-p62-GFP/+;
Act.CD2.Gal4, UAS-Dcr2/Pten[JF01987]; (H) hsFlp; UAS-p62-

GFP/TSC2[KK103417]; Act.CD2.Gal4, UAS-Dcr2/+; (I) hsFlp;

UAS-p62-GFP/RpS8[KK106835]; Act.CD2.Gal4, UAS-Dcr2/+;
(J) hsFlp; UAS-p62-GFP/Atms[GD20876]; Act.CD2.Gal4, UAS-

Dcr2/+.
(TIF)

Figure S5 The effect of Atg16 RNAi lines on starvation-
induced punctate Lysotracker staining in L3 and L2
larval stages. Both RNAi lines for Atg16 show a similar block of

Lysotracker puncta formation in L3 (panels A and C), while the

size of these dots is only reduced significantly by Atg16HMS in L2

(compare D to B; see also panel E for statistics). * indicates

a significant difference (p,0.05), ** indicates a very significant

difference (p,0.01), based on two-tailed two-sample unequal

Student’s t tests. Scalebar in panel A equals 30 mm for panels A, C,

and scalebar in panel B equals 30 mm for panels B, D. Genotypes are:

(A,B) hs-Flp; UAS-LampGFP/Atg16[KK105993]; Act.CD2.Gal4,

UAS-Dcr2; (C,D) hs-Flp; UAS-LampGFP/+; Act.CD2.Gal4, UAS-

Dcr3/Atg16[HMS01347].

(TIF)

Figure S6 Overexpression of mCherry-Atg8a rescues
the effect of Atg8a mutation or expression of dominant-
negative Atg4 on p62 accumulation. Expression of mCherry-

Atg8a reduces the size and number of p62 aggregates in Atg8a null

mutants (A; see panel B for statistics). No accumulation of p62 dots

is observed in fat body cells coexpressing mCherry-Atg8a and

dominant-negative Atg4 relative to control cells (C; see panel D for

statistics – no significant difference is seen). Scalebar in panel A

equals 30 mm. Genotypes are: (A)Atg8a[d4]; +/+; r4-mCherry-Atg8a/+;
(B) hs-Flp; UAS-Dcr2/+; Act.CD2.Gal4, UAS-GFPnls, r4-mCherry-

Atg8a/UAS-Atg4[C98A].

(TIF)
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RESEARCH ARTICLE Open Access

Impaired proteasomal degradation enhances
autophagy via hypoxia signaling in Drosophila
Péter Lőw†, Ágnes Varga†, Karolina Pircs, Péter Nagy, Zsuzsanna Szatmári, Miklós Sass and Gábor Juhász*

Abstract

Background: Two pathways are responsible for the majority of regulated protein catabolism in eukaryotic cells: the
ubiquitin-proteasome system (UPS) and lysosomal self-degradation through autophagy. Both processes are
necessary for cellular homeostasis by ensuring continuous turnover and quality control of most intracellular
proteins. Recent studies established that both UPS and autophagy are capable of selectively eliminating
ubiquitinated proteins and that autophagy may partially compensate for the lack of proteasomal degradation, but
the molecular links between these pathways are poorly characterized.

Results: Here we show that autophagy is enhanced by the silencing of genes encoding various proteasome
subunits (α, β or regulatory) in larval fat body cells. Proteasome inactivation induces canonical autophagy, as it
depends on core autophagy genes Atg1, Vps34, Atg9, Atg4 and Atg12. Large-scale accumulation of aggregates
containing p62 and ubiquitinated proteins is observed in proteasome RNAi cells. Importantly, overexpressed Atg8a
reporters are captured into the cytoplasmic aggregates, but these do not represent autophagosomes. Loss of p62
does not block autophagy upregulation upon proteasome impairment, suggesting that compensatory autophagy is
not simply due to the buildup of excess cargo. One of the best characterized substrates of UPS is the α subunit of
hypoxia-inducible transcription factor 1 (HIF-1α), which is continuously degraded by the proteasome during
normoxic conditions. Hypoxia is a known trigger of autophagy in mammalian cells, and we show that genetic
activation of hypoxia signaling also induces autophagy in Drosophila. Moreover, we find that proteasome
inactivation-induced autophagy requires sima, the Drosophila ortholog of HIF-1α.
Conclusions: We have characterized proteasome inactivation- and hypoxia signaling-induced autophagy in the
commonly used larval Drosophila fat body model. Activation of both autophagy and hypoxia signaling was
implicated in various cancers, and mutations affecting genes encoding UPS enzymes have recently been suggested
to cause renal cancer. Our studies identify a novel genetic link that may play an important role in that context, as
HIF-1α/sima may contribute to upregulation of autophagy by impaired proteasomal activity.

Keywords: Autophagy, Drosophila, HIF-1α/sima, Hypoxia, p62/Ref2P, Proteasome

Background
The proteasome is a multi-subunit protease complex,
consisting of a 20S core particle and a 19S regulatory par-
ticle. 20S contains predominantly structural α and catalytic
β subunits. 19S contains non-ATPase subunits that are in-
volved in the recognition of polyubiquitinated proteins, and
ATPase subunits responsible for unfolding substrates and
maintaining protease activity. The ubiquitin-proteasome
system (UPS) is considered to be the main route for the

degradation of short-lived proteins. Proteasomal activity is
also essential for eliminating excess or unfolded proteins
and thus contributes to establishing steady-state overall
protein levels. The selective and often well-timed degra-
dation of regulatory proteins by the proteasome orches-
trates and modulates multiple biological processes such as
transcription, metabolism, cell cycle progression and differ-
entiation [1].
During the main pathway of autophagy, initially ap-

pearing membrane cisterns called phagophores capture
portions of the cytoplasm in double-membrane auto-
phagosomes. These vesicles then deliver cargo for lyso-
somal degradation [2,3]. Autophagy is thought to be

* Correspondence: szmrt@elte.hu
†Equal contributors
Department of Anatomy, Cell and Developmental Biology, Eötvös Loránd
University, Pázmány P. s. 1/C, H-1117, Budapest, Hungary

© 2013 Lőw et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Lőw et al. BMC Cell Biology 2013, 14:29
http://www.biomedcentral.com/1471-2121/14/29               dc_840_14
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mainly responsible for degrading long-lived proteins and
whole organelles, and stress-induced autophagy maintains
the amino acid pool and energy production necessary for
biosynthetic processes during chronic starvation [1,3].
UPS and autophagy were long considered as indepen-

dent, parallel pathways. Recent observations challenged
this view, suggesting interactions between these degrada-
tive routes [4,5]. First, autophagy also plays an important
role in the degradation of ubiquitinated proteins. Loss
of autophagy leads to neurodegeneration accompanied
by the formation of pathological protein aggregates
both in mice and flies [3,6,7]. These aggregates contain
ubiquitinated proteins and p62 (also known as Ref2P in
flies), an autophagy receptor. p62 facilitates selective
autophagic removal of ubiquitinated cargo by binding to
both ubiquitin and Atg8 that is covalently bound to
phagophore and autophagosome membranes [8,9]. Sec-
ond, protein degradation by the autophagy and UPS
pathways is coordinately regulated by the evolutionarily
conserved Foxo transcription factors in muscles [10,11].
In addition, we recently showed that genes encoding
proteins of the UPS are upregulated in response to star-
vation in autophagy mutant Drosophila larvae compared
to starved control animals [12]. Third, impairment of the
UPS has been shown to enhance autophagy in various
cells, but the molecular links are poorly characterized [4,5].
In this study, we investigated the consequences of pro-

teasome inhibition on aggregate formation and autopha-
gic activity in somatic clones of larval fat body cells in
Drosophila. We showed that genetic activation of hyp-
oxia signaling induces autophagy, and identified HIF-1α
as a novel molecular link between UPS and autophagy.

Results
Depletion of genes encoding various proteasome subunits
leads to impaired proteasomal degradation in vivo
We selected transgenic RNAi lines to mediate inducible
silencing of 26 genes encoding different proteasome sub-
units in Drosophila. Expression of these UAS-proteasome
RNAi constructs can be triggered in vivo in a tissue-
specific manner by simply crossing these lines to another
line that carries an appropriate promoter-Gal4 transgene
(driver). As systemic RNAi mediated by an Actin-Gal4
driver resulted in developmental delays and lethality in
case of the majority of RNAi lines, we used the standard
mosaic approach to generate RNAi cells (marked by an
appropriate fluorescent reporter such as GFP) in an other-
wise wild-type background. To investigate proteasome ac-
tivity in vivo, we analyzed transgenic flies expressing a
fluorescent reporter of UPS function. GFP-CL1 is a fusion
protein created by introducing a degradation signal to
the otherwise stable green fluorescent protein (GFP) [13].
This protein is rapidly degraded by the UPS, and its steady
state levels reflect the functional status of this pathway. In

control animals, clones of fat body cells expressing GFP-
CL1 were similar in size to neighboring cells and showed
weak, diffuse GFP fluorescence (Figure 1A). Gal4-mediated
expression of either one of 19 out of 26 different RNAi
lines decreased cell size and led to the accumulation and
large-scale aggregation of GFP-CL1, indicating impaired
proteasomal degradation activity (Figure 1B, C, see also
Additional file 1: Figure S1 for further images).
Proteasome maturation protein (Pomp) facilitates the

main steps in 20S core complex formation at the ER by
coordinating the assembly process, and it is necessary
for the continuous supply of newly formed proteasomes.
Similar to the above results, depletion of Pomp also
resulted in accumulation of GFP-CL1 (Figure 1C).
We have also tested the level of p62, a well-

characterized intracellular receptor for ubiquitinated
proteins. As ubiquitin-containing proteins were shown
to be captured into aggregates of p62 [9,14,15], inactiva-
tion of the proteasome was expected to increase p62
aggregation due to a block in ubiquitinated protein deg-
radation. Note that in the various staining experiments
in genetic mosaic animals, GFP-positive RNAi cells are
always surrounded by control cells in the very same
tissue, which serve as an internal control to directly
compare phenotypes to (Figure 1D). Immunostainings
indeed revealed large ubiquitin- and p62-positive aggre-
gates in the cytoplasm of proteasome subunit RNAi cells
compared to control non-GFP cells (Figure 1E, F, see
also Additional file 2: Figure S2 for further images). Im-
portantly, aggregates never colocalized with the lyso-
some marker Lamp1-GFP in these cells, suggesting that
aggregated proteins are not accumulated inside lyso-
somes. Quantification of immunostainings revealed that
20 out of the 27 RNAi lines (targeting 26 different prote-
asome subunits and Pomp) led to large-scale accumula-
tion of endogenous p62 aggregates (Figure 1G). Notably,
exactly the same seven lines failed to trigger a statisti-
cally significant elevation of both p62 and GFP-CL1 ag-
gregates. This may be due to that these RNAi lines did
not work properly in fat body cells, although it cannot
be excluded that some of the proteasome subunits
targeted by these seven RNAi lines are dispensable for
proteasome function. The transcription of p62 is also
regulated during starvation and stress, both in Drosophila
and mammalian cells [12,16,17]. RT-PCR experiments re-
vealed that p62 transcription in proteasome depleted ani-
mals was also increased relative to controls (see Additional
file 3: Figure S3).
It was obvious in these experiments that smaller fat

body cells had higher GFP-CL1 levels (see Additional file 4:
Figure S4). This suggested that proteasomal degradation is
necessary for proper growth and endomitosis of larval fat
body cells, and a more severe block of proteasome function
likely produces smaller cells.
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We selected five proteasome subunit RNAi lines for
further experiments that all worked very well in both
in vivo proteasome activity assays (that is, GFP-CL1 and

p62 aggregation). These represent different subunit types:
20S core particle subunits Prosα1, Prosα5, Prosβ2, and
19S regulatory particle subunits Rpt1, Rpn2 (Figure 1C).

Figure 1 Depletion of genes encoding various proteasome subunits decreases proteasomal activity in vivo. A) Control cells expressing
the proteasome degradation reporter GFP-CL1 are similarly sized as neighboring non-GFP control fat body cells and show diffuse fluorescence.
Cell nuclei are labeled with DAPI (blue). B) Rpn2 RNAi cells are smaller than control cells and accumulate large aggregates of GFP-CL1.
C) Proteasome RNAi leads to accumulation of GFP-CL1 aggregates relative to control cells shown in panel A. Statistically significant differences
are marked by asterisks (Kruskal-Wallis test, n = 5-6 per genotype, ** P < 0.01, * P < 0.05), and error bars denote standard error. The different types
of subunits are indicated as 20S core subunits (α and β), and 19S regulatory particle subunits (ATPase and non-ATPase). Pomp is required for
assembly of the 20S core. D) Schematic of the clonal expression system. GFP-positive cells of interest are surrounded by wild-type cells in the
same tissue of mosaic animals, serving as an internal control in various staining experiments. E) Depletion of Rpn2 leads to accumulation of
ubiquitinated protein aggregates in Lamp1-GFP marked fat body cell clones. Note that the numerous small Lamp1-GFP dots representing
lysosomes are not ubiquitin-positive. F) Similarly, silencing of Rpn2 leads to cell-autonomous accumulation of p62 aggregates in Lamp1-GFP
marked fat body cell clones. Note that Lamp1-GFP dots are not p62-positive either. G) Proteasome RNAi leads to accumulation of endogenous
p62 aggregates relative to control cells. n = 5-6 per genotype. Statistically significant differences are marked by asterisks (Kruskal-Wallis test, n = 5-6
per genotype, ** P < 0.01, * P < 0.05), and error bars denote standard error. Boxed areas in E and F are shown enlarged. Scale bar in A equals
20 μm for A, B, E, F.
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Proteasome impairment enhances starvation-induced and
basal autophagy
Lysotracker Red (LTR) staining is an established and
widely used assay for detection of autolysosomes in
Drosophila fat body and other tissues [6,11,12,18-25]. In-
activation of proteasome function increased autophagic
activity in Lamp1-GFP-marked fat body cell clones of
starved larvae, based on increased punctate LTR labeling
compared to surrounding non-GFP control cells (Figure 2A,
see also Additional file 5: Figure S5 for further images).
LTR structures also colocalized with Lamp1-GFP in clone
cells, an artificial reporter that labels late endosomes and
all lysosomes in Drosophila cells [26]. Note that the
colocalization is not complete, as LTR only stains acidic, ac-
tively digesting lysosomes, whereas primary lysosomes are
also labeled by Lamp1-GFP. Moreover, Lamp1-GFP is con-
tinuously degraded in active lysosomes, so its levels are
often strongly decreased in LTR structures (see Additional
file 6: Figure S6 for colocalization of these markers in con-
trol fat body cells dissected from starved animals, and for
colocalization data in control and proteasome RNAi cells).
These genetic manipulations also activated autophagy

in a cell-autonomous manner in well-fed larvae, based
on increased LTR and autophagosome-associated punc-
tate anti-Atg8a immunostainings (Figure 2B-E, see also

Additional file 7: Figure S7 for further images). Similarly,
knockdown of genes encoding proteasome subunits led
to elevated levels of autophagosome-associated, lipidated
Atg8a-II in western blots of well-fed larvae (Figure 2F).
Levels of the ubiquitin-binding selective autophagy cargo
p62 also showed a marked increase in these samples
(Figure 2F).
We found that upon proteasome RNAi, smaller cells

always had increased normalized LTR dot number (see
also Additional file 8: Figure S8). Thus, more severe pro-
teasome inactivation seems to induce higher levels of au-
tophagy and a stronger cell growth impairment.

Proteasome RNAi leads to accumulation of cytoplasmic
aggregates and enhances autophagic flux
We have recently described that overexpressed p62 and
Atg8a reporters bind each other to form large aggregates
in Drosophila fat body cells [21]. Overexpressed GFP-
tagged Atg8a, a routinely used marker of autophagosomes
[6,18,23], not only labeled small structures likely repre-
senting genuine autophagosomes with a diameter of about
1 μm, but also colocalized with the large p62-positive ag-
gregates (approximate diameter: 5 μm) that formed in pro-
teasome RNAi cells (Figure 3A, see also Additional file 9:
Figure S9 for further images). Importantly, small genuine

Figure 2 Proteasome impairment enhances autophagy in Drosophila larvae. A) Depletion of Rpn2 increases punctate Lysotracker Red (LTR)
staining in Lamp1-GFP marked larval fat body cell clones of starved animals relative to surrounding control cells. B) Rpn2 knockdown induces
autophagy in fat body cell clones of well fed larvae, as LTR dots are only observed in GFP-positive RNAi cells but not in control cells. C) Silencing
of genes encoding different proteasome subunits results in a statistically significant induction of punctate LTR in well fed conditions
(u test, n = 5-7 per genotype, ** P < 0.01), and error bars denote standard error. D) Immunostaining reveals cell-autonomous activation of
punctate endogenous Atg8a labeling in Rpn2 RNAi cells, representing autophagosomes. E) Statistical evaluation of the effect of proteasome
subunit RNAi on punctate endogenous Atg8a. Statistically significant differences are marked (u or t test, n = 5 per genotype, ** P < 0.01), and error
bars denote standard error. (F) Western blots show that RNAi knockdown of genes encoding different proteasome subunits greatly increases the
levels of both the specific autophagy cargo p62 and autophagosome-associated lipidated Atg8a-II. Numbers refer to relative expression levels compared
to Tubulin, as determined by densitometric evaluation. Boxed areas in A, B and D are shown enlarged. Scale bar in A equals 20 μm for A, B, D.
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autophagosomes marked by endogenous anti-Atg8a stain-
ing [20,25] showed markedly different size and distribution
from this overexpressed Atg8a reporter in proteasome
RNAi cells (compare Figure 2D with Figure 3A). We next
employed a tandemly tagged mCherry-GFP-Atg8a reporter,
a standard assay to follow autophagic flux [25,27]. This re-
porter is selectively transported to autolysosomes, where
GFP is quenched while mCherry remains fluorescent. In
addition to small mCherry-positive autolysosomes in the
perinuclear region of proteasome RNAi cells, large struc-
tures positive for both GFP and mCherry were also formed,
with a size and localization again reminiscent of protein
aggregates (Figure 3B). Treatment with the lysosome in-
hibitor chloroquine prevented the quenching of GFP in
acidic autolysosomes in proteasome RNAi cells, greatly de-
creasing the number of structures that were positive for
only mCherry (Figure 3C and D, see also Additional file 10:
Figure S10 for further images).
We then carried out electron microscopy to com-

pletely rule out the possibility that these large aggregates

were inside autophagosomes. Ultrastructural images of
proteasome depleted fat bodies dissected from well-fed
animals revealed the presence of large cytoplasmic pro-
tein aggregates that were never surrounded by mem-
branes (Figure 3E, F). In addition, double-membrane
autophagosomes and degrading autolysosomes were also
readily detected in well-fed larval samples, consistent
with autophagy induction in these cells (Figure 3E, F).
See also Additional file 11: Figure S11 for further ultra-
structural images.
It was striking that upon proteasome RNAi, smaller cells

always had increased p62 accumulation (see Additional
file 12: Figure S12). These results altogether indicated that
even though autophagic activity is enhanced in these cells,
it fails to remove the excess protein aggregates formed
due to impaired proteasomal degradation.
As expected, LTR practically never colocalized with

Atg8a or p62 reporters (see Additional file 13: Figure S13).
Even the size of these structures was different: LTR-
positive digesting lysosomes in fat body cells had an

Figure 3 Proteasome impairment leads to accumulation of cytoplasmic aggregates and enhances autophagic flux. A) Overexpressed GFP-Atg8a
reporter is incorporated into the large protein aggregates containing p62 in Rpn2 RNAi cells. B) The tandemly tagged mCherry-GFP-Atg8a reporter forms
numerous small mCherry-labeled autolysosomes, in addition to large aggregates positive for both mCherry and GFP in Rpn2 RNAi cells. C) The lysosome
inhibitor chloroquine blocks autophagy-dependent quenching of GFP, as now most puncta are positive for both mCherry and GFP. D) Quantification of
data from panels B and C (u or t test, n = 5-8 per genotype, ** P < 0.01, * P < 0.05), and error bars denote standard error. E) Transmission electron
microscopy reveals the presence of autolysosomes (arrow) and large protein aggregates in fat body cells with impaired proteasome function in well-fed
larvae. The boxed area is shown enlarged in panel E’. F) Quantification of ultrastructural data. Protein aggregates occupy 7% of the total cytoplasm in Rpn2
depleted fat body cells of well-fed larvae, and double-membrane autophagosomes (AP) and degrading autolysosomes (AL) take up 0.06% and 0.24% of
the total cytoplasm, respectively. No such structures are recognized in fat body cells of well-fed control larvae (u test, n = 3 per genotype, ** P < 0.01), and
error bars denote standard error. Boxed areas in A-C are shown enlarged. Scale bar in A equals 20 μm for A-C. Scale bars equal 1 μm in E, E’.
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approximate diameter of 1-3 μm, while p62 was present
in the large protein aggregates (approximate diameter:
5 μm), and GFP-Atg8a labeled small autophagosomes (ap-
proximate diameter: 1 μm) in addition to being captured
into the large p62 aggregates.
These data altogether suggest that p62 accumulation

is due to both transcriptional and post-transcriptional
mechanisms, that is, increased rate of transcription, and
reduced protein turnover by autophagy due to large-scale
aggregate formation.

Activation of hypoxia signaling induces autophagy
in Drosophila
One of the best characterized substrates of UPS is the α
subunit of hypoxia-inducible transcription factor HIF-1
[28]. HIF-1α is ubiquitinated by the tumor suppressor
protein von Hippel-Lindau (VHL) under normoxic con-
ditions, resulting in its proteasomal degradation. De-
creased levels of oxygen lead to stabilization of HIF-1α
by preventing its ubiquitination, and a concomitant up-
regulation of genes involved in the hypoxia response
[28]. Hypoxia is a known trigger of autophagy in mam-
malian cells, but its role has not been characterized in
Drosophila autophagy. The fly ortholog of the mammalian
HIF-1α gene is sima (short for similar) [29]. Overexpression
of sima, or depletion of Vhl led to the formation of LTR-
positive autolysosomes in fat body cell clones of well-fed
larvae (Figure 4A-C). Similarly, forced expression of sima
or Vhl RNAi induced punctate mCherry-Atg8a repre-
senting autophagosomes and autolysosomes (Figure 4D-F).
The mCherry-GFP-Atg8a reporter revealed that most of
the punctate autophagic structures were positive for
only mCherry in sima overexpressing and Vhl RNAi cells
(Figure 4G, H). This indicated that GFP-Atg8a was deliv-
ered to autolysosomes and quenched. Chloroquine treat-
ment again reduced the number of structures that were
positive for only mCherry (Figure 4I-K), indicating that au-
tophagic flux is enhanced in these cells.
We also carried out anti-active caspase 3 stainings to

analyze cell death, but no apoptotic caspase activation
was detected in cell clones undergoing proteasome or
Vhl RNAi, or overexpressing sima in larval tissues (see
Additional file 14: Figure S14).

Proteasome inactivation-induced autophagy requires Atg
genes and sima/HIF-1α
Since genetic activation of hypoxia signaling increased
autophagy, we first tested whether proteasome RNAi ac-
tivates this pathway. BNIP3 (BCL2/adenovirus E1B 19
kDa protein-interacting protein 3) is a well-characterized
transcriptional target of HIF1 in mammalian cells [30].
Our RT-PCR experiments revealed that transcription of
Drosophila BNIP3 (CG5059) is enhanced upon silencing
of Rpn2 to a similar extent as in Vhl RNAi animals

(Figure 4L). Additionally, proteasome RNAi increased
the expression level of an in vivo transcriptional reporter
for hypoxia signaling (see Additional file 15: Figure S15).
These results suggested that hypoxia signaling may be

involved in proteasome RNAi-induced autophagy. To
evaluate the genetic pathways mediating compensatory
autophagy upon proteasome impairment, we tested the po-
tential role of sima, core Atg genes required for starvation-
induced autophagy, and p62.
Clones of fat body cells showed LTR-positive auto-

lysosome formation in well-fed animals upon silencing of
Prosβ2, Rpt1 and Rpn2 (Figure 5A, G). We silenced sima
using 3 independent transgenic constructs, each of which
targeted different regions of this gene and achieved knock-
down by distinct experimental approaches (long hairpin-
versus microRNA-based, please see Methods). Depletion
of sima significantly inhibited proteasome inactivation-
induced punctate LTR staining in most combinations
(Figure 5B, G). Depletion of Atg1, Atg9 or Atg12 also
blocked compensatory autophagy, similar to expression
of dominant-negative Atg1, Vps34 or Atg4 transgenes
(Figure 5C, G). As a negative control we used an RNAi
line for Atg18b, as this gene was shown to be dispens-
able for starvation-induced autophagy in Drosophila
(Figure 5G) [23]. Finally, we tested the role of p62 using
previously characterized transgenic RNAi lines [21].
Depletion of p62 by combining two indepedent RNAi
lines targeting different regions of the gene, or using a
third transgenic RNAi line failed to suppress proteasome
inactivation-induced punctate LTR staining: the changes
were not statistically significant (Figure 5D, E, G). As
expected, depletion of p62 completely prevented the for-
mation of p62 aggregates in proteasome inactivated cells
(Figure 5F).
As a final confirmation of our results, we also tested

two additional proteasome RNAi lines for hypoxia and
p62 signaling. Depletion of sima, but not p62, also re-
duced the number of LTR puncta in Prosα1 and Prosα5
RNAi cells (Figure 5H).

Discussion
Autophagy and UPS coordinately sustain cellular homeo-
stasis through protein quality control and clearance. A
wide range of neurodegenerative diseases (often described
as proteinopathies) are characterized by accumulation of
aggregate-prone proteins that are not efficiently removed
by proteasome. Compensatory autophagy may alleviate dis-
ease pathology in these cases, as numerous studies showed
that substrates of autophagy and UPS overlap [1,4,5]. In-
deed, genetic or pharmacological activation of autophagy
facilitates aggregate clearance and neuronal function in dis-
ease models [1,5]. Chronic block of proteasomal degra-
dation also leads to toxicity, ER stress and cell death in
various mammalian and Drosophila cells, and proteasome
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inhibitors are in clinical use to trigger apoptosis of cancer
cells in multiple myeloma patients [31-34]. While we found
no evidence of cell death in larval Drosophila fat body
upon silencing of genes encoding essential subunits of the
proteasome or genetic activation of hypoxia signaling,
these genetic manipulations strongly enhanced both basal
and starvation-induced autophagy in these cells, and this
effect was dependent on canonical autophagy genes Atg1,
Vps34, Atg9, Atg4 and Atg12.
An important aspect of our study is that overexpressed

tagged Atg8 is not ideal for analyzing autophagy in

proteasome RNAi cells, as excess p62-containing aggre-
gates incorporate these reporter molecules, likely due to
the physical interaction of p62 and Atg8. This artefact
may then lead to false conclusions regarding autophagic
activity, similar to the case of co-overexpressed p62 and
Atg8 reporters [21].
How does proteasome impairment lead to compen-

satory autophagy? Multiple scenarios are possible, and
these are not mutually exclusive. One hypothesis would
be that accumulation of excess cargo triggers the forma-
tion of autophagosomes. However, overexpression of

Figure 4 Activation of hypoxia signaling induces autophagy in Drosophila. A-C) Overexpression of the Drosophila HIF-1α ortholog sima (A)
or depletion of Vhl (B) induces the formation of autolysosomes positive for both Lamp1-GFP and LTR in fat body cell clones in well-fed larvae.
Quantification of data is shown in panel C. Statistically significant differences are marked (u test, n = 6 per genotype, ** P < 0.01), and error bars
denote standard error. D-F) Overexpression of sima (D) or knockdown of Vhl (E) promotes the formation of punctate mCherry-Atg8a in fat body
cell clones marked by GFP-nls (nuclear localization sequence) in well-fed larvae. Quantification of data is shown in panel F. Statistically significant
differences are marked (u test, n = 6 per genotype, ** P < 0.01), and error bars denote standard error. G-J) Overexpression of sima (G) or depletion
of Vhl (H) leads to formation of dots that are mostly positive for mCherry with the mCherry-GFP-Atg8a reporter. Chloroquine treatment blocks
the autolysosomal quenching of GFP, as puncta are now positive for both mCherry and GFP in cells overexpressing sima (I) or Vhl RNAi (J). K)
Quantification of data from panels G-J. Statistically significant differences are marked (u or t test, n = 5-8 per genotype, ** P < 0.01, * P < 0.05), and
error bars denote standard error. L) RT-PCR analyses show that the transcription of BNIP3 is upregulated in both Vhl and Rpn2 RNAi samples
relative to controls. Boxed areas in A, B, D, E, G-J are shown enlarged. Scale bar in A equals 20 μm for A, B, D, E, G-J.
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specific autophagy substrates p62 or blue cheese (the fly
homolog of human Alfy that is also involved in the
clearance of ubiquitinated proteins) did not result in an
obvious increase in autophagy in Drosophila, unlike prote-
asome impairment [21,35]. Moreover, p62 was found to be
dispensable for both viability and starvation-induced au-
tophagy in knockout mice [14]. Multiple selective autoph-
agy receptors have been identified in mammalian cells, but
these are relatively uncharacterized in Drosophila, as only

HDAC6 and blue cheese have been analyzed so far besides
p62 [13,35,36]. Further studies are necessary to find out
whether any of the selective adaptors is involved in au-
tophagy induced by proteasome inactivation, or by starva-
tion. After all, autophagy is thought to be responsible for
breakdown and recycling of bulk cytoplasm upon nutrient
limitation [3], so it is possible that none of the receptors
are actually required for these large-scale autolysosomal
degradation processes.

Figure 5 Proteasome inactivation-induced autophagy requires Atg genes and sima/HIF-1α. A) Depletion of Rpn2 increases punctate LTR
staining in larval fat body cell clones in fed animals, marked by membrane-associated mCD8-GFP. B) Simultaneous silencing of Rpn2 and sima
results in a block of punctate LTR staining. C) Overexpression of dominant-negative (DN) Atg4 inhibits LTR dot formation in Rpn2 RNAi cells. D, E)
Simultaneous silencing of Rpn2 and p62 using two independent RNAi lines combined (D) or a third independent single p62 RNAi line (E) does
not inhibit punctate LTR staining in larval fat body cell clones in fed animals. F) Depletion of p62 blocks aggregate formation in Rpn2 RNAi cells.
G) Statistical evaluation of punctate staining in Rpn2, Rpt1 and Prosβ2 knockdown cells. Depletion of sima using 3 independent RNAi transgenes,
silencing of BNIP3, Atg1, Atg9, Atg12, or overexpression of dominant-negative Atg1, Vps34, Atg4 inhibits proteasome inhibition-induced
autophagy. Depletion of p62 or Atg18b (which is dispensable for starvation-induced autophagy and used as a negative control here) does not
block the autophagy-inducing effect of proteasome inactivation. Statistically significant differences are marked (Kruskal-Wallis test or ANOVA,
n = 5-8 per genotype, * P < 0.05, ** P < 0.01), and error bars denote standard error. H) Similarly, silencing of sima but not p62 attenuates LTR
puncta formation in Prosα1 and Prosα5 RNAi cells. Statistically significant differences are marked (Kruskal-Wallis test or ANOVA, n = 5-8 per genotype,
* P < 0.05, ** P < 0.01), and error bars denote standard error. Boxed areas in A-F are shown enlarged. Scale bar in A equals 20 μm for A-F.
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A second hypothesis is that proteasomal degradation
is essential to maintain free intracellular amino acid
levels and compensatory autophagy is induced by amino
acid shortage, as suggested in a recent publication [32].
In this paper, addition of exogenous amino acids was
reported to attenuate proteasome inactivation-induced
autophagy and partially rescue lifespan reduction in flies
treated with a proteasome inhibitor [32]. In this scenario,
loss of autophagy in cells with impaired proteasome activ-
ity would further reduce amino acid levels as both recyc-
ling pathways are inhibited, presumably resulting in a
stronger block of cell growth. However, blocking the func-
tion of core autophagy genes did not further decrease the
growth of proteasome RNAi cells in fat body clones, indi-
cating that reduced amino acid levels are likely not the
only link between these processes in this setting.
A third hypothesis is that stabilization of certain

proteasome substrate(s) positively regulates autophagy.
The levels of HIF-1α are normally kept low through
ubiquitination mediated by VHL, which is followed by
proteasomal degradation. Hypoxia leads to stabilization of
HIF-1α, resulting in its translocation to the nucleus and
upregulation of hypoxia-inducible genes that mediate
survival at low oxygen concentrations [28]. Cytoprotective
autophagy is also induced by hypoxia, and hypoxia-
induced autophagy is necessary for survival of cancer cells
in the central, poorly vascularized regions of solid tumors
[30]. We found that genetic activation of hypoxia signal-
ing induced autophagy in Drosophila, and silencing of
the fly HIF-1α ortholog sima attenuated proteasome
impairment-induced autophagy. These results suggest that
autophagy is enhanced by proteasome inhibition at least
in part through hypoxia signaling. A recent genome-wide
association study identified mutations affecting the UPS
pathway in renal cell carcinoma, which were associated
with increased levels of HIF-1α in these tumors [37].
Interestingly, cells derived from many established cancers
show elevated levels of autophagy, and multiple oncogenes
and tumor suppressors (such as VHL) encode enzymes
of the UPS involved in ubiquitin conjugation or decon-
jugation [38]. Thus, based on these and our results, activa-
tion of hypoxia signaling by UPS impairment may be
responsible for increased autophagy in the absence of hyp-
oxic conditions in a subset of established cancers.

Conclusions
Our work showed that genetic inactivation of proteasomal
degradation induces compensatory autophagy in the widely
used Drosophila fat body model, which requires core au-
tophagy genes Atg1, Vps34, Atg9, Atg4 and Atg12. Prote-
asome impairment leads to large-scale accumulation of
aggregates containing ubiquitinated proteins and the se-
lective autophagy cargo p62, but p62 itself turned out to be
largely dispensable for enhanced autophagy. Finally, we

showed that genetic activation of hypoxia/HIF-1α signaling
induces autophagy in Drosophila, and HIF-1α/sima, a well-
characterized proteasome substrate, contributes to autoph-
agy induced by proteasome impairment.

Methods
Drosophila stocks and culture
Flies were raised at 25°C on standard cornmeal/agar
media, at 50% humidity and a 12-hour light/12-hour
dark daily cycle. Fly stocks used in this study were ob-
tained from the Vienna Drosophila RNAi Center, VDRC,
Vienna, Austria and Bloomington Drosophila Stock Cen-
ter, Bloomington, Indiana, USA, or kindly provided by
Udai Pandey (GFP-CL1) [13] and Pablo Wappner (LDH-
GFP) [29] (see Additional file 16: Figure S16 for a list of
stocks). Note that KK, GD and JF lines are long hairpin-
based RNAi transgenics, and HMS stocks contain short
microRNA-based silencing constructs.

RT-PCR, western blots and immunostainings
Total RNA was isolated from L3 stage larvae using
Purelink RNA Mini Kit (Ambion), followed by cDNA syn-
thesis with Revertaid First Strand cDNA Synthesis Kit
(Fermentas) and PCR amplification at 25 cycles. The fol-
lowing primers were used (designed to overlap exon-exon
boundaries to prevent accidental amplification from gen-
omic DNA): TACTCCTCCCGACACAAAGC, CTGGGT
CATCTTCTCACGGT (Actin5C), TGGATCGACGCTG
ATAAAGA, GTCTCCTGAAACGGGCAAT (p62), CTT
GGATCGAACTCAGCACA, CAATGTTCCAGCTACT
GGGTG (BNIP3).
Western blots were carried out as described [6,25],

using primary antibodies: rabbit anti-p62 (1:5,000) [21],
rabbit anti-Atg8a (1:5,000) [25] or mouse monoclonal
anti-Tubulin AA4.3 (1:1,000, DSHB), followed by alka-
line phosphatase conjugated goat anti-rabbit, anti-mouse
secondary antibodies (1:5,000, Millipore). Immunostain-
ings were done as before [21,25], using primary anti-
bodies chicken anti-GFP (1:1,500, Invitrogen), rabbit
anti-Atg8a (1:500, gift of Katja Köhler) [20], rabbit anti-
p62 (1:2,000) [21], rabbit anti-ubiquitin (1:50, Dako),
rabbit anti-active caspase 3 (1:500, Cell Signaling). Sec-
ondary antibodies were Alexa 488 anti-chicken, Alexa
546 anti-rabbit (1:1,500, Invitrogen).
Please see Additional file 17: Figure S17 for original

images of RT-PCR gels and western blots.

Genetics and treatments
Clonal analysis in larval fat bodies was done as exhaust-
ively described previously [6,18,19,21-25]. Briefly, cell
clones were spontaneously generated by Flp-mediated
excision of the FRT (Flp Recombination Target, >) cas-
sette from Act > CD2 > Gal4 to activate UAS-dependent
transcription of overexpression, dominant-negative and
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RNAi transgenes, together with the GFP reporters indi-
cated in figure legends. Note that cell clones arose in
embryos, and all of our analyses were carried out in L3
stage larvae at 84-90 hours after egg deposition. We also
generated stable lines of hsFlp[22], Act > CD2 > Gal4,
UAS-mCD8-GFP (all recombined together on chromo-
some X); UAS-Rpn2 or UAS-Rpt1 or UAS-Prosβ2 RNAi
(located on autosomes). These lines were crossed to
various Atg, p62 and sima RNAi and dominant-negative
lines in genetic interaction tests. RNAi was mediated in
whole fat bodies by cg-Gal4 for electron microscopy. As
systemic knockdown of proteasomal genes resulted in
early stage lethality, hsFlp[22], Act > CD2 > Gal4, UAS-
RNAi stocks were heat shocked for 1 hour at 37 degrees
at 48 hours after egg deposition to induce gene silencing
in polyploid cells for western blots. Larvae of the age 60-
66 hours after egg deposition were transferred to fresh
medium containing 3 mg/ml chloroquine (Sigma) for a
24-hour treatment in autophagic flux experiments.

Histology and imaging
Lysotracker stainings were carried out as described
[19,21-25]. Briefly, larvae were allowed to feed on food
supplemented with plenty of yeast (fed) or floated in 20%
sucrose solution for 3 hours (starved). Fat bodies were
dissected, stained with Lysotracker Red (Invitrogen) and
DAPI in PBS for 5 minutes, and photographed live. A Zeiss
Axioimager M2 microscope equipped with an Apotome2
unit and a Plan-NeoFluar 40× 0.75 NA objective was used
to capture images with Axiovision software. Primary im-
ages were processed in Adobe Photoshop to produce final
figures. Tissues were processed for transmission electron
microscopy analysis as described previously [6,18,25].
Images were captured on a Jeol JEM-1011 microscope
using an Olympus Morada 11 megapixel camera and iTEM
software (Olympus).

Statistics
Autophagic structures in ultrastructural images, Lyso
tracker Red (LTR) and mCherry-Atg8a puncta were
manually counted in Photoshop. Statistical evaluation of
GFP-CL1, p62 and anti-Atg8a images was carried out
using ImageJ (NIH) as described [21,25]. As proteasome
RNAi and sima overexpressing cells were usually smaller
than control cells, the numbers of dots per GFP-positive
clone area or control tissue area were counted. To avoid
errors owing to cell size differences, dot numbers shown
in figures are normalized to control cells, that is, if the
average size of GFP-positive cells was 10% of control
cells and contained 5 dots on average, then the normal-
ized number of dots per cell is 50 [21].
Images taken from multiple individual larvae per geno-

type (n) as indicated in figure legends were evaluated.
Data were analyzed in PASW Statistics 18 (IBM). After

testing for normality of data distribution, p values were
calculated by Student’s t tests or Mann-Whitney u tests in
pairwise comparisons for normal or non-normal distribu-
tion data, respectively. We used ANOVA for multiple
comparisons of normal distribution data and Kruskal-
Wallis test for non-normal distribution data. Bar charts
show average values and standard deviations. Regression
analyses were also done in SPSS.
LDH-GFP fluorescence was detemined with ImageJ

(NIH) software. Individual larvae were selected in the
greyscale GFP channel, and the mean gray value was mea-
sured. Backgrund fluorescence from near each larva was
subtracted from the mean gray value.

Additional files

Additional file 1: Figure S1. Aggregates of GFP-CL1 accumulate in
proteasome RNAi cells. A-D) Expression of transgenic RNAi constructs in
mosaic animals for Prosα1 (A), Prosα5 (B), Prosβ2 (C), and Rpt1 (D) results
in accumulation of GFP-CL1 aggregates in larval fat body cells. Scale bar
in A equals 20 μm for A-D.

Additional file 2: Figure S2. Aggregates of p62 and ubiquitinated
proteins accumulate in proteasome RNAi cells. A-H) Knockdown of Prosα1
(A, B), Prosα5 (C, D), Prosβ2 (E, F), and Rpt1 (G, H) leads to the formation
of large aggregates containing ubiquitinated proteins (A, C, E, G) and p62
(B, D, F, H). Boxed areas in A-H are shown enlarged. Scale bar in A equals
20 μm for A-H.

Additional file 3: Figure S3. Proteasome RNAi upregulates p62
transcription. Systemic depletion of Prosβ2 or Rpt1 leads to increased
transcription of p62 relative to controls in RT-PCR experiments.

Additional file 4: Figure S4. Cell size decreases upon proteasome
inactivation. Regression analysis reveals that GFP-CL1 level inversely
changes with cell size in proteasome RNAi cells. Spearman’s correlation
coefficient = -0.728, p < 0.001, R2 Linear = 0.332.

Additional file 5: Figure S5. Proteasome RNAi enhances starvation-
induced autophagy. A-D) Knockdown of Prosα1 (A), Prosα5 (B), Prosβ2 (C),
and Rpt1 (D) leads to increased punctate LTR staining in fat body cell
clones of starved larvae compared to control non-GFP cells. Boxed areas
in A-D are shown enlarged. Scale bar in A equals 20 μm for A-D.

Additional file 6: Figure S6. Lamp1-GFP partially colocalizes with LTR.
Colocalization of the reporter Lamp1-GFP that labels primary lysosomes,
late endosomes and digesting lysosomes is not complete with LTR, a dye
that stains acidic structures only. Boxed area is shown enlarged. Scale bar
equals 20 μm.

Additional file 7: Figure S7. Proteasome RNAi induces autophagy in
well-fed cells. A-H) Knockdown of Prosα1 (A, B), Prosα5 (C, D), Prosβ2 (E, F),
and Rpt1 (G, H) induces the formation of LTR-positive autolysosomes in
fat body cell clones (marked by Lamp1-GFP expression) compared to
surrounding non-GFP control cells in well fed larvae (A, C, E, G), and also
leads to increased generation of Atg8a-positive autophagosomes
(B, D, F, H) in fat body cell clones of well fed larvae. Boxed areas in A-H
are shown enlarged. Scale bar in A equals 20 μm for A-H.

Additional file 8: Figure S8. Punctate LTR staining is increased by
proteasome inactivation. Regression analysis reveals that punctate LTR
staining inversely changes with cell size in proteasome RNAi cells.
R2 = 0.101, P < 0.001. The linearized equation of the curve is the following:
ln(y) = ln(a) + b*ln(x), where a = -0.012 ± 0.002; p < 0.001 and b = 1.015 ± 0.002.

Additional file 9: Figure S9. Overexpressed Atg8a reporters are
captured into p62 aggregates in proteasome RNAi cells. A-D)
Overexpressed GFP-Atg8a is incorporated into large p62-positive aggregates
in Prosα1 (A), Prosα5 (B), Prosβ2 (C), and Rpt1 (D) RNAi cells. Boxed areas in
A-D are shown enlarged. Scale bar in A equals 20 μm for A-D.
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Additional file 10: Figure S10. Autophagic flux is enhanced upon
genetic inactivation of the proteasome. A-H) Knockdown of Prosα1
(A, B), Prosα5 (C, D), Prosβ2 (E, F), and Rpt1 (G, H) cells expressing the
tandemly tagged mCherry-GFP-Atg8a reporter induces the formation of
mCherry-labeled autolysosomes in fat body cell clones in well fed larvae
(A, C, E, G). The lysosome inhibitor chloroquine blocks autophagy-
dependent quenching of GFP, as now most puncta are positive for both
mCherry and GFP (B, D, F, H). Boxed areas in A-H are shown enlarged.
Scale bar in A equals 20 μm for A-H.

Additional file 11: Figure S11. Protein aggregates and autophagic
structures form in fat body cells undergoing Rpn2 RNAi. Depletion of
Rpn2 in whole fat bodies (mediated by the cg-Gal4 driver) results in the
formation of protein aggregates (agg), double-membrane
autophagosomes (arrow) and digesting autolysosomes (arrowhead) in
cells. Scale bars equal 1 μm.

Additional file 12: Figure S12. Accumulation of p62 aggregates is
increased by proteasome inactivation. Regression analysis reveals that
accumulation of p62 aggregates inversely changes with cell size in
proteasome RNAi cells. Spearman’s correlation coefficient = -0.806,
P < 0.001, R2 Linear = 0.412.

Additional file 13: Figure S13. LTR-positive autolysosomes do not
colocalize with p62 and Atg8a reporters. A, B) p62-GFP (A) and GFP-
Atg8a (B) display practically no colocalization with the lysosome marker
LTR. Boxed areas in A and B are shown enlarged. Scale bar in A equals
20 μm for A and B.

Additional file 14: Figure S14. Caspases are not activated in
proteasome or Vhl RNAi or sima overexpressing cells. A-H) No active
caspase 3 immunoreactivity is detected in Prosα1 (A), Prosα5 (B), Prosβ2
(C), Rpt1 (D) and Rpn2 (E) RNAi fat body cells. (F) Similarly, no active
caspase 3 immunolabeling is detected in Rpt1 RNAi cells (marked by
Lamp1-GFP) in brains. Note that several control cells positive for active
caspase 3 (arrowheads) are seen in this panel. Similarly, overexpression of
sima (G) or depletion of Vhl (H) does not lead to activation of caspase 3
in fat body cells either. Boxed areas in A-H are shown enlarged. Scale bar
in A equals 20 μm for A-H.

Additional file 15: Figure S15. The hypoxia reporter LDH-GFP is
activated in proteasome or Vhl RNAi animals. Systemic depletion of
Prosβ2, Rpn2, Rpt1 or Vhl all lead to a similar upregulation of the
transcriptional hypoxia reporter transgene LDH-GFP, compared to control
larvae. Per cent values refer to GFP fluorescence.

Additional file 16: Figure S16. List of Drosophila stocks used in
this study.

Additional file 17: Figure S17. Original images for gels and western
blots. Black boxes highlight cropped regions, which are shown in image
panels as indicated.
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Myc-Driven Overgrowth Requires Unfolded Protein
Response-Mediated Induction of Autophagy and
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Abstract

Autophagy, a lysosomal self-degradation and recycling pathway, plays dual roles in tumorigenesis. Autophagy deficiency
predisposes to cancer, at least in part, through accumulation of the selective autophagy cargo p62, leading to activation of
antioxidant responses and tumor formation. While cell growth and autophagy are inversely regulated in most cells, elevated
levels of autophagy are observed in many established tumors, presumably mediating survival of cancer cells. Still, the
relationship of autophagy and oncogenic signaling is poorly characterized. Here we show that the evolutionarily conserved
transcription factor Myc (dm), a proto-oncogene involved in cell growth and proliferation, is also a physiological regulator of
autophagy in Drosophila melanogaster. Loss of Myc activity in null mutants or in somatic clones of cells inhibits autophagy.
Forced expression of Myc results in cell-autonomous increases in cell growth, autophagy induction, and p62 (Ref2P)-
mediated activation of Nrf2 (cnc), a transcription factor promoting antioxidant responses. Mechanistically, Myc
overexpression increases unfolded protein response (UPR), which leads to PERK-dependent autophagy induction and
may be responsible for p62 accumulation. Genetic or pharmacological inhibition of UPR, autophagy or p62/Nrf2 signaling
prevents Myc-induced overgrowth, while these pathways are dispensable for proper growth of control cells. In addition, we
show that the autophagy and antioxidant pathways are required in parallel for excess cell growth driven by Myc.
Deregulated expression of Myc drives tumor progression in most human cancers, and UPR and autophagy have been
implicated in the survival of Myc-dependent cancer cells. Our data obtained in a complete animal show that UPR,
autophagy and p62/Nrf2 signaling are required for Myc-dependent cell growth. These novel results give additional support
for finding future approaches to specifically inhibit the growth of cancer cells addicted to oncogenic Myc.
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Introduction

The balance of anabolic and catabolic processes determines net

changes in cell size. An increased ratio of biosynthetic versus

degradative activity results in cell growth. Activation of growth-

promoting signaling pathways such as the class I PI3K

(phosphatidylinositol 3-kinase), AKT and TOR (target of rapa-

mycin) kinase systems increases protein translation and inhibits

autophagy, an Atg gene dependent pathway in eukaryotic cells that

captures proteins, lipids and organelles in double-membrane

autophagosomes, followed by lysosomal degradation and recycling

[1]. In addition, we and others have shown previously that genetic

activation of autophagy reduces cell size in flies and mammals, and

autophagy-deficient cells have a net growth advantage during

long-term starvation in Drosophila melanogaster larvae [2,3].

However, the role of autophagy in cell growth and physiology is

more complex. Low-level basal autophagy maintains protein and

organelle quality control by selectively removing unfolded proteins

and damaged or superfluous organelles. Loss of basal autophagy

results in gradual accumulation of toxic protein aggregates and

excess or non-functional organelles, leading to pathological

consequences including neurodegeneration and decreased lifespan

both in Drosophila and mice [4–6]. Autophagy deficiency is

associated with increased production of reactive oxygen species,

proteotoxicity and accelerated tumorigenesis [7]. Autophagy is

upregulated in response to starvation and stress to promote

survival by recycling dispensable intracellular components. Large-

scale autolysosomal degradation provides building blocks that fuel

biosynthetic and metabolic pathways under these conditions.

Elevated levels of autophagy are also observed in many established

cancers [6–8]. While the underlying genetic changes are still

poorly characterized, autophagy induction has been suggested to

sustain the altered metabolism and survival of various cancer cells.

These reports altogether indicate that autophagy has a context-

dependent role in the regulation of cell growth.

Myc is required for proper expression of genes involved in

various processes including cell growth and proliferation [9–11]. It

forms an evolutionarily conserved heterodimeric transcription

factor with its binding partner Max. Myc-Max complexes show

high affinity binding to E-box sequences in the promoters or

introns of their target genes to increase their transcription rate. In

addition, Myc exhibits lower affinity binding to additional

PLOS Genetics | www.plosgenetics.org 1 August 2013 | Volume 9 | Issue 8 | e1003664

               dc_840_14



promoter sequences to regulate a much larger set of genes. Myc is

a classical oncogene deregulated in most tumors, although the

mechanisms of how it promotes overgrowth of cancer cells are

incompletely understood [9–12]. We decided to explore potential

connections between Myc, autophagy, and Myc-induced over-

growth in the genetic model organism Drosophila.

Results

Depletion of Myc (also known as dm) by expression of a

transgenic RNAi line, or overexpression of its antagonist Mad (also

known as Mnt) in GFP-marked clones reduced the size of

polyploid fat body cells in a cell-autonomous manner, as described

earlier [13,14]. Lysotracker red is an acidophilic dye commonly

used to label digesting autolysosomes in Drosophila [2,4,15–19].

Myc activity was required for starvation-induced formation of

Lysotracker-positive punctae, as GFP-positive Myc RNAi or Mad

overexpressing cells had fewer dots compared to surrounding

control fat tissue (Figure 1A–C, see also Table S1 for statistical

analyses of these and all subsequent data). Activated, lipidated

Atg8a is covalently bound to autophagosomes, and is rapidly

degraded upon their fusion with lysosomes, so analyzing endog-

enous Atg8a-positive puncta is widely used to follow the

generation of early autophagic structures [16,19,20]. Silencing of

Myc or overexpression of Mad in GFP-positive cell clones also

interfered with starvation-induced punctate endogenous Atg8a

labeling compared to control cells in starved larvae (Figure 1D–F).

Similarly, Myc null mutant larvae showed impaired starvation-

induced autophagy of the fat body and midgut, based on

Lysotracker staining and transmission electron microscopy

(Figure 1G–K). p62 (also known as Ref2P, for refractory to sigma

P) is a constitutively expressed selective autophagic cargo.

Impaired autophagy leads to stabilization of p62, so analyzing

the levels of p62 aggregates is a standard assay for estimating

autophagic degradation [16,17,19,21]. Loss of Myc activity in

GFP-marked cells in well-fed larvae cell-autonomously increased

both the number and size of p62 aggregates (Figure 1L–N),

suggesting basal autophagy defects. These results established that

Myc is a physiological regulator of autophagy.

Overexpression of Drosophila Myc in GFP-marked fat body cell

clones increased cell growth compared to neighboring control

cells, as described previously (Figure 2A) [14,22]. Myc overex-

pression activated autophagy in fat body cells of well-fed

Drosophila larvae in a cell-autonomous manner, based on the

induction of Lysotracker-positive autolysosomes, punctate

mCherry-Atg8a that labels both autophagosomes and autolyso-

somes as mCherry remains fluorescent in lysosomes

[16,17,19,20,23], and increased formation of endogenous Atg8a-

positive autophagosomes in GFP-positive cells compared to

neighboring control cells (Figure 2B–E). Determining the levels

of autophagosome-associated, lipidated Atg8a-II relative to

loading control in western blot experiments is a standard

biochemical assay to analyze autophagy [16,19,24]. Myc overex-

pression in whole larval fat bodies indeed elevated the amounts of

Atg8a-II relative to Tubulin (Figure 2F). Electron microscopy

confirmed the presence of autolysosomes containing cytoplasmic

material in various stages of degradation, and double-membrane

autophagosomes containing undigested cargo in Myc overexpress-

ing cells (Figure 2G, Figure S1). Similarly, forced expression of

Myc in a stripe of cells in wing imaginal discs increased the size of

this expression domain and enhanced mCherry-Atg8a dot

formation (Figure 2H, I), indicating autophagy induction in these

diploid cells.

To further characterize how Myc overexpression regulates the

multi-step process of autophagy, we used a double tagged reporter

transgene mCherry-GFP-Atg8a, a common tool for measuring

autophagic flux (the rate of autophagic degradation) [16,19,25,26].

This reporter molecule is selectively bound to autophagosomes,

followed by its transport to autolysosomes where GFP is quenched

rapidly but mCherry fluorescence is retained. Autophagosomes

are positive for both mCherry and GFP, while autolysosomes only

show mCherry fluorescence in control cells undergoing autophagy

[16,19,25,26]. Practically no dots were observed in control fat

body cells of well-fed larvae using this reporter (Figure 3A),

indicating normally low basal autophagy levels. The few dots we

saw were mostly mCherry-positive (13% of mCherry dots were

also positive for GFP, 10/77 dots counted). Overexpression of

Myc led to the formation of numerous punctae that were also

mostly positive for mCherry only (9.2% colocalization with GFP,

227/2,459 dots counted, Figure 3C).

Chloroquine is a small molecule drug that neutralizes the

normally acidic lysosomal pH, and thus inhibits all lysosomal

degradation routes including autophagy and endocytosis [8,16].

Chloroquine treatment is often used to distinguish autophagy

induction from impaired autolysosomal degradation: both condi-

tions can result in increased numbers of autophagic structures, but

these numbers further increase in the presence of chloroquine if

autophagic flux is normal, while chloroquine has no effect if

degradation is already impaired [16]. Feeding larvae chloroquine

led to the induction of dots in control cells that were positive for

both mCherry and GFP (98.8% colocalization, 327/331 dots

counted, Figure 3B, E), indicating that low-level basal autophagic

degradation was inhibited by this treatment, and autolysosomes

accumulated unable to digest their cargo. Chloroquine treatment

of larvae with Myc-overexpressing fat body cell clones also

increased mCherry dot numbers compared to non-treated cells

overexpressing Myc, and punctate mCherry-positive structures

this time also contained GFP (99.2% colocalization, 4,361/4,394

dots counted, Figure 3D, E). Importantly, the number of

mCherry-GFP-Atg8a positive structures was also much higher in

chloroquine-treated Myc overexpressing cells than in chloroquine-

treated control cells (Figure 3E), altogether suggesting that Myc

promotes both the induction and degradation steps of autophagy.

Autophagic flux can also be analyzed using these fluorescently

tagged Atg8a reporters in western blots, as Atg8a itself is rapidly

broken down in autolysosomes, resulting in autophagic degrada-

Author Summary

The evolutionarily conserved transcription factor Myc
promotes protein synthesis, cell growth and cancer
progression through incompletely understood mecha-
nisms. In this work, we show that forced expression of
Myc induces the accumulation of abnormal proteins
leading to unfolded protein responses (UPR), presumably
by overloading the protein synthetic capacity of cells in
Drosophila. UPR then results in autophagy-mediated
breakdown and recycling of cytoplasmic material, and at
the same time, to activation of antioxidant responses in
these cells. Blocking the UPR stress signaling, autophagy
and antioxidant pathways genetically, or by feeding larvae
an autophagy-inhibiting drug, prevents overgrowth of
Myc-expressing cells, but these treatments do not affect
the growth of control cells in the same tissues. These
results, together with recent reports in mammalian cancer
models, suggest that drugs targeting UPR, autophagy and
antioxidant responses may specifically inhibit cancer cell
proliferation driven by oncogenic Myc.
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Figure 1. Myc is necessary for starvation-induced autophagy in Drosophila. (A) Myc depletion in LAMP1-GFP marked fat body cell clones
inhibits starvation-induced punctate Lysotracker staining, compared to surrounding control cells that do not express GFP. Mid-L3 stage larvae were
analyzed in all fat body experiments unless noted otherwise. (B) Overexpression of Mad also blocks Lysotracker dot formation in cells marked by
LAMP1-GFP. (C) Quantification of data presented in panels A and B, n = 7 for all genotypes. (D) Starvation-induced punctate endogenous Atg8a
staining is inhibited in Myc RNAi cells marked by LAMP1-GFP expression, compared to neighboring control tissue. (E) Forced expression of Mad also
decreases Atg8a dot formation. (F) Quantification of data presented in panels D and E, n = 6 for all genotypes. (G) Starvation leads to the formation of
Lysotracker-positive autolysosomes in fat body cells of control L1 stage larvae. (H) A near-complete block of Lysotracker puncta formation is seen in
Myc null mutant L1 stage larvae. (I) Quantification of data presented in panels G and H. (J) Double-membrane autophagosomes (ap) and dense
autolysosomes (al) degrading sequestered cytoplasmic cargo are observed in midgut cells of control L1 stage larvae. (K) No autophagic structures are
seen in midgut cells of L1 stage Myc null mutant larvae. (L) The selective autophagy cargo p62 accumulates in Myc RNAi cells (marked by LAMP1-GFP
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tion-dependent generation of free mCherry or GFP [3,16]. Again,

Myc overexpression in whole fat bodies strongly increased

autolysosomal conversion of mCherry-GFP-Atg8a to free

mCherry relative to the loading control Tubulin (Figure 3F).

We next evaluated the role of autophagy in supporting the

increased growth of Myc-expressing cells. Myc-induced over-

growth of GFP-positive clones of fat body cells relative to

neighboring control cells was completely suppressed by chloro-

expression) compared to surrounding control tissue in well-fed animals. (M) Mad overexpression also leads to large-scale accumulation of p62
aggregates. (N) Statistical evaluation of data presented in panels M and N, n = 7 for all genotypes. Scalebars in A, B, D, E, G, H, L, M equal 20 mm.
Statistically significant differences are indicated, ** p,0.01.
doi:10.1371/journal.pgen.1003664.g001

Figure 2. Myc overexpression induces autophagy in Drosophila. (A) Myc overexpression in GFP-marked fat body cell clones leads to cell-
autonomous overgrowth. (B–D) Enhanced punctate Lysotracker staining (B), mCherry-Atg8a dot formation (C) and endogenous Atg8a labeling (D) is
observed in Myc-overexpressing fat body cell clones (marked by expression of LAMP1-GFP in panels B and D and by GFP in panel C), when compared
to surrounding control tissue in well-fed larvae. (E) Quantification of data presented in B–D, n = 7 for all genotypes. (F) Fat body-specific expression of
Myc from transgenes located on chromosome 2 or 3 increase the amount of activated Atg8a-II compared to control fat bodies of well-fed larvae.
Numbers indicate the level of lipidated Atg8a-II relative to the loading control Tubulin in different genotypes, as determined by densitometric
evaluation. (G) Fat body-specific overexpression of Myc induces formation of typical double-membrane autophagosomes (ap) and autolysosomes
that contain cytoplasmic material in various stages of degradation (al), n = 5 for all genotypes. (H, I) Myc overexpression leads to punctate mCherry-
Atg8a labeling (I) and increased expression area in the patched domain of wing discs compared to control discs (H). Scalebars in A–D and H–I equal
20 mm. Statistically significant differences are indicated, ** p,0.01.
doi:10.1371/journal.pgen.1003664.g002
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quine treatment (Figure 4A, C). Chloroquine was also able to

suppress cellular overgrowth induced by two copies of overex-

pressed Myc (Figure S2A–C). Null mutation of FIP200, or

blocking the function of other core Atg genes that specifically

inhibit autophagic breakdown also completely suppressed the

Myc-induced overgrowth of GFP-positive fat cells relative to

neighboring control cells, similar to Myc RNAi or co-overexpres-

sion of Mad (Figure 4B, C, Figure S2D–K). Similarly, inhibition of

Figure 3. Myc increases autophagic flux. (A) Practically no mCherry-GFP-Atg8a dots are seen in control fat body cells of well-fed larvae. (B) Dots
positive for both mCherry and GFP appear in control cells upon feeding larvae chloroquine, a drug that blocks lysosomal degradation. (C)
Overexpression of Myc results in the formation of puncta that are mostly mCherry-positive. (D) Chloroquine treatment strongly increases the number
of mCherry punctae in Myc overexpressing cells. Note that dots are now positive for GFP as well. (A9–D9) Fluorescent intensity and colocalization
profiles of mCherry and GFP channels from panels A–D. Pearson correlation coefficients shown in A9–D9 indicate that the correlation of the mCherry
and GFP pixel intensity is low in panel C but high in panels A, B, and D. (E) Quantification of data in panels A–D, n = 15–30 per genotype/treatment.
Myc expression in fat body cells strongly induces mCherry puncta formation compared to control cells. Chloroquine treatment increases dot numbers
both in control and Myc overexpressing cells. (F) Autophagic degradation-dependent conversion of mCherry-GFP-Atg8a to free mCherry is increased
by overexpression of Myc in fat body cells. Numbers indicate the level of free mCherry relative to the loading control Tubulin in different genotypes,
as determined by densitometric evaluation. Scalebars in A–D equal 20 mm. Statistically significant differences are indicated, ** p,0.01.
doi:10.1371/journal.pgen.1003664.g003
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autophagy blocked increases in Myc-overexpressing domain size

and punctate mCherry-Atg8a labeling in wing imaginal discs

(Figure 4D–F, Figure S2M–O). Myc expression in this domain of

developing wing discs increased L3–L4 vein distance in adult

wings, which was also suppressed by the silencing of Atg1, FIP200,

Atg18a, or by blocking Vps34 (Figure 4G, Figure S2L). Impor-

tantly, Myc overexpression failed to increase L3–L4 vein distance

in the absence of Atg8a, but it readily did so if mCherry-Atg8a was

co-expressed in Atg8a null mutants (Figure 4G). Inhibition of

autophagy did not reduce growth of fat body or wing intervein

cells in the absence of forced Myc expression in well-fed animals

(Figure S2P, Q), similar to our earlier reports [2,4,15]. Autophagy-

dependent overgrowth of Myc expressing cells was also obvious

using a different wing expression system (Figure S3) [27].

Human p62 (also known as SQSTM1 for sequestosome 1) is a

multidomain adaptor protein involved in various diseases includ-

ing cancer [28]. Drosophila p62 has a similar domain structure

including an N-terminal PB1 (Phox and Bem1p) domain

mediating its aggregation, an ubiquitin-binding UBA (ubiquitin-

associated) domain, and an Atg8-interacting motif responsible for

its selective degradation by autophagy [17,21]. Myc overexpres-

sion led to the accumulation of both p62 and ubiquitinated

proteins in Drosophila fat body cells (Figure 5A, B). p62 was

recently shown to be required for tumorigenesis in various cancer

models, and mediate persistent activation of the transcription

factor Nrf2 (nuclear factor erythroid-related factor 2) [29–32].

Mechanistically, human p62 binds to Keap1 (kelch-like ECH-

associated protein 1) by disrupting the Keap1-Nrf2 interaction,

resulting in stabilization of Nrf2 and induction of antioxidant

responses [31,33]. Drosophila p62 also bound to Keap1

(Figure 5C). Consistent with these, overexpression of Myc

activated the Nrf2-dependent transcriptional reporters gstD-LacZ

and gstD-GFP in Drosophila fat body and wing disc cells,

respectively (Figure 5D, Figure S4A, B). Knockdown of p62 or

the Drosophila Nrf2 homologue cnc (cap and collar) prevented the

activation of gstD-GFP by Myc (Figure S4C, D). This indicated that

p62/Nrf2 signaling is required for Myc-induced activation of the

antioxidant response reporter. Depletion of p62 also blocked the

overgrowth of Myc-expressing cell clones (marked by GFP)

compared to surrounding control cells, similar to overexpression

of Keap1, or silencing cnc or its binding partner Maf (Figure 5E, F,

H, Figure S4E–K). Further activation of antioxidant responses by

Figure 4. Autophagy is required for Myc-induced overgrowth. (A, B) Feeding larvae a chloroquine-containing diet (A) or null mutation of
FIP200 (B) blocks the increased growth of Myc overexpressing cells, as the size of these GFP-positive cells is now similar to neighboring control cells.
(C) Statistical evaluation shows that chloroquine treatment or blocking autophagy by null mutation of FIP200, depletion of FIP200, Atg1, Atg9, Atg18a,
and expression of dominant-negative (DN) Atg1 and Vps34 prevents overgrowth of Myc-expressing fat body cells compared to surrounding control
cells to a similar extent as Myc RNAi or overexpression of Mad. n = 8–11 per genotype. (D) Knockdown of Atg1 blocks Myc-induced overgrowth and
punctate mCherry-Atg8a labeling in wing imaginal discs. (E, F) Quantification shows that inhibition of Atg1, FIP200, Vps34 or Atg18a blocks Myc-
induced increases of mCherry-Atg8a expression area (E; n = 10–25 per genotype) and Atg8a dot formation (F; n = 10–13 per genotype) in wing discs.
(G) Myc expression in the patched domain increases L3–L4 wing vein distance relative to L4–L5 vein distance, which is inhibited by knockdown of
Atg1, FIP200, Atg18a, expression of dominant-negative Vps34, or null mutation of Atg8a. Expression of mCherry-Atg8a restores Myc-induced increased
vein distance in Atg8a mutants. n = 16–26 per genotype. Scalebars in A, B, D equal 20 mm. Statistically significant differences are indicated, ** p,0.01.
doi:10.1371/journal.pgen.1003664.g004
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overexpression of cnc or knockdown of Keap1 did not have much

influence on overgrowth of Myc-expressing cells relative to

neighboring control cells, but these genetic manipulations restored

Myc-driven increased cell growth in p62 RNAi cells (Figure 5G, H,

Figure S4L–N). In contrast, Myc-induced overgrowth of GFP-

positive cells relative to neighboring control cells could not be

restored in FIP200 RNAi or dominant-negative Vps34 expressing

cells by co-overexpression of cnc (Figure 5H, Figure S4O, P),

suggesting that Nrf2 signaling acts parallel to autophagy.

Inhibition of p62/Nrf2 signaling in wing imaginal discs reduced

Myc-driven cell growth without affecting punctate mCherry-Atg8a

labeling (Figure 5I–K, Figure S4S, T), indicating that p62/Nrf2

signaling is dispensable for Myc-induced autophagy. Blocking

antioxidant responses by knockdown of p62 or cnc, or overexpres-

sion of Keap1 inhibited Myc-induced vein distance increase as

well (Figure 5L). Similar to fat bodies, activation of antioxidants by

silencing Keap1 or overexpression of cnc restored increased growth

in p62 RNAi wings expressing Myc (Figure 5L), suggesting that

p62 acts upstream of Nrf2 signaling in Myc-induced cell growth.

Fat body cell size and wing vein distance remained mostly similar

to controls upon modulation of p62/Nrf2 signaling in the absence

of Myc overexpression (Figure S4Q, R).

To gain insight into the temporal regulation of autophagy and

antioxidant responses by Myc, we analyzed the activation of these

processes in response to its transient overexpression. Upregulation

of both autophagy and antioxidant reporters became obvious by

12 hours after heat shock-mediated induction of Myc in fat body

cells (Figure S5), suggesting that Myc activates these processes with

similar kinetics.

Increased levels of the specific autophagy cargo p62 in spite of

elevated autophagy in Myc overexpressing cells suggested that p62

is also regulated independent of autophagy in this context. The

unfolded protein response (UPR) in the ER and cytosol has been

recently shown to upregulate p62 in cultured mammalian cells

[34]. Increased ubiquitinated protein levels in Myc overexpressing

fat bodies suggested that Myc induces UPR (Figure 5B). Accu-

mulation of unfolded proteins in the ER leads to phosphorylation

of eIF2a through activation of PERK (also known as PEK, for

pancreatic eIF2a kinase) [35]. Indeed, Myc overexpressing fat

bodies had increased levels of phosphorylated eIF2a (Figure 6A,

B). Overexpression of Myc also activated the UPR-specific splicing

of Xbp1, based on an in vivo reporter assay (Figure S6A, B) [36].

Genetic activation of ER stress signaling by overexpressing PERK

in GFP-marked cell clones induced punctate mCherry-Atg8a and

Lysotracker staining in a cell-autonomous manner in well-fed

animals (Figure 6C–E), indicating that PERK activation promotes

autophagy in Drosophila. Gadd34 associates with protein phos-

phatase 1 to dephosphorylate eIF2a, thereby antagonizing PERK

signaling in Drosophila and mammals [35]. Depletion of PERK or

overexpression of Gadd34 blocked Myc-induced overgrowth in

GFP-marked fat body cell clones relative to neighboring control

cells (Figure 6F–H). These genetic manipulations also prevented

increases in the Myc-expressing area of wing discs, and attenuated

Myc-induced autophagy based on decreased punctate mCherry-

Atg8a labeling (Figure 6I–L). Silencing of PERK or overexpression

of Gadd34 also blocked Myc-induced vein distance increase in

adult wings (Figure 6M). PERK RNAi and Gadd34 overexpression

had no effect on the growth of wild-type fat body cells, and only

slightly influenced vein distance in control wings (Figure S6C, D).

Discussion

Previous genetic studies established that Myc is required for

proper expression of hundreds of housekeeping genes and is

therefore essential for cell growth and proliferation [9,11]. Myc is a

typical example of a nuclear oncogene: a transcription factor that

drives tumor progression if its expression is deregulated in

mammalian cells [12]. Its mechanisms of promoting cell growth

are likely different in many ways from that of cytoplasmic

oncogenes such as kinases encoded by PI3K and AKT genes, also

frequently activated in various cancers [12]. Overexpression of

these drives cell growth in Drosophila as well, but Myc also

increases the nuclear:cytoplasmic ratio in hypertrophic cells, unlike

activation of PI3K/AKT signaling [14,22]. PI3K and AKT

suppress basal and starvation-induced autophagy, while their

inactivation strongly upregulates this process [18]. In contrast,

here we showed that both basal and starvation-induced autophagy

requires Myc, and that overexpression of Myc increases UPR,

leading to PERK-dependent induction of autophagy, and

presumably to accumulation of cytoplasmic p62 that activates

antioxidant responses (Figure 7A, B). Autophagy deficiency

predisposes to cancer at least in part through accumulation of

the selective autophagy cargo p62, resulting in activation of

antioxidant responses and tumor formation [32]. Our analyses

show that both of these cytoprotective pathways can be activated

simultaneously, and are required in parallel to sustain Myc-

induced overgrowth in Drosophila cells (Figure 7C, D).

Autophagy and antioxidant responses have been considered to

act as tumor suppressor pathways in normal cells and during early

stages of tumorigenesis, while activation of these processes may

also confer advantages for cancer cells [7,8]. Lack of proper

vasculature in solid tumors causes hypoxia and nutrient limitation.

These stresses in the tumor microenvironment were suggested to

elevate UPR and autophagy to promote survival of cancer cells

[37]. Our studies demonstrate that genetic alterations similar to

those observed in cancer cells (that is, deregulated expression of

Myc) can also activate the UPR, autophagy and antioxidant

pathways in a cell-autonomous manner in Drosophila. These

processes are likely also activated as a consequence of deregulated

Myc expression in human cancer cells based on a number of

recent reports, similar to our findings in Drosophila presented

here. First, chloroquine treatment that impairs all lysosomal

degradation pathways was sufficient to reduce tumor volume in

Myc-dependent lymphoma models [38,39]. Second, a related

study has been published while we were preparing this manuscript,

showing that ER stress and autophagy induced by transient Myc

expression increased survival of cultured cells, and PERK-

dependent autophagy was necessary for tumor formation in a

mouse model [40]. Our data suggest that UPR-mediated

autophagy and antioxidant responses may also be necessary to

sustain the increased cellular growth rate driven by deregulated

expression of Myc.

Myc has proven difficult to target by drugs. Myc-driven cancer

cell growth could also be selectively prevented by blocking cellular

processes that are required in cancer cells but dispensable in

normal cells, known as the largely unexplored non-oncogene

addiction pathways [41]. Previous genetic studies established that

autophagy is dispensable for the growth and development of mice,

although knockout animals die soon after birth due to neonatal

starvation after cessation of placental nutrition [6,42]. Tissue-

specific Atg gene knockout mice survive and the animals are viable,

with potential adverse effects only observed in aging animals

[6,32,43]. Genetic deficiencies linked to p62 are also implicated in

certain diseases, but knockout mice grow and develop normally

and are viable [28,44]. Similarly, Nrf2 knockout mice are viable

and adults exhibit no gross abnormalities, while these animals are

hypersensitive to oxidants [45,46]. Mice lacking PERK also

develop normally and are viable [47]. All these knockout studies
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Figure 5. Activation of cnc/Nrf2 is required for Myc-induced overgrowth. (A) p62 aggregates accumulate in Myc-expressing cells (marked
by LAMP1-GFP) relative to neighboring control cells, n = 7 for both genotypes. (B) Overexpression of Myc upregulates p62 and increases
ubiquitinated protein profiles in fat bodies of well-fed larvae. Numbers indicate the level of p62 relative to Tubulin in different genotypes, as
determined by densitometry. (C) HA-Keap1 strongly binds to FLAG-tagged Drosophila p62 in immunoprecipitation (IP) experiments in cultured cells,
unlike HA-Atg9. WB, western blot. (D) Myc overexpression in GFP-positive cells activates the Nrf2/cnc-dependent transcriptional reporter gstD-LacZ.
(E, F) Depletion of p62 (E) or overexpression of Keap1 (F) inhibits Myc-induced overgrowth of GFP-positive cells relative to neighboring control cells.
(G) Co-overexpression of cnc restores Myc-induced overgrowth of GFP-positive p62 RNAi cells compared to surrounding cells. (H) Knockdown of p62,
cnc, Maf, or overexpression of Keap1 prevents Myc-induced overgrowth relative to neighboring control cells. Co-overexpression of cnc or Keap1
depletion has little effect on Myc-expressing cell size. Depletion of Keap1 restores Myc-induced overgrowth in p62 RNAi cells, similar to
overexpression of cnc. Myc-induced overgrowth is not restored by cnc overexpression in FIP200 RNAi or dominant-negative Vps34 expressing cells.

Myc-Driven Growth Requires UPR, Autophagy and p62

PLOS Genetics | www.plosgenetics.org 8 August 2013 | Volume 9 | Issue 8 | e1003664

               dc_840_14



demonstrate that the above genes are largely dispensable for

normal growth and development of mice, and that progressive

development of certain diseases is only observed later during the

life of these mutant animals. There are currently no data regarding

the effects of transient inhibition of these processes, with the

exception of the non-specific lysosomal degradation inhibitor

chloroquine, originally approved for the treatment of malaria,

which is already used in the clinic for certain types of cancer

[8,16].

Based on these knockout mouse data, UPR, autophagy and

antioxidant responses may be considered as potential non-

oncogene addiction pathways: strictly required for Myc-dependent

overgrowth (our study) and tumor formation [30,32,40], but

dispensable for the growth and viability of normal cells, both in

Drosophila and mammals. One can speculate that the transient

inactivation of these pathways will have even more subtle effects

than those observed in knockout mice, but this needs experimental

testing. While it is difficult to extrapolate data obtained in

Drosophila (or even mouse) studies to human patients, it is

tempting to speculate that specific drugs targeting UPR, autoph-

agy and antioxidant responses may prove effective against Myc-

dependent human cancers, perhaps without causing adverse side-

n = 8–11 per genotype. (I–K) Knockdown of cnc (I), p62 or overexpression of Keap1 prevents Myc-induced increases in mCherry-Atg8a expression area
of wing discs (quantifications shown in panel J; n = 10–25 per genotype) without affecting punctate mCherry-Atg8a labeling (K; n = 10–13 per
genotype). (L) Myc overexpression in the patched domain increases L3–L4 vein distance, which is inhibited by knockdown of p62 or cnc, or by co-
overexpression of Keap1. Keap1 depletion or cnc co-overexpression restores Myc-induced increased vein distance in p62 RNAi wings. n = 8–25 per
genotype. Scalebars in A, E–G, I equal 20 mm, and 40 mm in D. Statistically significant differences are indicated, ** p,0.01.
doi:10.1371/journal.pgen.1003664.g005

Figure 6. Myc-induced UPR is required for increased cell growth and autophagy. (A) Overexpression of Myc in larval fat bodies increases
the level of phosphorylated eIF2a compared to controls. Numbers indicate the level of phospho- eIF2a relative to the loading control Tubulin in
different genotypes, as determined by densitometric evaluation. (B) Forced expression of Myc in GFP-marked fat body cell clones increases the levels
of phospho- eIF2a in a cell-autonomous manner. (C, D) Overexpression of PERK induces punctate mCherry-Atg8a (C) and Lysotracker (D) labeling in
GFP-marked fat body cell clones of well-fed larvae. (E) Quantification of data presented in panels C and D, n = 7–8 per genotype. (F, G) Depletion of
PERK (F) or co-overexpression of Gadd34 (G) prevents Myc-induced overgrowth of GFP-marked fat body cell clones relative to surrounding control
cells. (H) Quantification of data presented in panels F and G, n = 9–11 per genotype. (I–L) Knockdown of PERK (I) or overexpression of Gadd34 (J)
prevents Myc-induced increases in the mCherry-Atg8a expression area of wing discs (K; n = 10–25 per genotype) and inhibits punctate mCherry-
Atg8a labeling (L; n = 10–13 per genotype). (M) Myc overexpression in the patched domain increases L3–L4 vein distance relative to L4–L5 vein
distance in adult wings, which is inhibited by knockdown of PERK or by overexpression of Gadd34, n = 19–25 per genotype. Scalebars in B–D, F, G, I, J
equal 20 mm. Statistically significant differences are indicated, ** p,0.01.
doi:10.1371/journal.pgen.1003664.g006
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effects such as current, less specific therapeutic approaches.

Notably, widely used anticancer chemotherapy treatments are

known to greatly increase the risk that cancer survivors will

develop secondary malignancies [48,49]. Moreover, the autoph-

agy and antioxidant pathways appear to be required in parallel

during Myc-induced overgrowth in Drosophila cells. If a similar

genetic relationship exists in Myc-dependent human cancer cells,

then increased efficacy may be predicted for the combined block of

key enzymes acting in these processes.

Elucidation of the genetic alterations behind increased UPR,

autophagy and antioxidant responses observed in many estab-

lished human cancer cells may allow specific targeting of these

pathways, and potentially have a tremendous benefit for person-

alized therapies. In addition to non-specific autophagy inhibitors

such as chloroquine, new and more specific inhibitors of selected

Atg proteins are being developed [8]. Given the dual roles of

autophagy during cancer initiation and progression, a major

question is how to identify patients who would likely benefit from

taking these drugs. For example, no single test can reliably

estimate autophagy levels in clinical samples, as increases in

autophagosome generation or decreases in autophagosome

maturation and autolysosome breakdown both result in accumu-

lation of autophagic structures [16]. Based on our data and recent

mammalian reports, elevated Myc levels may even turn out to be

useful as a biomarker before therapeutic application of inhibitors

for key autophagy, UPR or antioxidant proteins in cancer patients.

Materials and Methods

Drosophila genetics
Flies were maintained on standard cornmeal-yeast-agar medi-

um. We mostly used clonal analysis throughout our work, which

represents a very powerful technique, as genetically manipulated

cells are surrounded by normal cells in the very same tissue that

serve as an internal control, thus eliminating much of the

variability that may arise from differences between individual

animals. Fat body cell clones were spontaneously generated by Flp

recombinase-mediated excision of the FRT cassette from Acti-

n.y+.Gal4 or Actin.CD2.Gal4 to activate UAS (upstream

activating sequence)-dependent transcription of overexpression,

dominant-negative and RNAi transgenes. Myc overexpression was

mediated in whole fat bodies by collagen(cg)-Gal4 for western blots

and electron microscopy and by heat shock(hs)-Gal4 for measuring

the time course of autophagy and antioxidant responses, by

patched(ptc)-Gal4 in a stripe of wing imaginal discs that gives rise to

the L3–L4 intervein area of adult wings, and by apterous(ap)-Gal4 in

apical epithelial sheets of the developing wings. Fat bodies were

dissected from L3 stage larvae 84–90 hours after egg laying, with

the exception of Myc mutants and their heterozygous siblings

(used as control) when L1 larvae were used as Myc mutants do not

develop beyond this stage. Wing discs were dissected from

wandering stage L3 larvae (108–120 hours after egg laying), and

adult wings were evaluated in 3–7 day old imagoes. The following

Figure 7. Summary of genetic interactions in the context of Myc-induced overgrowth. (A) Overexpression of Myc in GFP-positive cells
leads to a cell-autonomous increase of size. (B) Genetic inhibition of PERK signaling, autophagy, p62 or Nrf2/cnc signaling prevents Myc-induced
overgrowth, as GFP-positive cells are now unable to overgrow neighboring cells. (C) Overexpression of Nrf2 restores Myc-induced overgrowth in the
absence of p62, while it has no effect in autophagy-deficient cells, indicating that Nrf2 acts downstream of p62 but in parallel to autophagy. (D)
Overexpression of Myc induces UPR, leading to activation of PERK in the ER that triggers autophagy. At the same time, cytoplasmic UPR presumably
results in accumulation of p62, which then activates Nrf2.
doi:10.1371/journal.pgen.1003664.g007
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stocks were used in this study: Keap1[i1, KK107052], p62[i1,

KK108193], cnc[i1, KK108127], FIP200[i, KK104864], Atg18a[i,

KK105366], Atg1[i, GD16133], PERK[i, GL00030] (obtained from

the Vienna Drosophila RNAi Center), p62[i3, HMS00938], p62[i2,

HMS00551], cnc[i2, JF02006], cnc[i3, HMS00650], Atg9[i,

JF02891], Myc[i, JF01761], Maf[i, JF02008], UAS-Keap1[/2,

EY15427], UAS-cnc[EY17502], UAS-Myc (inserted on chromosome

2), w[1118] (control), ap-Gal4, cg-Gal4,hs-Gal4 (obtained from the

Bloomington Drosophila Stock Center), Myc[4], UAS-Mad (kindly

provided by Peter Gallant) [14], UAS-Keap1[/1], Keap1[i2, dsRNA],

gstD-GFP, gstD-LacZ (kindly provided by Dirk Bohmann) [50],

UAS-mGadd34, UAS-PERK (kindly provided by Stefan Marciniak)

[35], ptc-Gal4 (kindly provided by József Mihály), UAS-Myc

(inserted on chromosome 3, kindly provided by Tom Neufeld),

UAS-mCherry-GFP-Atg8a [19], UAS-Xbp1-GFP[HG] (kindly provid-

ed by Hyung Don Ryoo) [36], UAS-Atg1[DN] [2], UAS-Vps34[DN]

[15], Atg8a[d4] [17], FIP200[d130] (to be described elsewhere). Fat

body cell clones expressing UAS-Myc were generated by hs-Flp[22];

UAS-Dcr2; Actin.CD2.Gal4, UAS-GFPnls, r4-mCherry-Atg8a [17] or

by hs-Flp[22]; UAS-LAMP1-GFP; Actin.CD2.Gal4, UAS-Dcr2 (for

Lysotracker and anti-Atg8a stainings) [17]. For epistasis analyses,

we used hsFlp[22]; Actin.y+.Gal4, UAS-GFPnls; UAS-Myc for all

fat body clones with the exception of FIP200 mutants for which we

used hs-Flp[22], Actin.CD2.Gal4, UAS-mCD8-GFP (all recom-

bined together on chromosome X), and ptc-Gal4, UAS-mCherry-

Atg8a, UAS-Myc (all recombined together on chromosome 2) for

wing experiments.

Molecular cloning, cell culture and immunoprecipitation
Coding sequences were PCR amplified for Drosophila p62

(lacking the PB1 domain to prevent self-aggregation), and cloned

into pUAST-36FLAG. Full-length Atg9 and Keap1 were

amplified and cloned into pUAST-36HA. D.Mel-2 cells were

maintained in Express Five Serum-Free Medium with penicillin

and streptomycin (Invitrogen). Cells were transfected with equal

amounts of metallothionein-Gal4, UAS-FLAG-p62 and UAS-HA-

Atg9 or UAS-HA-Keap1 plasmids using TransIT-2020 (Mirus).

48 h later, protein expression was induced by 1 mM CuSO4 for

overnight incubation. Cells were collected by centrifugation,

washed twice in PBS and lysed on ice in lysis buffer (0.5%

Triton-X100, 150 mM NaCl, 1 mM EDTA, 20 mM TRIS-HCl

pH 8) with complete protease and phosphatase inhibitor cocktails

(Sigma), spun for 10 min at 10,000 g in an Eppendorf 5430R at

4uC followed by the addition of 30 ml anti-FLAG slurry (Sigma) to

the cleared supernatant. After incubation at 4uC for 2 h, beads

were collected by centrifugation at 5,000 g for 30 sec at 4uC
followed by extensive washes in lysis buffer, and finally boiled in

30 ml Laemmli sample buffer.

Western blots and immunostainings
50 larval fat bodies per genotype were dissected from well-fed

L3 stage larvae, homogenized in Laemmli sample buffer (Sigma),

boiled and equal amounts loaded on SDS-PAGE gels, followed by

processing as described [4,17,19]. Phosphatase inhibitor cocktail

PhosSTOP (Roche) was added to samples processed for phospho-

eIF2a western blots. Immunostaining of dissected larvae was

performed as before [2,15,17,19]. The following primary anti-

bodies were used: rat anti-mCherry (WB 1:5,000), rat anti-Atg8a

(IF 1:300) [19], rabbit anti-Atg8a (WB 1:5,000) [19], rabbit anti-

p62 (IF 1:2,000, WB 1:5,000) [17], mouse anti-Tubulin (WB

1:1,000, clone AA4.3-s, DSHB), mouse anti-LacZ (IF 1:100, clone

40-1a-s, DSHB), chicken anti-GFP (IF 1:1,500, Invitrogen), rabbit

anti-phospho-eIF2a (IF 1:100, WB 1:1,000, Cell Signaling

Technologies), rabbit anti-ubiquitin (1:500, DAKO). Secondary

antibodies were alkaline phosphatase-conjugated goat anti-mouse

(WB 1: 5,000, Millipore), rabbit anti-rat (WB 1: 5,000, Sigma), and

Alexa 488 goat anti-chicken, Alexa 546 goat anti-rabbit, Alexa 568

goat anti-rat, Alexa 568 goat anti-mouse (IF 1:1,500, Invitrogen).

Histology and microscopy
Approximately 20 larvae were allowed to feed on food

supplemented with plenty of dry yeast until reaching the

appropriate age. For drug treatment, L1 larvae were transferred

to food containing 3 mg/ml chloroquine (Sigma). Starvations were

carried out in 20% sucrose solution for 3 hours. Lysotracker and

cortical actin Alexa 633-phalloidin (Invitrogen) stainings were

carried out as described [2,15,17,19]. All preparations were

mounted in 50% glycerol/PBS with 0.2 mM DAPI and viewed on

a Zeiss Axioimager M2 equipped with an Apotome2 grid confocal

unit, using Plan-NeoFluar 206 0.5 NA and 406 0.75 NA

objectives, Axiocam Mrm camera, and Axiovision software.

DAPI-stained DNA is pseudocoloured red to enhance visibility

for actin stainings. Electron microscopy was carried out as before

[4,15,17]. Adult wings were photographed on a Zeiss Lumar

stereomicroscope with Axiocam Icc camera and Axiovision

software.

Image analysis
Original, unmodified images were evaluated in ImageJ (NIH) as

before [17,19]. For fat body measurements, we quantified cell size

by manually encircling a GFP-marked cell in ImageJ (NIH) with

its nucleus in the focal plane to ensure that the maximal diameter

of the given cell is counted, and randomly selected a non-GFP

control cell from the very same image (with its nucleus also in the

focal plane) to compare it to. The ratio of the GFP-positive cell’s

size relative to its randomly selected neighbor is calculated as one

data point. The only factor we considered was that cells situated at

the edge of fat body are usually bigger, so when quantifying a

GFP-positive cell at the edge of a fat body lobe we always selected

a control cell from the edge as well. Dot number per randomly

selected area (4006400 pixel) was measured in the case of Myc

null mutant fat bodies and controls, or per whole wing discs, by

setting the appropriate threshold in the relevant channel in ImageJ

so that as many dots were selected as possible without selecting

background fluorescence or merging adjacent separate dots. For

clonal analyses, dot number per cell was quantified by first setting

the threshold for the relevant channel, and then encircling a GFP-

positive cell and recording dot number and size values, followed by

evaluating a randomly selected neighboring control cell from the

same image, similar to cell size measurements. Dot number per

cell data points were corrected according to differences in cell size

by normalizing each GFP-positive cell relative to the size of the

neighboring control cell, as described [2,18]. That is, if a Mad

overexpressing cell had 2 endogenous Atg8-positive puncta and

the size of this cell was 25% of the control cell size, the normalized

Atg8 dot number per cell would be 8. Note that inhibition of Myc

signaling decreases both cell size and autophagy, meaning that the

difference in autophagic dot number between Myc loss of function

cells and control cells decreases during normalization (but remains

statistically significant). On the other hand, Myc overexpression

increases both cell size and autophagy in fat body cells, meaning

that the difference in autophagic dot number between Myc gain of

function cells and controls again decreases during normalization

(but is still statistically very significant). In autophagic flux

measurements with and without chloroquine, primary images

from mCherry-GFP-Atg8a experiments were analyzed automat-

ically in ImageJ (NIH) with the colocalization plugin using the

intensity correlation function [19]. For quantifying gstD-GFP
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expression in fat bodies, the pixel intensity of the green channel

was determined in images captured with the same exposure time

throughout the experiments.

Western blots were digitized with an Epson Photo 4990 scanner

at 600 dpi, by preserving the background. Densitometric evalu-

ation of blots was carried out in ImageJ (NIH). After rectangular

selection of individual lanes of interest, these were evaluated using

Analyze.Gels.Plot lanes. Then, the peaks of interest were

measured in plots by first setting the background with the straight

line tool, and then measuring the area under the peak with the

wand tool. Values were calculated relative to Tubulin, and fold

changes relative to lanes with control lysates are shown in panels.

Statistics
Sample number (n) in figure legends and Table S1 refers to the

number of individual animals analyzed per genotype. For mosaic

experiments in fat body cells, 3 GFP versus non-GFP cell pairs

were evaluated per animal, with each pair chosen from the same

image as described in the image analysis section. For wing disc and

adult wing measurements, one disc or wing per animal was

quantified. Data were imported into SPSS Statistics version 20

(IBM) and analyzed as indicated in Table S1. For each figure, the

table lists genotype for relevant panels, sample number (n), median

(or mean), standard deviation, and p value calculated either by

two-tailed two-sample unequal variance Student’s t test for normal

distribution data or by Mann-Whitney u test for non-normal

distribution data in pairwise comparisons. We used ANOVA for

multiple comparisons of normal distribution data and Kruskal-

Wallis test for non-normal distribution data. p,0.05 is considered

statistically significant (marked by *) and p,0.01 statistically highly

significant (marked by **), and non-significant p values are

highlighted by a grey background in the table. Boxplots in figures

show median scores, 25% interquartiles, maximum and minimum

values, and were also created using SPSS Statistics 20 (IBM). Bar

charts for electron microscopy analysis and for time course

experiments show average values and standard deviations.

Supporting Information

Figure S1 Myc overexpression induces autophagy in Drosoph-

ila. (A) No autophagy is detected in fat body cells of well-fed

control larvae. (B) Myc expression leads to the appearance of

double-membrane autophagosomes (ap) containing undigested

cytoplasmic material, and dense autolysosomes (al) degrading

sequestered cytoplasmic cargo.

(TIF)

Figure S2 Myc-induced overgrowth is suppressed by inhibition

of autophagy. (A) Overexpressing two copies of UAS-Myc in fat

body cell clones, marked by GFP, increases growth compared to

neighboring control cells. (B) Chloroquine treatment prevents

overgrowth driven by two copies of UAS-Myc.(C) Quantification of

data in A and B, n = 10–15 per genotype. (D–K) Myc-driven

overgrowth of GFP-positive fat cells compared to surrounding

control cells is inhibited by Atg1 RNAi (D), expression of

dominant-negative Atg1 (E) or Vps34 (F), silencing of Atg18a (G),

Atg9 (H), FIP200 (I), Myc (J), or overexpression of Mad (K). (L) In

adult wings, the patched domain corresponds to the region between

longitudinal veins L3 and L4 (marked by mCherry-Atg8a

expression in lower panel). Wing vein distance was quantitated

based on the ratio of L3–L4 distance (measured halfway between

PCV and wing margin) to L4–L5 vein distance at the posterior

crossvein (PCV) for each individual wing, as indicated in the upper

panel. (M–O) Myc-induced punctate mCherry-Atg8a labeling and

expansion of the patched expression domain is inhibited by

depletion of FIP200 (M) or Atg18a (N), or by expression of

dominant-negative Vps34 (O). (P) Silencing of FIP200, Atg1, Atg9,

Atg18a or expression of dominant-negative Vps34 has no effect on

the growth of fat body cells. Expression of dominant-negative Atg1

reduces cell size, likely due to competition of the overexpressed

catalitically inactive protein with other substrates of TOR kinase,

such as the critical growth regulator S6K. Depletion of Myc or

Mad overexpression also reduces cell size. n = 7 for all genotypes.

(Q) L3–L4 wing vein distance is not reduced compared to control

wings upon inhibition of Atg1, FIP200, Vps34 or Atg18a, n = 13–21

per genotype. Scalebars in A, B, D–K, M–O equal 20 mm.

Statistically significant differences are indicated, ** p,0.01.

(TIF)

Figure S3 Myc-induced overgrowth of the apical epithelial sheet

in the wing is blocked by inhibition of autophagy or p62. (A) The

wings of control flies are straight. (B) Myc overexpression in the

apterous expression domain results in overgrowth of the apical

epithelial layer, producing flies with downward curving wings. (C–

F) The downward-curving phenotype of Myc overexpressing

wings is suppressed by null mutation of Atg8a (C), expression of

dominant-negative Vps34 (D), depletion of Atg18a (E) or p62 (F).

(TIF)

Figure S4 Myc-induced overgrowth requires antioxidant re-

sponses. (A) No expression of the Nrf2/cnc-dependent transcrip-

tional reporter gstD-GFP is seen in the patched expressing domain

(marked by mCherry-Atg8a) in control wing imaginal discs. (B)

Myc overexpression induces gstD-GFP expression in the

mCherry-Atg8a expressing domain. (C, D) Knockdown of p62

or cnc prevents activation of GstD-GFP by Myc. (E–K) Myc-

induced overgrowth of GFP-positive cells compared to neighbor-

ing control cells is inhibited by depletion of p62 (E, F), cnc (G–I),

Maf (J), or overexpression of Keap1 (K). (L, M) GFP-positive cells

overexpressing Myc remain much bigger than control cells upon

Keap1 depletion (L) or overexpression of cnc (M). (N) Keap1

depletion restores Myc-induced overgrowth in p62 RNAi cells. (O,

P) Overexpression of cnc fails to restore Myc-induced overgrowth

in FIP200 RNAi (O) or dominant-negative Vps34 expressing cells

(P). (Q) Modulation of p62/cnc signaling in GFP-positive cell

clones has no effect on the size of these fat body cells relative to

neighboring control cells. n = 7 for all genotypes. (R) Modulation

of p62/cnc signaling has no or minor effects on L3–L4 wing vein

distance in adult wings, n = 12–19 per genotype. (S, T) Depletion

of p62 (S) or overexpression of Keap1 (T) reduces the area of the

Myc-expressing patched domain but does not block punctate

mCherry-Atg8a labeling. Scalebars in A–P and S, T equal

20 mm. Statistically significant differences are indicated, *

p,0.05 and ** p,0.01.

(TIF)

Figure S5 Temporal regulation of autophagy and Nrf2 activity

by Myc. (A) Induction of Myc expression by a 2-hour heat shock

results in the formation of numerous mCherry-GFP-Atg8a

punctae by 12 and 18 hours after induction. Practically no dots

are seen in fat body cells of control larvae upon heat shock-

mediated expression of mCherry-GFP-Atg8a. n = 12 for each

genotype/time point. (B) Expression of the Nrf2-dependent

transcriptional reporter gstD-GFP is similar to basal fat body

expression levels (not shown) at 4 hours after heat shock-mediated

induction of Myc and in control larvae expressing only hs-Gal4.

Upregulation of this reporter becomes obvious by 12 and 18 hours

after induction of Myc. n = 10 for each genotype/time point.

Scalebars equal 20 mm. Statistically significant differences are

indicated, ** p,0.01.

(TIF)
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Figure S6 PERK signaling is largely dispensable for cell growth.

(A) The unfolded protein response (UPR) reporter XBP1-GFP

shows only diffuse fluorescnce in control wing discs that express

mCherry-Atg8a in the patched domain. (B) Xbp1-GFP expression is

enhanced by overexpression of Myc in the mCherry-Atg8a

expression area. (C) Depletion of PERK or overexpression of its

antagonist Gadd34 in GFP-positive cell clones has no effect on the

size of these fat body cells relative to neighboring control cells.

n = 7 for both genotypes. (D) PERK RNAi or Gadd34 overex-

pression only slightly reduces L3–L4 vein distance compared to

L4–L5 vein distance in adult wings, n = 12–19 per genotype.

Scalebars in A, B equal 20 mm. Statistically significant differences

are indicated, ** p,0.01.

(TIF)

Table S1 Quantification of experimental data. The number of

individual animals quantified (n) is indicated for all genotypes.

Note that in mosaic analyses, clone and control cell pairs were

always evaluated from the same image, same tissue, same animal.

P values$0.05 (considered not statistically significant) are

highlighted by a grey background. Please see methods for further

details.

(XLSX)
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Introduction
Autophagy ensures degradation and recycling of intracellular 
material, including macromolecules and even whole organelles in 
eukaryotic cells. Autophagy has a role in a wide range of physi-
ological and pathological settings, such as cellular adaptation 
to stress, starvation, and protection from aging, cancer, neuro-
degeneration, and invading pathogens (Mizushima et al., 2008). 
Cytoplasmic cargo sequestered into double-membrane autopha-
gosomes by phagophore cisterns (also called isolation mem-
branes) is transported to lysosomes for degradation and reuse to 
support biosynthetic and energy production pathways (Tooze and 
Yoshimori, 2010). Several different sources such as ER, Golgi, 
mitochondria, endosomes, and plasma membrane have been 
suggested to supply membranes for the phagophore (Axe et al., 
2008; Tooze and Yoshimori, 2010). Regardless of the membrane 
source, all autophagosomes fuse with late endosomes and lyso-
somes to generate amphisomes and autolysosomes, respectively, 
whereas phagophores do not. Therefore, autophagosomes must 
gain competence for specific fusion through acquiring the re-
quired molecular machinery during their maturation process.

Vesicle fusion events are usually mediated by the action 
of different SNARE proteins that assemble into complexes in a 
combinatorial fashion. A SNARE complex contains four paral-
lel SNARE helix bundles, supplied by a Qa SNARE and either 
separate Qb and Qc SNAREs or a SNAP protein that contains 
both Qb and Qc SNARE domains, all located on the membrane 
of the first vesicle, and an R SNARE anchored to the second  
vesicle (Hong, 2005). Yeast SNARE proteins Vam3, Vam7, Vti1, 
and Ykt6 have all been suggested to play a role in fusion of 
autophagosomes with the vacuole, the equivalent of metazoan 
lysosomes (Dilcher et al., 2001; Ishihara et al., 2001; Ohashi 
and Munro, 2010). Vam3 and Vam7 have no clear homologues 
in metazoa. Moreover, we and others showed that autophago-
somes accumulate if formation of late endosomes is blocked in 
Drosophila melanogaster and mammals, indicating that amphi-
somes play a critical role in autophagosome clearance in these 
cells, unlike in yeast (Filimonenko et al., 2007; Rusten et al., 
2007; Juhász et al., 2008). Mammalian VAMP7, VAMP8, and  

During autophagy, phagophores capture portions 
of cytoplasm and form double-membrane autopha-
gosomes to deliver cargo for lysosomal degrada-

tion. How autophagosomes gain competence to fuse with 
late endosomes and lysosomes is not known. In this paper, 
we show that Syntaxin17 is recruited to the outer membrane 
of autophagosomes to mediate fusion through its inter-
actions with ubisnap (SNAP-29) and VAMP7 in Drosophila 
melanogaster. Loss of these genes results in accumulation of 
autophagosomes and a block of autolysosomal degrada-
tion during basal, starvation-induced, and developmental 

autophagy. Viable Syntaxin17 mutant adults show large-
scale accumulation of autophagosomes in neurons, severe 
locomotion defects, and premature death. These mutant 
phenotypes cannot be rescued by neuron-specific inhibi-
tion of caspases, suggesting that caspase activation and 
cell death do not play a major role in brain dysfunction. 
Our findings reveal the molecular mechanism underlying 
autophagosomal fusion events and show that lysosomal 
degradation and recycling of sequestered autophago-
some content is crucial to maintain proper functioning of 
the nervous system.
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and VAMP7 loss-of-function cells compared with adjacent con-
trol fat body cells, both in starved (Fig. 2, A–C and M) and 
well-fed larvae (Fig. S1, G–I and O). Levels of the specific 
cargo p62 inversely correlate with autophagic degradation in 
flies and mammals (Bjørkøy et al., 2009; Pircs et al., 2012). 
p62 aggregates accumulated in Syx17, usnp, and VAMP7 loss-
of-function cells both in starved (Fig. 2, D–F and N) and well-
fed larvae (Fig. S1, J–L and P), indicating impaired autophagic 
breakdown. Western blots also revealed increased p62 and autopha-
gosome-associated, lipidated Atg8a-II levels in starved Syx17 
and VAMP7 mutant larvae compared with controls (Fig. 2 G). 
Larvae expressing usnp RNAi in all cells showed similar ac-
cumulation of Atg8a-II and p62 (Fig. S1 Q). Syx17 mutants are 
viable despite profound autophagy defects, similar to Atg7- and 
Atg8a-null mutants (Juhász et al., 2007; Simonsen et al., 2008). 
Levels of p62 and lipidated Atg8a-II also increased in well-fed 
Syx17 mutant adult flies compared with controls (Fig. 2 H). 
Western blots using our novel polyclonal rat and guinea pig 
anti-Syx17 antisera detected two bands near the predicted mo-
lecular weight of this protein, both of which were missing from 
Syx17 mutants (Fig. 2, G and H; and Fig. S1 R). Faint bands 
were visible in the independent Syx17 transposon insertion 
mutant line Syx17[WH] (Fig. 2 G). All these results indicated 
that autophagosomes cannot progress to autolysosomes in the 
absence of Syx17, usnp, and VAMP7. Ultrastructural analysis 
indeed revealed accumulation of double-membrane autopha-
gosomes and impaired generation of autolysosomes in starved 
Syx17 mutant, usnp RNAi, and VAMP7 mutant fat body cells 
(Fig. 2, I–L and O).

Our loss-of-function data suggested that Syx17, usnp, and 
VAMP7 function as part of the same SNARE complex. Human 
STX17 (Syntaxin17) was previously shown to bind to SNAP-
29, but the significance of this interaction remained unknown 
(Steegmaier et al., 1998). We found that both HA-tagged usnp 
and VAMP7 coimmunoprecipitated with FLAG-tagged Syx17 
in cultured Drosophila cells (Fig. 3 A). The amount of VAMP7 
bound to beads increased when all three proteins were co-
expressed, suggesting that Syx17 and usnp together bind more effi-
ciently to VAMP7 than Syx17 alone (Fig. 3 A). We also produced 
anti-usnp antisera to detect interactions of endogenous proteins. 
These polyclonal rat antibodies specifically recognized endog-
enous usnp as a single 36-kD band, which was reduced by sys-
temic expression of usnp RNAi transgenes in larvae (Fig. S1 Q).  
We could readily detect endogenous usnp in anti-Syx17 immuno-
precipitates from lysates of adult flies (Fig. 3 B). Vice versa, endo-
genous Syx17 could be immunoprecipitated with anti-usnp 
antibodies from cultured cell lysates (Fig. 3 C).

These results established the identity of autophagosome 
fusion-specific SNARE complex subunits but did not reveal which 
ones are present on autophagosomes. As ubisnap/SNAP-29 
has both Qb and Qc SNARE domains but no transmembrane 
domain or lipidation site, it is likely recruited to its target mem-
brane through interaction with Syx17, a Qa SNARE. Drosophila 
Syx17 localized to the ER (Fig. S2, A and B), similar to human 
STX17 (Hong, 2005). Drosophila VAMP7 is predicted to be 
present in late endosomes and lysosomes (Hong, 2005). We thus 
reasoned that Syx17 could also localize to autophagosomes to 

Vti1b were all suggested to be involved in autophagosomal fu-
sion events (Fader et al., 2009; Furuta et al., 2010). The accu-
mulation of both autophagosomes and autolysosomes in Vti1b 
knockout mice indicates that this gene product is likely to func-
tion in later steps of autophagy (Atlashkin et al., 2003). Ykt6 and 
VAMP7 have also been implicated in the formation of phagoph-
ores in yeast and mammalian cells, respectively (Moreau et al., 
2011; Nair et al., 2011).

In a screen for SNAREs involved in autophagy, we iden-
tified Syx17 (Syntaxin17, Qa), the SNAP-29 homologue ubisnap 
(usnp, Qbc), and VAMP7 (CG1599, R) as required for autopha-
gosome fusion events. We showed that Syx17 is recruited to 
the outer membrane of autophagosomes to acquire fusion com-
petence, and loss of Syx17 results in neuronal dysfunction, loco-
motion defects, and early death of adult flies.

Results and discussion
We performed a genetic screen for SNARE proteins involved in 
starvation-induced autophagy, by generating GFP-marked RNAi 
cell clones in mCherry-Atg8a–expressing Drosophila fat bod-
ies. The mCherry-Atg8a reporter is bound to phagophores and  
autophagosomes through a lipid anchor on its C terminus. In 
addition, mCherry-Atg8a attached to the inner membrane of au-
tophagosomes is selectively transported to autolysosomes, which 
are prominently labeled by this reporter as a result of large-scale 
accumulation of the protease- and low pH–resistant mCherry tag 
inside lysosomes (Kimura et al., 2007). Syx17, usnp, and VAMP7 
knockdown cells showed a similar and very characteristic phe-
notype: small mCherry-Atg8a dots accumulated in the perinu-
clear region, unlike the evenly distributed, bigger, and brighter 
dots observed in neighboring control cells (Fig. 1, A–C and P; 
and Table S1 shows the results of our screen).

Depletion of Syx17, usnp, or VAMP7 resulted in a complete 
block of starvation-induced punctate LysoTracker staining, a 
dye commonly used to label autolysosomes in Drosophila fat 
body (Fig. 1, D–F and Q). Starvation-induced LysoTracker red 
(LTR) staining was also impaired in Syx17[LL] and VAMP7[EP] 
mutant larvae that carry transposon insertions in the coding se-
quences of these genes 22 and 24 nucleotides downstream of 
the translation start site, respectively (Fig. 1, G, H, J, and R), 
similar to an independent RNAi line targeting usnp (Fig. 1,  
K and Q). Transgenic expression of Syx17 restored punctate 
LysoTracker staining in Syx17 mutants, confirming that loss of 
Syx17 caused the mutant phenotype (Fig. 1, I and R). Tandem-
tagged mCherry-GFP-Atg8a is commonly used for analyzing 
autophagic flux (Kimura et al., 2007). This reporter is normally 
transported to autolysosomes where GFP is rapidly quenched, 
but mCherry persists in control cells (Fig. 1, L and L). In contrast,  
structures positive for both GFP and mCherry accumulated in the 
perinuclear region of Syx17, usnp, and VAMP7 RNAi cells, indi-
cating a block of GFP inactivation (Fig. 1, M–O). Developmen-
tal autophagy of the fat body at the onset of metamorphosis was  
also impaired in Syx17, usnp, and VAMP7 RNAi cells (Fig. S1, 
A–F, M, and N).

Immunostainings revealed accumulation of endogenous 
Atg8a-positive dots representing autophagosomes in Syx17, usnp, 

 on M
ay 16, 2013

jcb.rupress.org
D

ow
nloaded from

 
Published May 13, 2013

               dc_840_14

http://www.jcb.org/cgi/content/full/jcb.201211160/DC1
http://www.jcb.org/cgi/content/full/jcb.201211160/DC1
http://www.jcb.org/cgi/content/full/jcb.201211160/DC1
http://www.jcb.org/cgi/content/full/jcb.201211160/DC1
http://jcb.rupress.org/


533Autophagosomal Syx17 mediates lysosomal fusion • Takáts et al.

Fig. 4 E). Finally, immuno-EM showed the presence of en-
dogenous Syx17 in the outer membrane of autophagosomes  
(Fig. 4 F). Thus, Syx17 is recruited to autophagosomes to pro-
mote their fusion with late endosomes and lysosomes through 
its interactions with usnp and VAMP7.

Two papers relying on siRNA depletion of human STX17 
were published while our manuscript was under review (Itakura 
et al., 2012; Hamasaki et al., 2013). Itakura et al. (2012) found 
that STX17, SNAP-29, and VAMP8 cooperate to mediate fusion  
of autophagosomes with late endosomes and lysosomes in mam-
malian cells. Also, GFP-STX17 localized to the outer membrane 
of autophagosomes. In contrast, Hamasaki et al. (2013) sug-
gested that no autophagosomes form in STX17 siRNA–treated 

recruit usnp, and they mediate fusion of autophagosomes and 
endo/lysosomes by binding to VAMP7 located in the mem-
branes of the degradative organelles. Endogenous Syx17 was 
indeed detected in 30.5% (61/200) of endogenous Atg8a-positive 
autophagosomes in starved animals and also colocalized with 
43% (86/200) of GFP-Atg8a dots (Fig. 4, A and B). In con-
trast, Syx17 essentially did not colocalize with the phagoph-
ore marker Atg5 (2.5%, 5/200) or GFP-dLAMP–positive late 
endosomes and lysosomes (6.8%, 16/236; Fig. 4, C and D). 
Loss of Atg2 results in accumulation of stalled phagophores 
that already contain Atg8 homologues in worms and mammals 
(Lu et al., 2011; Velikkakath et al., 2012). Accordingly, Atg8a 
and Syx17 did not colocalize in Atg2 mutants (2.8%, 9/322;  

Figure 1. Syx17, usnp, and VAMP7 are required for autophagy in Drosophila. (A–C) Syx17 (A), usnp (B), or VAMP7 (C) depletion in GFP-marked fat cell 
clones leads to formation of numerous small, mostly perinuclear mCherry-Atg8a dots, unlike the larger, brighter, evenly distributed punctae in surrounding 
control cells of starved larvae. (D–F) Knockdown of Syx17 (D), usnp (E), or VAMP7 (F) in LAMP1-GFP–marked cells blocks starvation-induced punctate Lyso-
Tracker red (LTR) staining. (G–J) Starvation leads to formation of LTR dots in control larvae (G). No LTR punctae form in starved Syx17 mutants (H), whereas 
LTR staining is restored in mutants expressing a Syx17 transgene (I). No LTR dots appear in VAMP7 mutants (J). (K) Expression of a second, independent 
usnp RNAi transgene also blocks LTR puncta formation. (L–O) Tandem-tagged mCherry-GFP-Atg8a is transported to autolysosomes that appear as mCherry-
positive puncta (magenta in L) in control cells of starved larvae. Silencing of Syx17 (M), usnp (N), or VAMP7 (O) results in the formation of numerous dots 
positive for both mCherry and GFP (white). Dot plots in L–O show intensity and colocalization profiles of mCherry and GFP dots. Pearson correlation 
coefficients shown at the top indicate strong colocalization of GFP and mCherry in M–O. (P–R) Quantification of data presented in A–C (P), D–F and K 
(Q), and G–J (R); n = 10 for all genotypes. mCh, mCherry. Error bars mark SDs. *, P < 0.05; ***, P < 0.001. Bar, 20 µm.
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Figure 2. Autophagosomes accumulate upon loss of Syx17, usnp, or VAMP7. (A–C) Increased numbers of Atg8a-positive autophagosomes are seen in 
Syx17 mutant (A), usnp (B), and VAMP7 (C) RNAi cells in starved larvae. (D–F) p62 aggregates accumulate in Syx17 mutant (D), usnp (E), and VAMP7  
(F) RNAi cells in starved larvae. Note that Syx17 mutant cells are marked by lack of GFP expression in A and D, whereas RNAi cells express LAMP1-GFP 
in B, C, E, and F. (G) Western blots show increased autophagosome-associated, lipidated Atg8a-II levels in starved Syx17 and VAMP7 mutant larvae 
compared with controls. Accumulation of p62 in Syx17 and VAMP7 mutants is comparable to Atg7 mutants that are unable to lipidate Atg8a. Both the  
34- and 40-kD isoforms of Syx17 disappear in Syx17[LL] mutants based on rat anti-Syx17 immunoblots, whereas faint bands are visible in Syx17[WH] 
mutant larvae. (H) Atg8a-II and p62 accumulate in well-fed Syx17 mutant adults compared with controls or Syx16 mutants (an additional control). Both 
Syx17-specific bands are missing from Syx17 mutant adults. (I–L) Numerous large autolysosomes (AL) and few double-membrane autophagosomes  
(arrowheads) are visible in ultrastructural images of control fat body cells from starved animals (I). Loss of Syx17 (J), usnp (K), or VAMP7 (L) function leads 
to accumulation of autophagosomes and lack of autolysosomes. (M–O) Quantification of data presented in A–C (M), D–F (N), and I–L (O). AP, autophago-
some. n = 10 for A–F, and n = 4 for I–L. Error bars mark SDs. ***, P < 0.001. Bars: (A–F) 20 µm; (I–L) 1 µm.
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rescued by transgenic expression of Syx17 (Fig. 5, C, E, and G). 
Altogether 86% of cells (201/234, n = 4) contained autophago-
somes in ultrastructural sections of mutant brains, in contrast 
with 1% of neurons in control flies (3/270, n = 4) or 2% in res-
cued flies (6/327, n = 4).

2-d-old Syx17 mutants performed poorly in a climbing test 
(Fig. 5 H), an established measure of nervous system function 
(Juhász et al., 2007). Again, transgenic expression of Syx17 
rescued this locomotion defect (Fig. 5 H). We showed earlier 
that loss of Atg7 leads to widespread apoptosis in brains of 
30-d-old mutant adults (Juhász et al., 2007). On average, 25% 
of neurons were positive for active caspase 3 in the absence 
of Syx17 in mutant brains, unlike in similarly aged controls  
(Fig. S2, D–F). TUNEL assays showed that 20% of mutant cells 
contained fragmented DNA indicating cell death, whereas practi-
cally no TUNEL-positive neurons were identified in control or 
rescued 2-d-old adult brains (Fig. 5, I–K; and Fig. S2 G, quanti-
fication). This seemed specific to neurons, as no TUNEL-positive  
cells were detected in muscles of mutant adults (Fig. S2, H and I). 
Transgenic expression of the effector caspase inhibitor p35 in 
mutant neurons suppressed TUNEL staining (Fig. S2, G and J),  
but 85% of neurons (202/238, n = 3) still contained autophago-
somes in brain sections similar to Syx17 mutants (Fig. S2 K). 
The potential contribution of caspase activation to mutant phe-
notypes was tested in epistasis analyses. Neuron-specific ex-
pression of p35 or the pancaspase inhibitor DIAP1 (Drosophila 
inhibitor of apoptosis protein 1) failed to rescue locomotion 
defects in 2-d-old Syx17 mutant adults (Fig. 5 H). In addition, 
although transgenic expression of Syx17 fully rescued the vi-
ability of Syx17 mutant adults (174/175 adults alive on day 4), 

cells. Our results support the findings of the former work with the 
exception of VAMP8, but flies appear to have only VAMP7 and 
lack the closely related VAMP8. According to Itakura et al. (2012), 
a pool of free cytosolic STX17 may be directly inserted into 
the outer membrane of autophagosomes. This is likely medi-
ated by its two glycine-rich transmembrane domains and the 
C-terminal region (Itakura et al., 2012). Drosophila Syx17 shows 
a similar domain structure to human STX17, so it may also be 
transported to autophagosomes by this pathway (Fig. S2 C).

Depletion of syntaxin5 was recently shown to cause defects 
in autophagic protein degradation caused by impaired traffick-
ing of hydrolases from ER to Golgi and thus lysosomes (Renna  
et al., 2011). Importantly, syntaxin5 seemed to be dispensable 
for the fusion of autophagosomes with endosomes and lyso-
somes, indicating that it functions at a later step during autoph-
agy than Syx17.

Continuous basal autophagy is critical for the homeostasis 
of quiescent, nondividing cells, such as neurons. We and others 
reported earlier that autophagy deficiency results in accumu-
lation of protein aggregates and progressive neurodegenera-
tion in flies and mice (Hara et al., 2006; Komatsu et al., 2006; 
Juhász et al., 2007). Syx17 mutant adults were viable but unable 
to fly or climb properly, and all died within 4 d of eclosion 
(n = 351). We detected large-scale accumulation of Atg8a-
positive autophagosomes and p62 aggregates in Syx17 mutant 
brains (Fig. 5, A, B, and F). Neurons of well-fed Syx17 mutant  
adult flies contained vast numbers of autophagosomes: on aver-
age, 20% of total cytoplasm was enclosed within them (Fig. 5,  
D and G). In contrast, autophagic structures were rarely ob-
served in ultrastructural images of control brains or mutants  

Figure 3. Syx17 binds to usnp and VAMP7. 
(A) Coimmunoprecipitation shows that Syx17-
FLAG binds to both HA-usnp and HA-VAMP7 
in cultured Drosophila cells. Note that usnp 
facilitates the interaction of overexpressed 
VAMP7 with Syx17 (both lacking transmem-
brane domains). (B) Endogenous usnp coim-
munoprecipitates with endogenous Syx17. 
(C) Endogenous Syx17 coimmunoprecipitates 
with endogenous usnp. gp, guinea pig; IP, im-
munoprecipitation; IB, immunoblotting.

 on M
ay 16, 2013

jcb.rupress.org
D

ow
nloaded from

 
Published May 13, 2013

               dc_840_14

http://jcb.rupress.org/


JCB • VOLUME 201 • NUMBER 4 • 2013 536

Figure 4. Syx17 is recruited to completed auto
phagosomes. (A and B) Endogenous Syx17 colo-
calizes with both endogenous (A) and GFP-tagged  
(B) Atg8a in starved fat body cells. (C and D) No  
colocalization is observed between Syx17 and the 
phagophore marker Atg5 (C) or late endosomes and 
lysosomes, labeled by GFP-dLAMP (D). (E) Syx17 
and Atg8a do not colocalize in Atg2 mutants that 
accumulate Atg8a-positive stalled phagophores. 
Insets show merged images (top), Syx17 channels 
(middle), and relevant green channels (bottom) en-
larged from boxed areas in A–E. (F) Immunogold 
labeling reveals that Syx17 is associated with the 
outer membrane of autophagosomes (AP). Bars:  
(A and C–E) 20 µm; (B) 20 µm; (F) 100 nm.

Figure 5. Impaired autophagosome maturation leads to locomotion defects in 2dold adult flies. (A and B) Atg8a-positive autophagosomes and p62 
aggregates accumulate in Syx17 mutant brains (B) compared with similarly aged controls (A). (C–E) No autophagosomes are found by EM in neurons 
of control adult flies (C). Large-scale accumulation of autophagosomes (arrowheads) is obvious in Syx17 mutant neurons (D). Autophagosome accumula-
tion is rescued in Syx17 mutant neurons by transgenic expression of Syx17 (E). (F and G) Quantification of data presented in A and B (F) and C–E (G); 
n = 9 for A and B, and n = 4 for C–E. Error bars mark SDs. ***, P < 0.001. (H) Syx17 mutant adults perform poor compared with controls in climbing 
tests. Expression of Syx17 in mutants rescues locomotion defects. Neuron-specific expression of caspase inhibitors p35 or DIAP1 have no influence on 
climbing performance of adult flies, and these do not rescue the defects of Syx17 mutant adults. n = 90 for all genotypes. Error bars mark SDs. ***, P <  
0.001. (I–K) TUNEL assays reveal apoptotic DNA fragmentation in Syx17 mutant brains (J) compared with controls (I), which is rescued by expression 
of Syx17 (K). Bars: (A, B, and I–K) 20 µm; (C–E) 1 µm.
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shape and size in relevant fluorescent channels. For statistical analyses, 
original, unmodified images were imported in ImageJ (National Institutes 
of Health), and the intensity threshold for the relevant channel was set so 
that as many dots as possible were selected without the merging of clearly 
separable adjacent dots. In clonal analyses, mutant or RNAi cells were then 
manually encircled based on the GFP channel, and the number and size 
of dots in the relevant channel within that area were recorded. Adjacent 
control cells were selected randomly from the same image and analyzed. 
When comparing images from different control and mutant animals, a  
300 × 300–pixel area was randomly selected from each image and ana-
lyzed as in clonal experiments. Images taken from the number of animals 
(n) per genotype as indicated in figure legends were evaluated for all ex-
periments. Data were then imported into SPSS Statistics (IBM) and tested 
for normality of data distribution, and then, p-values were calculated with 
the appropriate statistical tests: two-tailed, two-sample, unequal variance  
t test or U test for pairwise comparison of normal or nonnormal distri-
bution data, respectively, and analysis of variance or nonparametric 
Kruskal-Wallis tests for multiple comparisons of normal or nonnormal 
distribution data, respectively. For autophagic flux measurements with 
mCherry-GFP-Atg8a, primary images were imported into ImageJ and 
analyzed automatically using the colocalization plugin with the intensity 
correlation tool. Clones from 5–10 animals per genotype were evaluated 
with similar results, and one representative dot plot is shown in Fig. 1 
(L–O) for each.

Molecular cloning and generation of polyclonal antibodies
The genomic region containing Drosophila Syx17 was amplified using 
primers 5-GGCGCGCCGCATGCGGCCGCTTAGACGTAAGCGCAC-
CACCGC-3 and 5-GCATGCTAGCGGCCGCGTGACCAACGAGAAC-
ACGGGC-3 and cloned into pCasper5 as an SphI fragment. Transgenic 
flies genSyx17 were generated following standard procedures (BestGene, 
Inc.). Syx17 coding sequences were amplified by PCR using primers  
5-ATGACGCGCGATGAGAAACTGCC-3 and 5-ATCCTTCTGGCTTCTC-
TTTTAGCTCCAGTCTCTC-3, phosphorylated, blunt cloned into XmnI–
EcoRV-digested dephosphorylated pENTR1A (Invitrogen), and subse-
quently recombined into pDEST17 (Invitrogen). N-terminally His-tagged 
protein was expressed in the Escherichia coli Rosetta strain (EMD Millipore)  
and purified using Ni-agarose beads (QIAGEN). Recombinant protein  
was used to immunize rats and guinea pigs following standard proce-
dures with Freund’s adjuvants (Sigma-Aldrich). Syx17 pENTR1A was recom-
bined into pTWF (Drosophila Genomics Resource Center) to yield UAS-
Syx17-FLAG, in which 3×FLAG replaces the two transmembrane domains 
and the extreme C-terminal region of Syx17. usnp and VAMP7 coding  
sequences were amplified using primers 5-GTAGCGGCCGCGGGT-
ACCGGAATGGCCCATAACTACCTGCAGC-3/5-TATGGTACCGCGGC-
CGCTACTTCTTCAGAAGCTTGCTCATGTCC-3 and 5-GTAGCGGCC-
GCGGGTACCGGACCGATACTATATAGTGTGATATCGCGGG-3/ 
5-ATATGGTACCGCGGCCGCTAGACGCGGATGTTCTTCCAAAA-3, 
respectively, and cloned into pUAST-3×HA to generate UAS-HA-usnp and 
UAS-HA-VAMP7. Note that the transmembrane domain is removed from 
tagged VAMP7. The aforementioned primers were used to blunt clone usnp 
coding sequences into pENTR1A followed by recombination of the resulting 
entry clone into pDEST17, expression and purification of the recombinant 
protein, and immunization of rats as for Syx17.

Cell culture and coimmunoprecipitations
Embryonic hemocyte-derived D.Mel-2 cells were maintained in Express-Five 
Serum-Free medium (Invitrogen) and transfected with UAS constructs and 
metallothionein-Gal4 plasmid using TransIT-2020 reagent (Mirus Bio LLC). 
48 h later, protein expression was induced by adding 1 mM CuSO4 for 
overnight incubation. Cultured cells were collected, washed twice in PBS, 
lysed on ice in lysis buffer (0.5% Triton X-100, 150 mM NaCl, 1 mM EDTA, 
and 20 mM Tris-HCl, pH 7.5) containing complete protease and phospha-
tase inhibitor cocktails (Sigma-Aldrich), and spun for 10 min at 10,000 g 
in a centrifuge (5430R; Eppendorf) at 4°C followed by the addition of anti-
FLAG slurry (Sigma-Aldrich) to the cleared supernatant. After incubation at 
4°C for 2 h, beads were collected by centrifugation at 5,000 g for 30 s at 
4°C followed by extensive washes in lysis buffer and finally boiling in 30 µl  
Laemmli sample buffer. Coimmunoprecipitations were repeated using a  
different DNA clone for all constructs, with similar results. For endogenous 
interaction experiments, either 100 mg of adult flies was starved for 2 h 
or 150 mg of cultured cells was washed for 2 × 10 min in PBS and homo-
genized for 2 × 10 s on ice in 1 ml lysis buffer containing 1% Triton  
X-100, using an homogenizer (Ultra-Turret T10; IKA) equipped with a dis-
perser (S10N-5G; IKA). Lysates were cleared by centrifugation at 30,130 g  
for 10 min at 4°C (adult supernatants were spun once more to completely 

all mutant flies expressing either p35 or DIAP1 still died within 
4 d of eclosion (n = 90 and 105, respectively). These results 
suggest that neuronal caspase activation may not be a major 
cause for the locomotion defects and premature death of Syx17 
mutant adult flies.

Collectively, we showed that a complex of SNARE pro-
teins Syx17, usnp, and VAMP7 is required for autophagosome 
clearance and that autophagosomes gain competence to fuse with 
late endosomes and lysosomes by recruiting Syx17. The loco-
motion defects and early death of viable Syx17 mutants indicate 
that lysosomal degradation and recycling of sequestered autopha-
gosomal cargo is crucial to maintain organismal health and proper 
brain functions in Drosophila.

Materials and methods
Fly strains and genetics
Flies were maintained on standard yeast/cornmeal/agar media. In climbing 
tests, a total of 90 adults per genotype were recorded and scored in cohorts 
of three to six flies, after tapping them down in a plastic graduated cylinder 
(Juhász et al., 2007). In clonal analyses, RNAi cells were generated sponta-
neously in larvae carrying hs-Flp; upstream activation sequence (UAS)-Dcr2; 
Actin>CD2>Gal4 UAS-RNAi (and UAS-GFP or UAS-LAMP1-GFP as a knock-
down cell marker), and mutant cell clones (marked by lack of GFP expression) 
were generated by heat shocking 2–4-h embryos of the genotype hs-Flp; ubi-
GFP FRT2A/Syx17[LL] FRT2A in a 38°C water bath for 1 h (Juhász et al.,  
2007, 2008; Pircs et al., 2012). Expression of mCherry-Atg8a was driven 
by a fat body–specific r4 promoter in our screen (transgenic flies were pro-
vided by T. Neufeld, University of Minnesota, Minneapolis, MN; Pircs et al., 
2012). We used the GFP knockin line dLAMP[CPTI001775] (Drosophila  
Genetic Resource Center) to label lysosomes, w[1118] as control, UAS-
GFP-KDEL and Pdi[G00198] as ER reporters (Bloomington Drosophila 
Stock Center), Atg2[EP3697] (Berry and Baehrecke, 2007), Atg7[d77]/
Atg7[d14] (Juhász et al., 2007) mutants, and SNARE loss-of-function strains 
listed in Table S1. Knockdown of usnp was induced by Actin-Gal4 for West-
ern blots and collagen-Gal4 for EM in L3 stage larvae, and overexpression 
of UAS-p35 or UAS-DIAP1 in adult neurons was mediated by elav-Gal4 (all 
obtained from Bloomington Drosophila Stock Center).

Histology and imaging
LTR stainings were performed by incubating dissected L3 stage fat bodies in 
100 nM LTR (Invitrogen) for 5 min. For immunofluorescent labeling, bisected 
larvae were fixed overnight in 3.7% paraformaldehyde at 4°C and blocked 
in PBS with 0.1% Triton X-100, 0.05% sodium deoxycholate, and 3% goat 
serum for 3 h followed by overnight incubations with primary and second-
ary antibodies in blocking buffer at 4°C (Juhász et al., 2008; Pircs et al., 
2012). We used chicken anti-GFP (1:1,500; Invitrogen), rabbit anti-Atg5 
(1:100; Sigma-Aldrich), rabbit anti-Atg8a (1:500; provided by K. Kohler, 
Eidgenössische Technische Hochschule Zürich, Zurich, Switzerland; Barth  
et al., 2011), rabbit anti-p62 (1:2,000; Pircs et al., 2012), rabbit anti–active 
caspase 3 (1:300; Cell Signaling Technology), rat anti-Atg8a (1:300), and 
rat anti-Syx17 (1:300; this study) primary and Alexa Fluor 488 anti–chicken, 
Alexa Fluor 488 anti–rabbit, Alexa Fluor 568 anti–rat, and Alexa Fluor 
647 anti–rabbit (all 1:1,500; Invitrogen) secondary antibodies. For TUNEL 
stainings, adult heads and half-thoraces were fixed in 3.7% paraformal-
dehyde overnight at 4°C and embedded into paraffin following standard 
protocols. Sections were processed using In Situ Cell Death Detection Kit, 
tetramethylrhodamine red (Roche) with SYTOX green DNA stain (Juhász  
et al., 2007). Images were obtained on a microscope (Axio Imager.M2; 
Carl Zeiss) equipped with a grid confocal unit (ApoTome.2; Carl Zeiss) at 
room temperature, using Plan-Neofluar 20×, 0.5 NA (air), 40×, 0.75 NA 
(air), and 100×, 1.3 NA (oil) objectives, a camera (AxioCam MRm; Carl 
Zeiss), and AxioVision software (Carl Zeiss). Microscope settings were iden-
tical for experiments of the same kind. Primary images were processed in 
AxioVision and Photoshop (Adobe) to produce final figures. Note that Alexa 
Fluor 568 or 647 channels are pseudocolored magenta.

Image analysis and statistics
Colocalization of puncta was counted manually on a computer situated in 
a darkroom, only taking into account overlapping structures with a similar 
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get rid of fat and unbroken cuticle pieces) followed by incubation with 3 µl 
rat anti-usnp (this study) or anti-GFP (Pircs et al., 2012), or guinea pig anti-
Syx17 (this study) or anti-GFP (raised in collaboration with J. Mihály and 
I. Andó, Biological Research Center, Szeged, Hungary) antisera for 2 h at 
4°C. Antibody–antigen complexes were collected by addition of 20 µl pro-
tein A (for guinea pig sera) or protein G (for rat sera) agarose 50% slurry 
for 1 h at 4°C and processed for Western blots as in co-overexpression ex-
periments. Immunoprecipitations were performed from both cultured cells 
and adult flies, and representative examples are shown.

Transmission EM and immunoEM
Dissected tissues were fixed in 3.2% paraformaldehyde, 0.5% glutaralde-
hyde, 1% sucrose, and 0.028% CaCl2 in 0.1 N sodium cacodylate, pH 7.4, 
overnight at 4°C, postfixed in 0.5% osmium tetroxide for 1 h, and embedded 
into Durcupan (Fluka) according to the manufacturer’s recommendations 
(Juhász et al., 2007, 2008). 70-nm sections were stained in Reynold’s lead  
citrate and viewed on a transmission electron microscope (JEM-1011; JEOL) 
equipped with camera (Morada; Olympus) and iTEM software (Olympus).  
A total of 17–29 randomly taken 10,000× magnification images of sections 
from four animals were evaluated per genotype by manually encircling rele-
vant structures in Photoshop and calculating their percentage of area relative 
to total cytoplasm. P-values were calculated as described in Image analysis 
and statistics. For immuno-EM, samples were fixed as for conventional EM and 
embedded in London Resin white resin (Sigma-Aldrich) without postfixation. 
90-nm sections were cut and incubated with rat anti-Syx17 (1:30) in PBS with 
3% milk overnight at 4°C followed by biotin-conjugated anti–rat (1:100; Jackson 
ImmunoResearch Laboratories, Inc.) for 1 h in PBS with 1.5% milk at 25°C and 
anti-biotin conjugated to 20-nm gold for 5 h in TBS with 1.5% milk and 0.25% 
Tween 20 at 4°C (1:100; British Biocell; Juhász et al., 2007, 2008).

Western blots
Equal amounts of proteins per sample were separated by denaturing SDS-
PAGE and processed for Western blots as previously described (Juhász et al., 
2007; Pircs et al., 2012). Mouse anti-tubulin (1:1,000; AA4.3-s; Develop-
mental Studies Hybridoma Bank), mouse anti-FLAG (1:2,000; M2; Sigma-
Aldrich), rabbit anti-HA (1:2,000; Sigma-Aldrich), rabbit anti-p62 (1:8,000; 
Pircs et al., 2012), rabbit anti-Atg8a (1:5,000), rat anti-Syx17 (1:5,000; this 
study), guinea pig anti-Syx17 (1:5,000; this study), rat anti-usnp (1:3,000; 
this study) primary and alkaline phosphatase–conjugated anti–guinea pig, 
anti–rat (1:5,000; Sigma-Aldrich), anti–rabbit, and anti–mouse (1:5,000;  
EMD Millipore) secondary antibodies were used in TBS, pH 7.4, with 0.1% 
Tween 20 and 0.25% casein followed by colorimetric detection with nitro-
blue tetrazolium–5-bromo-4-chloro-3-indolyl phosphate (Sigma-Aldrich).

Online supplemental material
Fig. S1 shows that Syx17, usnp, and VAMP7 are required for developmen-
tal and basal autophagy. Fig. S2 shows additional Syx17 localization,  
sequence alignment, and interaction data. Table S1 lists Drosophila homo-
logues of human and yeast SNARE proteins, RNAi and mutant lines for 
these genes used in this study, and results of our small-scale RNAi screen. 
Online supplemental material is available at http://www.jcb.org/cgi/ 
content/full/jcb.201211160/DC1. Additional data are available in the 
JCB DataViewer at http://dx.doi.org/10.1083/jcb.201211160.dv.
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Evolutionarily conserved role and physiological relevance  
of a STX17/Syx17 (syntaxin 17)-containing SNARE complex  
in autophagosome fusion with endosomes and lysosomes

Krisztina Hegedűs, Szabolcs Takáts, Attila L Kovács, and Gábor Juhász*
Department of Anatomy, Cell and Developmental Biology; Eötvös Loránd University; Budapest, Hungary

Phagophores engulf cytoplasmic mate-
rial and give rise to autophagosomes, 

double-membrane vesicles mediating 
cargo transport to lysosomes for degrada-
tion. The regulation of autophagosome 
fusion with endosomes and lysosomes 
during autophagy has remained poorly 
characterized. Two recent papers con-
clude that STX17/syntaxin 17 (Syx17 in 
Drosophila) has an evolutionarily con-
served role in autophagosome fusion with 
endosomes and lysosomes, acting in one 
SNARE complex with SNAP29 (ubis-
nap in Drosophila) and the endosomal/
lysosomal VAMP8 (CG1599/Vamp7 in 
Drosophila). Surprisingly, a third report 
suggests that STX17 might also con-
tribute to proper phagophore assembly. 
Although several experiments presented 
in the two human cell culture studies 
yielded controversial results, the essential 
role of STX17 in autophagic flux is now 
firmly established, both in cultured cells 
and in an animal model. Based on these 
data, we propose that genetic inhibition 
of STX17/Syx17 may be a more specific 
tool in autophagic flux experiments than 
currently used drug treatments, which 
impair all lysosomal degradation routes 
and also inactivate MTOR (mechanis-
tic target of rapamycin), a major nega-
tive regulator of autophagy. Finally, the 
neuronal dysfunction and locomotion 
defects observed in Syx17 mutant ani-
mals point to the possible contribution 
of defective autophagosome clearance to 
various human diseases.

During autophagy, phagophores cap-
ture cytoplasmic cargo and form 

double-membrane autophagosomes, 
which are transport vesicles required 
for degradation of sequestered material 
in lysosomes; fusion with the degrada-
tive organelle is followed by recycling of 
the breakdown products. Autophagy is 
clearly becoming one of the hottest topics 
in biomedical research. Our understand-
ing of the molecular machinery underly-
ing autophagy made tremendous advances 
during the past 20 years, thanks to the 
discovery of autophagy-related (Atg) 
gene products in yeast. These evolution-
arily conserved proteins are required for 
efficient autophagosome formation in 
all metazoan cells.1,2 Functional analyses 
of ATG genes revealed that autophagy 
has important roles in various develop-
mental, physiological, and pathological 
processes.1 Nevertheless, significant gaps 
have remained in our knowledge regard-
ing autophagy. Among these are the pro-
cess of autophagosome maturation, and 
the mechanisms that ensure timely and 
specific fusion with late endosomes and 
lysosomes.

SNAREs [soluble N-ethylmaleimide-
sensitive factor (NSF) attachment pro-
tein receptor] are likely to be involved in 
autophagosome-lysosome fusion because 
the majority of vesicle fusion events are 
usually mediated by the action of these 
proteins. R SNAREs contribute an argi-
nine (R) residue to the zero ionic layer 
of the assembled core complex, while Q 
SNAREs have a glutamine (Q) in the 
same position.3 A trans-SNARE complex 
is formed by the binding of an R SNARE 
(associated with the first vesicle) to two 
or three proteins (located on the second 
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compartment) that altogether supply three 
Q SNARE domains. After membrane 
fusion is accomplished, all four SNARE 
domains are bound to the same mem-
brane and are referred to as a cis-SNARE 
complex. The approximately 30 SNARE 
proteins found in different organisms 
assemble in a combinatorial fashion, and 
the same protein is often incorporated in 
functionally distinct complexes, compli-
cating mechanistic studies.3 Clear loss-
of-function phenotypes (ideally obtained 
with the use of null mutants and genetic 
rescue experiments), together with interac-
tion and localization data for endogenous 
proteins, are key for proving the direct role 
of a given SNARE in autophagy.

In yeast cells, autophagosomes can 
directly fuse with the vacuole, the func-
tional counterpart of lysosomes. In con-
trast, delivery of autophagosomal contents 
to lysosomes in metazoan cells appears to 
depend on late endosomes.4-6 Furthermore, 
the SNAREs Vam3 and Vam7 that are 
required for autophagosome-vacuole 
fusion in yeast do not have clear homologs 
in animals, and no autophagosome-asso-
ciated SNARE protein has been identified 
in metazoan cells until recently.3,7,8 Two 
papers now reveal how the specificity of 
autophagosome fusion with endosomes 
and lysosomes is achieved.9,10 In one of 
these papers, we presented the results of 
a systematic screen for SNARE proteins 
involved in starvation-induced auto-
phagy, using genetic mosaics of Drosophila 

Figure  1. Ultrastructural images of wild-
type and Syx17 mutant Drosophila cells from 
early L3 stage larvae starved for 3 h. (A) Both 
autophagosomes (AP) and electron-dense 
autolysosomes (AL) can be observed in vari-
ous tissues of starved control larvae, such 
as the fat body shown here. m, mitochon-
drion. (B) typical double-membrane auto-
phagosomes accumulate in large numbers 
in starved Syx17 mutant larvae, illustrated 
by a malpighian tubule cell in this image. (C) 
this panel shows a rarely observed phago-
phore in a Syx17 mutant cell, which appears 
as a curved, nonbranching membrane cistern 
with a characteristic cleft between the two 
membranes after standard glutaraldehyde 
fixation. while the empty-looking space is an 
artifact, it greatly facilitates the identification 
of early autophagic structures. Arrowheads 
point to the edges of the phagophore, where 
the transitions of prospective outer and inner 
membrane layers are clearly visible.
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larvae.9 RNAi depletion of Syx17, ubis-
nap [the fly homolog of SNAP29 (syn-
aptosomal-associated protein, 29 kDa)], 
and CG1599 [Vamp7 (vesicle-associated 
membrane protein 7)] leads to a simi-
lar, very characteristic phenotype: auto-
phagosomes positive for Atg8a accumulate 
in the perinuclear region of fat body cells 
(the fly equivalent of hepatocytes and 
adipocytes). Autophagic degradation is 
completely blocked in these cells, as no 
LysoTracker-positive acidic autolysosomes 
form, no autophagy-dependent lysosomal 
quenching of GFP-Atg8a fluorescence is 
observed, and selective autophagic degra-
dation of ref(2)P (mammalian SQSTM1/
p62) aggregates is impaired. More rigor-
ous genetic tests of Syx17 and CG1599/
Vamp7 mutants show large-scale accumu-
lation of autophagosomes in larval and 
adult tissues, based on commonly used 
transgenic reporters, immunofluorescent 
staining, western blot and ultrastructural 
analyses. Figure 1. shows the morphol-
ogy of typical double-membrane auto-
phagosomes that abound in Syx17 mutant 
larval tissues, and also illustrates a phago-
phore, which is a rarely observed structure 
likely to be short-lived both in control 
and mutant cells. Importantly, these auto-
phagy defects could be rescued by trans-
genic expression of the wild-type protein 
in Syx17 mutant backgrounds. In line 
with the results of our screen, Syx17 forms 
a complex with ubisnap and CG1599, the 
closest fly homolog of the mammalian 
VAMP7 and VAMP8 proteins. Finally, we 
showed that endogenous Syx17 is present 
in Atg8a-positive autophagosomes, based 
on immunofluorescence microscopy and 
immuno-electron microscopy (EM), but 
not in phagophores [marked by endog-
enous Atg5, or by Atg8a in Atg2 mutants 
that accumulate stalled phagophore 
assembly sites (PASs)].

In the other study, siRNA silencing 
of STX17 in cultured human cells was 
also found to result in the accumulation 
of autophagosomes positive for LC3 (a 
human homolog of Atg8), and this pheno-
type could be rescued by co-transfection 
with an RNAi-resistant transgene.10 This 
paper also identified a SNARE complex of 
STX17 (Qa), SNAP29 that contains two 
SNARE domains (Qbc), but no mem-
brane anchor, and lysosomal/endosomal 

VAMP8 (R). As expected from the inter-
action data, silencing of either SNAP29 or 
VAMP8 phenocopied the loss of STX17. 
Moreover, GFP-Syntaxin 17 could be 
detected in LC3-positive autophagosomes, 
but not in phagophores, and immuno-
electron microscopy suggested that it is 
located in the outer membrane of double-
membrane autophagosomes. These data 
support the following model for fusion: 
STX17 is first loaded onto the outer bor-
dering membrane of autophagosomes 
and recruits SNAP29, which is followed 
by binding to VAMP8 (CG1599/Vamp7 
in flies) located in endosomes and lyso-
somes. After fusion is completed, the 
cis-SNARE complex is presumably disas-
sembled and recycled from the lysosomal 
membrane through the actions of NSF 
(N-ethylmaleimide-sensitive factor) and 
NAPA (NSF attachment protein, α, also 
known as α-SNAP), as usual.3

These two recent papers shed some 
light onto how autophagosomes gain 
competence for fusion with endosomes 
and lysosomes, as phagophores never par-
ticipate in such events. A new question 
immediately arises: how is STX17/Syx17 
transported to the outer membrane of 
autophagosomes? Itakura et al. found that 
a free cytoplasmic pool of STX17 exists, 
which is likely to be the result of its atypi-
cal structure.10 Unique among SNARE 
proteins, it contains two transmembrane 
domains. These glycine-rich motifs were 
suggested to form a glycine zipper, medi-
ating close packing of the two domains. 
Interestingly, replacement of selected 
glycines with leucines greatly reduces the 
autophagosomal localization of this pro-
tein without affecting its presence in the 
ER and mitochondria. The specific mech-
anism responsible for loading STX17 into 
the outer autophagosomal membrane only 
after sealing of the phagophore is not yet 
known. Future studies should provide 
further insights into this process, such 
as by proteomic identification of STX17 
binding partners, or through the analy-
sis of new hits from genetic screens that 
result in autophagosome accumulation 
by preventing STX17 recruitment to 
autophagosomes.

The number and size of autophagic 
structures at a given time point depends on 
two processes: the rate of autophagosome 

formation (incoming material), and deg-
radation of sequestered cargo in lysosomes 
(outgoing material). Thus, experiments 
aimed at measuring autophagic flux have 
become an essential part of autophagy 
analyses. The most common test for this 
purpose is the application of bafilomycin, 
chloroquine, or similar drugs that block 
lysosomal breakdown.11 Unfortunately, 
these treatments also impair degrada-
tion of endosomal cargo and interfere 
with lysosome-dependent activation of 
MTOR, a major regulator of cell growth 
and autophagy.12,13 In addition, the use 
of bafilomycin is limited to cultured cells 
due to toxicity in complex multicellular 
organisms. Although a role of STX17 in 
endocytosis has not been excluded yet, we 
propose that mutation or RNAi knock-
down of this gene may eventually turn 
out to be more specific than bafilomycin 
treatment in autophagic flux experiments. 
Importantly, it can also be used to deter-
mine autophagic flux in whole animals in 
addition to cultured cells.

A third recent study suggested that 
autophagosomes may often form in the 
vicinity of both the ER and mitochon-
dria, and implicated a role for STX17 
in phagophore closure based on lim-
ited analysis.14 Many aspects of the two 
human cell culture reports match: STX17 
was found on both mitochondria and 
the ER, LC3-positive dots accumulate in 
microscopy images of STX17-depleted 
cells, and the levels of lipidated LC3 and 
the selective autophagy cargo SQSTM1 
increased in western blots of siRNA cell 
lysates.10,14 It is important to highlight that 
these tests do not distinguish between 
accumulation of phagophores or auto-
phagosomes. Unfortunately, multiple 
experiments performed in these different 
labs produced contradicting results.10,14 
First, Itakura et al. found no colocaliza-
tion of STX17 with numerous markers 
of the PAS including ATG14, ATG16L1, 
ZFYVE1/DFCP1, ULK1 or WIPI1, 
whereas Hamasaki et al. reported its par-
tial colocalization with ATG14, but they 
did not test other PAS markers. Second, 
Itakura et al. detected about half of the 
endogenous (or GFP-tagged) STX17 pool 
in the cytosolic fraction after ultracentri-
fugation, whereas Hamasaki et al. showed 
that endogenous STX17 is almost entirely 
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membrane-associated, and it is hardly 
detectable in the cytosol in fractionation 
experiments. Transmission EM is still one 
of the most informative autophagy tests, 
and helps to interpret results obtained by 
other methods. The prerequisite of reli-
able support by transmission EM is the 
exact and rigorous identification of the 
various autophagic structures. Itakura 
et al. detected and quantified the accu-
mulation of typical double-membrane 
autophagosomes in STX17 siRNA cells. 
In the ultrastructural images selected by 
Hamasaki et al., the identity of phagoph-
ores and autophagosomes is uncertain in 
many cases even in enlarged images due 
to low resolution, tangentional sectioning 
and discontinuity of the membranes at 
certain places.

Nevertheless, these studies are not 
entirely incompatible with each other. 
It could be possible that STX17 is also 
involved in autophagosome formation, 
although it is not clear why unsealed 
phagophores with a size of regular auto-
phagosomes would accumulate if the 
allegedly critical membrane trafficking 
from ER and mitochondria was blocked 
with STX17 siRNA. One may argue that 
the siRNA treatments by Hamasaki et al. 
were more potent than those of Itakura et 
al., and perhaps revealed an earlier func-
tion. Careful biochemical and cell biology 
analysis of chromosomally deleted alleles 
(knockouts) of STX17 in mouse embry-
onic fibroblasts and in mice will be very 

important for resolving these discrepan-
cies. Our Drosophila studies could also be 
complicated by the presence of maternally 
provided Syx17 gene products: a 40-kDa 
isoform of unknown identity is still vis-
ible and only the main, 34-kDa isoform 
is missing in mutant larvae, although nei-
ther isoform can be detected in western 
blots of adult lysates. The large-scale accu-
mulation of autophagosomes in neurons 
of Syx17 mutant adults, occupying 20% of 
the cytoplasm in the perikaryon on aver-
age vs. 0% in control or genetically res-
cued animals, strongly suggests that Syx17 
is dispensable for autophagosome forma-
tion in Drosophila. Still, mutants lacking 
both maternal and zygotic gene products 
can be analyzed to exclude maternal con-
tribution in all developmental stages in 
flies.

In addition to serving cytoprotective 
roles during stress and starvation, auto-
phagy is thought to be required for proper 
homeostasis under normal conditions.1 
This function seems to be especially criti-
cal in long-lived cells such as neurons. 
Supporting this view, we and others have 
reported that loss of basal autophagy leads 
to progressive accumulation of ubiquti-
nated protein aggregates and neurodegen-
eration, both in fly mutants of Atg7 and 
in mice with neuron-specific deletion of 
Atg5 or Atg7.15-17 Different from these pre-
vious studies of Atg mutations that prevent 
autophagosome formation, Syx17 muta-
tion leads to large-scale accumulation of 

autophagosomes in neurons of adult flies.9 
These mutants perform very poorly in a 
climbing assay, a standard test for neuro-
nal dysfunction, and all die within 4 d of 
eclosing from the pupal case, in contrast 
with normal flies that live for months. 
Since genetic suppression of cell death in 
neurons does not improve these mutant 
phenotypes, unlike transgenic expression 
of wild-type Syx17, it is likely the accu-
mulation of autophagosomes that renders 
these neurons unable to perform their 
normal tasks.9 The first animal model 
of genetically impaired autophagosome 
fusion clearly shows that in addition to the 
initial sequestration of cytoplasmic cargo, 
the final lysosomal breakdown is also 
essential. Numerous diseases are char-
acterized by the accumulation of auto-
phagosomes and autophagic vesicles, such 
as neurons in Alzheimer disease and mus-
cles in vacuolar myopathy patients, respec-
tively.1 Therefore, it will be exciting to see 
whether future studies can link genetic 
defects of the STX17-dependent fusion 
machinery to certain human diseases.
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SUMMARY

Healthy aging depends on removal of damaged
cellularmaterial that is inpartmediatedbyautophagy.
The nutritional status of cells affects both aging
and autophagy through as-yet-elusive metabolic
circuitries. Here, we show that nucleocytosolic
acetyl-coenzymeA (AcCoA)production is ametabolic
repressor of autophagy during aging in yeast. Block-
ing the mitochondrial route to AcCoA by deletion of
theCoA-transferaseACH1 caused cytosolic accumu-
lation of the AcCoA precursor acetate. This led to
hyperactivation of nucleocytosolic AcCoA-synthe-
tase Acs2p, triggering histone acetylation, repression
of autophagy genes, and an age-dependent defect in
autophagic flux, culminating in a reduced lifespan.
Inhibition of nutrient signaling failed to restore, while
simultaneous knockdown of ACS2 reinstated, auto-
phagy and survival of ach1 mutant. Brain-specific

knockdown of Drosophila AcCoA synthetase was
sufficient to enhance autophagic protein clearance
and prolong lifespan. Since AcCoA integrates various
nutrition pathways, our findings may explain diet-
dependent lifespan and autophagy regulation.

INTRODUCTION

Aging is accompanied by accumulation of cellular damage,

changes in the repair and detoxification processes, and a shifting

homeostatic balance in conflicting lethal and vital signaling

programs (Madeo et al., 2010a; Rubinstein and Kimchi, 2012).

Macroautophagy (hereafter referred to as ‘‘autophagy’’) is a

bulk degradation pathway in which parts of the cytosol or cyto-

plasmic organelles are encapsulated into double-membraned

vesicles, so-called autophagosomes, which ultimately fuse

with vacuoles/lysosomes where the cytoplasmic material be-

comes degraded (He and Klionsky, 2009). Autophagy plays a

major role in the maintenance of cellular homeostasis, recycling
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energy reserves in the context of dwindling external resources

and contributing to the removal of damaged organelles and

potentially harmful protein aggregates (Chen and White, 2011;

Kroemer et al., 2010; Mizushima and Komatsu, 2011). Auto-

phagy therefore has emerged as a pivotal cellular process that

can delay the pathogenic manifestations of aging and age-asso-

ciated disease (Gelino and Hansen, 2012; Madeo et al., 2010a;

Rubinsztein et al., 2011). While regulation of autophagy during

short-term induction conditions (up to several hours) is well-

investigated, understanding the long-term regulation of auto-

phagy during the process of aging remains a challenge.

Autophagy is profoundly influenced by nutrient-responsive

kinases, including the target of rapamycin (TOR), protein kinase

A (PKA), and AMP-activated protein kinase (AMPK), all of which

are also well-known regulators of aging and lifespan (Fontana

et al., 2010; He and Klionsky, 2009; Kenyon, 2010). However,

recent studies suggest that protein acetylation, a process that

is lately recognized as a posttranslational modification that rivals

phosphorylation in importance (Choudhary et al., 2009; Guan

and Xiong, 2011; Sadoul et al., 2011), may also regulate auto-

phagy at targets distinct from that of known kinase regulators

(Geeraert et al., 2010; Lee et al., 2008; Morselli et al., 2011; Xie

et al., 2010; Yi et al., 2012). While acetylation of ATG3 and of

tubulin is required for autophagy (Geeraert et al., 2010; Xie

et al., 2010; Yi et al., 2012), ATG7must be deacetylated by sirtuin

1 for the initiation of starvation-induced autophagy (Lee et al.,

2008). Autophagy is in principle a cytoplasmic process that

does not require a nuclear-localized transcriptional response

for short-term activity, as demonstrated by the ability of cyto-

plasts (i.e., enucleated cells) to undergo starvation-induced

autophagy (Morselli et al., 2011). Nevertheless, regulation of

age-associated autophagy may depend on epigenetic pro-

cesses (including that of histone acetylation) as well as on spe-

cific transcription factors such as FoxO3 that transactivate the

autophagy-relevant transcriptome necessary for enduring auto-

phagic activity that exceeds beyond a few hours (Eisenberg

et al., 2009; Settembre et al., 2011; Zhao et al., 2007). Acetylation

at lysine 16 of histoneH4 has only recently been demonstrated to

determine the outcome of autophagy (i.e., cytotoxic versus pro-

tective), possibly by influencing the transcriptional status of ATG

genes (Füllgrabe et al., 2013), and theUme6p transcription factor

regulates the size of autophagosomes through control of ATG8

expression levels (Bartholomew et al., 2012).

Acetyl-coenzyme A (AcCoA) serves as an acetyl-group donor

for protein and histone acetylation in eukaryotic cells and at the

same time represents a central metabolite of cellular energy

metabolism. It has been proposed that metabolismmay connect

to various cellular functions by modulating intracellular metabo-

lites (including that of AcCoA), which in turn act as cofactors for

posttranslational modifications affecting enzyme function or

epigenetic status of the chromatin (Kaelin and McKnight, 2013;

Lu and Thompson, 2012). Given the increasingly recognized

role of protein acetylation as well as histone acetylation in the

regulation of autophagy, we therefore aimed at evaluating the

hypothesis that AcCoA biosynthetic availability would affect

autophagy in a long-term context, in chronological aging.

For more than a decade now, budding yeast has significantly

contributed to our understanding of aging, unraveling mecha-

nisms of cellular senescence and age-induced death of postmi-

totic cells in a model of chronological aging (Kaeberlein, 2010;

Longo et al., 2012). In budding yeast, de novo synthesis of

AcCoA is facilitated by two distinguishable metabolic routes,

namely the mitochondrial (ACS1-, ACH1-, or MPC1-depen-

dent) versus the nucleocytosolic (ACS2-dependent) pathways

(Bricker et al., 2012; Fleck and Brock, 2009; Takahashi et al.,

2006). Based on these premises, we determined the autophagy-

modulatory effects ofmanipulating thedenovobiosynthetic path-

ways of AcCoA generation in a model of chronological aging.

RESULTS

Knockdown of ACS2 Is Sufficient to Promote Autophagy
during Aging
To test if de novo AcCoA biosynthesis from acetate or pyruvate

modulated the autophagic response during cellular aging, we

screened deletion or knockdownmutants of genes encoding en-

zymes involved in AcCoA formation (see scheme in Figure 1A). To

this end, we first assessed the potential influence of the AcCoA

synthetases Acs1p and Acs2p that generate AcCoA through

the ATP-dependent condensation of acetate and coenzyme A

(CoA). We optimized the experimental conditions for knockdown

of the growth essential ACS2 gene using a doxycycline-repress-

ible tetO7-promoter (tet-ACS2) so that cells wouldmanifest a sig-

nificant depletion of the Acs2 protein (Figure 1B) yet only partially

reduce their growthduring the logarithmic phase, yielding a rather

modest reduction of cell densities upon entry into the stationary

phase as compared to wild-type controls (tet-WT) (1 ng/ml doxy-

cycline, Figure S1, available online). Knockdown of ACS2 led to a

strong induction of autophagy upon chronological aging, as

monitored by assessing the autophagy-dependent translocation

of a cytosolic green fluorescent protein (GFP)-Atg8p fusion to the

vacuole (Figures 1C and 1D). Both the number of autophagic

cells, defined as cells that displayed clearly vacuolar localization

of GFP (Figure 1C; quantified in Figure 1D), and vacuolar GFP

intensities increased upon knockdown of ACS2. To strengthen

these findings, we used a complementary assay based on the

immunoblot detection of liberated GFP that is generated upon

the autophagy-associated delivery of GFP-Atg8p to the vacuole

and subsequent proteolytic removal of Atg8p (Klionsky et al.,

2007). This GFP liberation assay demonstrated enhanced auto-

phagic fluxwith active vacuolar proteolysis in aged tet-ACS2cells

compared to its wild-type (tet-WT) counterpart (Figure 1E). In

contrast to knockdown of ACS2, age-associated autophagy

was not affected by deletion of ACS1 (Figures 1F–1H).

Thus, while deletion of ACS1, the gene which is known to

be suppressed by glucose (van den Berg et al., 1996), was

dispensable for age-dependent autophagic activity, knockdown

of ACS2—the crucial gene for AcCoA production on glucose

conditions (Takahashi et al., 2006)—was sufficient to enhance

the autophagic response to aging.

Mitochondrial AcCoA Production Pathways Are
Required for Age-Associated Autophagy
We next asked if blocking AcCoA synthesis through Ach1p,

which transfers CoA from short-chain Acyl-CoAs to acetate

generating AcCoA (Fleck and Brock, 2009), would also affect

the autophagic response of aging cells. Remarkably, deletion

of ACH1 completely blocked the autophagic activity after
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3 days of aging, while young (day 1) cultures presented compa-

rable levels of autophagy-competent cells (manifesting vacuolar

localization of GFP-Atg8p as well as GFP liberation activity) in

both wild-type and ach1 mutant (Figures 2A–2C). In addition,

we assessed the autophagic flux by measuring vacuolar alkaline

phosphatase (vac. ALP) activity using yeast strains carrying an

engineered form of PHO8 (pho8DN60), encoding a cytosolically

localized phosphatase, which becomes activated through

autophagic delivery to the vacuole (Noda and Klionsky, 2008).

While showing comparable levels of vac. ALP activity early dur-

ing aging, ach1 mutant cells developed a strong defect in vac.

ALP activity after 3 days (>72 hr) of aging (Figure S2A). We

alsomeasured cell stress by assessing the fraction of cells stain-

ing positive upon incubation with dihydroethidine (DHE), which is

Figure 1. ACS2 Depletion Ameliorates Age-

Associated Autophagy in Yeast

(A) Scheme of known major acetyl-CoA (AcCoA)-

producing enzymes (bold characters) modulated

in this study.

(B) Representative immunoblot of GFP-Atg8p

expressing yeast. Wild-type cells (tet-WT) were

compared to strains carrying a doxycycline-

repressible tet-O7 promoter controlling ACS2

transcription (tet-ACS2). Cells were grown in SC

2%glucosemedium for 24 hr (day 1 of aging) in the

presence (+Doxy) or absence (�Doxy) of 1 ng/ml

doxycycline to induce knockdown of ACS2 (see

also Figure S1).

(C) Fluorescence microscopy of GFP-Atg8p ex-

pressing (under control of its natural pATG8 pro-

moter) wild-type (tet-WT) and ACS2 knockdown

(tet-ACS) cells grown in the presence of 1 ng/ml

doxycycline (as shown in A) and chronologically

aged for 3 days. Propidium iodide (PI) counter-

staining served to visualize dead cells. Scale bars

represent 5 mm.

(D) Quantification of cells depicted in (C) (day 3)

and of young (day 1) cells with 150–300 counts

(blinded) for each replicate. Autophagic cells were

defined as cells with clear vacuolar GFP fluo-

rescence. Data represent means ± SEM (n = 4).

**p < 0.01.

(E) Representative immunoblot analysis of day 1

(young controls) and day 3 (aged) cells shown

in (C) and (D) using anti-GFP and anti-GAPDH

(loading control) antibodies to detect ‘‘free-GFP’’

indicative of autophagic flux.

(F–H) Representative micrographs (F), respective

quantification (G), and immunoblot analysis (H) of

wild-type (WT) and ACS1-deleted (Dacs1) yeast

aged to day 3 compared to young (day 1) cells

expressing GFP-Atg8p chimera as in (C)–(E). Data

represent means ± SEM (n = 4).

converted into fluorescent ethidium in

ROS-overproducing cells but also gives

rise to strong fluorescence in cells that

have lost their plasma membrane integ-

rity. This assay revealed that Dach1 cells

lost their autophagic capacity before

actual cell stress or death occurred

(>88 hr; Figure S2A). These observations

rule out that the autophagy defect was simply a result of the pre-

viously reported increase in cell death of ach1 mutant cells

(Orlandi et al., 2012). Since Ach1p has been suggested to func-

tion primarily in mitochondria (Fleck and Brock, 2009), we next

assessed whether block of AcCoA production through mito-

chondrial pyruvate dehydrogenase (PDH) pathway would also

impair autophagy of aging yeast. Deletion of MPC1, a recently

identified transporter of pyruvate into mitochondria crucial for

PDH-derived AcCoA formation (Bricker et al., 2012), indeed

caused a comparable defect of age-associated autophagy as

observed for Dach1 (Figures 2D–2F). The combined deletion of

ACH1 and MPC1 led to similar kinetics of the age-dependent

loss of autophagy (Figure S2B). Together, this strongly suggests

that neither the specific CoA-transferase function of Ach1p nor
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mitochondrial pyruvate supply by Mpc1p was specifically

responsible for the autophagic deficiency of ach1 or mpc1

mutant cells. Our data demonstrate a strict requirement of mito-

chondrial AcCoA production pathways for maintaining autopha-

gic flux during aging.

Mitochondrial AcCoA Biosynthesis Pathways Are
Required for Healthy Aging
We next asked if the repression of autophagy induced by

blockade of the mitochondrial route to AcCoA biosynthesis

would culminate in increased cell death and a reduced lifespan.

Figure 2. Mitochondrial AcCoA Production

by Ach1p- or Mpc1p-Associated Pathways

Is Required for Autophagy during Aging

(A) Fluorescence microscopy of GFP-Atg8p

expressing wild-type (WT) and ACH1-deleted

(Dach1) yeast grown to day 1 (young) and aged for

3 days in SC 2% glucose medium; propidium

iodide (PI) counterstaining served to visualize

dead cells. Scale bars represent 5 mm.

(B) Quantification of cells depicted in (A) with 150–

300 counts (blinded) for each replicate. Autopha-

gic cells were defined as cells with clear vacuolar

GFP fluorescence. Data represent means ± SEM

(n = 4). ***p < 0.001.

(C) Representative immunoblot analysis of cells

shown in (A) and further aged to day 5 using anti-

GFP and anti-GAPDH (loading control) antibodies

to detect ‘‘free-GFP’’ indicative of autophagic flux

(see also Figure S2).

(D–F) Representative micrographs (D), respective

quantification (E), and immunoblot analysis (F) of

wild-type (WT) and MPC1 deleted (Dmpc1) yeast

expressing GFP-Atg8p chimera as in (A)–(C) and

aged to indicated time points. Data represent

means ± SEM (n = 4). ***p < 0.001.

While deletion or knockdown of ACS1 or

ACS2, respectively, barely affected yeast

survival during chronological aging as

measured by clonogenic assays (Figures

3A and S3A–S3D), deletion of either

ACH1 orMPC1 dramatically reduced life-

span (Figures 3B and 3C). The frequency

of cell death (as determined by propidium

iodide-positive cells and further charac-

terized to be of apoptotic and secondary

necrotic morphology, see Figure S3I and

respective legend for details) consistently

increased in short-lived mutant condi-

tions (Dach1 and Dmpc1) compared to

wild-type cells and remained largely un-

changed upon deletion or knockdown

of ACS1 or ACS2, respectively (Figures

3D–3F, S3E, and S3F). Similar to the

comparable kinetics of age-associated

autophagy impairment, the combined

deletion of ACH1 and MPC1 showed

an epistatic effect on lifespan and age-

induced cell death (Figures S3G and

S3H). Thus, the consequences of these mutations on lifespan

and cell death correlate with the (in)ability to induce a perma-

nently activated autophagy response during aging.

Accumulating extracellular acetate upon deletion of ACH1

(Fleck and Brock, 2009; Orlandi et al., 2012) has been suggested

to trigger the death of ach1 mutant cells (Orlandi et al., 2012).

Accordingly, both ach1 and mpc1mutant cells exhibited an age-

dependent and comparable increase in extracellular acetate (Fig-

ures 3H and 3I). Deletion of ACS1 instead entailed rather minor

changes inextracellular acetateconcentration (Figure3G), consis-

tent with its lack of an effect on lifespan or autophagic activity.
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Deletion of MPC1 or ACH1 Causes Upregulation of the
Nucleocytosolic, Acs2p-Mediated Pathway of AcCoA
Production
Excess acetate released from cells most likely reflects an over-

flow of acetate within the cytosol, which may fuel and trigger a

cytosolic acetate-metabolizing pathway. Since Acs2p, the nu-

cleocytosolic acetate-converting AcCoA synthetase, appeared

limiting for autophagy (remember knockdown provoked auto-

phagy during aging; compare to Figure 1), we hypothesized

that upregulation of the Acs2p pathway would mechanistically

explain the autophagy defect of ach1 and mpc1 mutant cells.

To test this hypothesis, we first analyzed the protein level of

Acs2p in these mutants. While the level of Acs2p decreased dur-

ing aging in wild-type cells, deletion of ACH1 or MPC1 clearly

increased the relative amount of Acs2p compared to wild-type

cells, suggesting an upregulation of the nucleocytosolic AcCoA

pathway under both conditions (Figures 4A, 4B, S4A, and

S4B). Interestingly, the sole addition of acetate to aging cultures

was similarly efficient in increasing Acs2p protein levels as well

as in the inhibition of autophagy, suggesting that acetate may

indeed represent the trigger of its downstream metabolic

pathway (Figure S4C). To test if the increased protein level of

Acs2p also resulted in higher enzyme activity, we determined

the AcCoA synthetase (ACS) activity from crude protein extracts

using an established biochemical enzyme assay (van den Berg

et al., 1996), using Dacs1 background conditions to specifically

address Acs2p activity (for details, see Supplemental Experi-

mental Procedures and Figures S3J–S3L). In agreement with

the idea that deletion of ACH1 hyperactivates the nucleocyto-

solic AcCoA pathway, ach1 acs1 double mutant cells developed

an age-dependent increase in ACS activity compared to acs1

control cells (Figure S4D).

Simple measurement of AcCoA levels is not applicable to our

experimental question, as crude extracts reflect the total cellular

content of AcCoA, not allowing for discrimination of the mito-

chondrial versus nuclear-cytosolic pools, which constitute two

Figure 3. Deletion of ACH1 or MPC1 Shortens Chronological Lifespan and Leads to Excess Release of Cellular Acetate

(A–C) Chronological lifespan (CLS) analyses in SC 2% glucose medium of wild-type (WT) cells compared to Dacs1 (A), Dmpc1 (B), or Dach1 (C) cells (see also

Figure S3). Survival was determined by colony-forming capacity (clonogenicity). Data represent means ± SEM (n = 4) of a representative aging experiment.

(D–F) Propidium iodide (PI)-positive cells analyzed by flow cytometry to quantify age-induced cell death of experiments shown in (A)–(C). Data represent means ±

SEM (n = 4) (see also Figure S4).

(G–I) Extracellular acetate assessed from crude culture supernatants obtained at indicated time points of experiments shown in (A)–(C). Data represent means ±

SEM (n = 4).

*p < 0.05 and ***p < 0.001.
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Figure 4. Deletion of ACH1 or MPC1 Results in Upregulation of the Nucleocytosolic Acs2p Pathway, Causing Histone Hyperacetylation

(A and B) Representative immunoblot (A) and densitometric quantification expressed as normalized Acs2p/GAPDH ratios (B) of protein extracts from wild-type

(WT) and Dach1 yeast chronologically aged to indicated time points in SC 2% glucose medium (see also Figure S4).

(C) Representative immunoblot analysis of 3-day-oldWT and Dach1 cells similar to (A) using pan-acetyl-lysine antibodies. Crude protein extracts (Input) obtained

in the presence of histone deacetylase and sirtuin inhibitors (see Supplemental Experimental Procedures) were subjected to immunoprecipitation (IP) at indicated

protein concentrations using pan-acetyl-lysine antibodies to enrich acetylated proteins (Ac-Lys IP). GAPDH served as loading control.

(D) Heatmap of protein ratios (Dach1 versus WT, log2 scale) corresponding to indicated genes. Data were obtained from mass spectrometric analyses of

acetylated proteins enriched by IP similar to (C, 1 mg/ml protein). Extracts from stable-isotope (SILAC)-labeled cells were mixed prior to IP (prelysate), and mean

SILAC-protein ratios after IP were normalized to ratios of prelysates to correct for changes in general protein abundance. Two biological replicates were per-

formed (Rep. 1 and Rep. 2) with a regression coefficient of 0.76 of observed protein ratios. Heatmap represents identified proteins with reproducible 1.5-fold

upregulation (red color) or downregulation (green color).

(E and F) Representative immunoblots of whole cell acid extracts of wild-type (WT) and Dach1 (E) cells chronologically aged to designated time points.

Blots were probed with antibodies against total histone H3 (loading control) or H3 acetylated lysines (K9Ac, K14Ac, K18Ac). Densitometric quantification (F)

(legend continued on next page)
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separate subcellular sites of AcCoA generation in yeast (Takaha-

shi et al., 2006). Therefore, we decided to investigate the

changes in AcCoA metabolism by alternative technologies that

were based on the consideration that AcCoA represents an

important cofactor of protein acetylation in eukaryotic cells and

may directly affect the level of protein acetylation, enzymatically

or nonenzymatically (Guan and Xiong, 2011). Consistent with the

increased Acs2p activity, ach1 mutants exhibited increased

overall acetylation based on immunoblot analysis using pan-

acetyl-lysine antibodies (Figure 4C, Input). In a more sophisti-

cated approach using SILAC-based proteomics of crude protein

extracts that were enriched for acetylated proteins by means of

immunoprecipitation (IP) (Figure 4C, Ac-Lys IP), we identified

potential targets affected by deletion of ACH1. Under the

selected cutoff conditions (reproducible 1.5-fold regulation; for

details, see Experimental Procedures), 61 proteins were found

to be hyperacetylated upon ACH1 deletion, while only 7 proteins

were hypoacetylated (Figure 4D). Among these hyperacetylated

target proteins, we identified several histones (Figure 4D, red

highlighted text), in line with the prior observation that histone

acetylation is associated with cellular AcCoA fluctuations in

yeast and mammals (Cai et al., 2011; Wellen et al., 2009) as

well as to the activity of Acs2p (Takahashi et al., 2006). The

most abundant immunoblot signals detected after IP using

pan-acetyl-lysine antibodies indeed corresponded to the size

of histones at about 10–15 kDa (Figure 4C).

Next, we directly assessed the levels of histone H3 acetylation

by means of acetylation-site-specific antibodies (i.e., histone

marks that we have previously connected to autophagy during

aging of yeast; Eisenberg et al., 2009). In line with themass spec-

trometry results, Dach1 but also Dmpc1 cells exhibited consis-

tent hyperacetylation of all tested N-terminally located lysine

residues in histone H3 compared to wild-type cells (Figures 4E,

4F, S4E, and S4F). As identified by our mass spectrometry anal-

ysis, the histones H2A and H2B appeared similarly hyperacety-

lated (Figure 4D, HTA1/2 and HTB2), as observed for H3. Since

acetylation of histone H4, in particular that of lysine 16, was

only recently found to regulate the outcomeof autophagy in yeast

and mammals (Füllgrabe et al., 2013) and may determine yeast

replicative lifespan (Dang et al., 2009), we askedwhether this his-

tonewas also affected by deletion ofACH1. Interestingly, histone

H4acetylationwasunaffected bydeletion ofACH1 after 3days of

aging (Figure S4G), pointing toward a role of histone H2A/B and

H3 acetylation under conditions of chronological aging that is

distinct from that of the control of replicative lifespan by acetyla-

tion targets at histone H4.

In conclusion, impaired mitochondrial AcCoA production

resulting from deletion of ACH1 or MPC1 causes upregulation

of the nucleocytosolic pathway of AcCoA biosynthesis, as indi-

cated by a concomitant increase in the Acs2p substrate acetate,

the expression of Acs2p protein, the enzymatic activity of Acs2p,

and hyperacetylation of specific histones.

Episomal Overexpression of ACS2Mimics the Effects of
ACH1 Deletion
To exclude that the effects of ACH1 orMPC1 deletion were sim-

ply due to a general defect in mitochondrial AcCoA supply, we

tested whether genetic overexpression of ACS2 mimicked the

effects of blocking mitochondrial AcCoA pathways. Indeed,

Gal10p-driven overexpression of ACS2 led to early onset cell

death (Figures 4G and 4H) and limited the autophagic response

during aging (Figures 4I and 4J). Importantly, ectopic expression

of a mutant acs2-Ts1 allele, which is stably expressed but shows

reduced catalytic activity upon increased temperature (Takaha-

shi et al., 2006), failed to induce cell death and caused reduced

histone acetylation compared to expression of its wild-type

counterpart that showed toxicity compared to BY4741 controls

(Figures S4I–S4K). Of note, under our aging conditions (using

only moderately increased permissive temperature to facilitate

normal growth of the otherwise lethal acs2-Ts mutation), both

the ACS2 wild-type (Wt-ACS2) and the Acs2-Ts1 mutant dis-

played a comparable increase in Acs2p levels compared to its

BY4741 background strain (Figure S4H).

Histone Hyperacetylation Is Associated with Impaired
Transcription of Autophagy-Essential Genes
We previously reported that histone hypoacetylation induced

by supplementation of cultures with spermidine (an inhibitor of

histone acetyl transferases) or simultaneous genetic inactivation

of two histone acetyl transferase complexes correlates with

enhanced expression of ATG genes and increased autophagy

during aging (Eisenberg et al., 2009). Based on this premise,

we hypothesized that histone hyperacetylation induced by upre-

gulation of the Acs2p pathway could repress the transcription

of autophagy-essential ATG genes. We therefore determined

the relative mRNA abundance of five ATG transcripts (ATG5,

ATG7, ATG8, ATG11, and ATG14) by quantitative reverse-tran-

scriptase PCR. ACH1 deletion significantly reduced the abun-

dance of several ATG transcripts, including that of ATG7, whose

mRNA level decreased to �40% compared to the wild-type

level (Figures 5A and S5A). In contrast, the ATG8 mRNA level

increased in Dach1 cells (Figure S5A). The protein levels of

Atg7p (assessed by immunoblotting of pATG7-ATG7-6HA

fusion strains) consistently decreased upon deletion of ACH1

during aging (Figure 5B), while Atg8p levels remained constant

(compare immunoblots of pATG8-EGFP-ATG8 in Figure 2C).

The level of total Atg7p also decreased significantly in aged

wild-type cells (Figure 5B), again in clear contrast to Atg8p

of relative acetylation was calculated as Ac-K/total H3 ratios normalized to ratios of WT at day 1. Data represent means ± SEM (n = 7–8) (see also

Figure S5).

(G and H) Survival analyses in SC 1.25% galactose/0.75% glucose medium of wild-type cells ectopically overexpressing ACS2 (ACS2 overexp.) compared to

vector control cells (Vector control). Survival (I) was determined by colony-forming capacity (clonogenicity) and cell death (J) assessed by propidium iodide

(PI)-positive cells analyzed by flow cytometry. Data represent means ± SEM (n = 4) of a representative aging experiment.

(I and J) Autophagic flux determination by vacuolar protease-dependent GFP liberation after ACS2 overexpression compared to empty vector controls (Control)

similar to (G) and (H). Representative immunoblots at indicated time points (G) and quantification by densitometry of free-GFP/GFP-Atg8p signal ratios (H) are

shown. Data represent means ± SEM (n = 4).

*p < 0.05, **p < 0.01, and ***p < 0.001.
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(Figure 2C). Thus, as exemplified by Atg7p, transcriptional con-

trol of the autophagy-relevant proteome may be crucial for

enduring autophagic activity during chronological aging.

ACS2 Depletion Reinstalls Histone Deacetylation and
ATG7 Transcription in ach1 Mutants
In order to test if Acs2p-induced histone acetylation was

indeed causally linked to the transcriptional repression of

ATG7, we tested if knockdown of ACS2 in the background of

ACH1 deletion would (1) reverse the observed histone hyper-

acetylation phenotype and (2) reinstate normal ATG7 transcrip-

tion. Using the conditions depicted in Figure 1, knockdown of

ACS2 almost completely restored physiological (wild-type-

like) levels of histone acetylation in ach1 mutant cells (tet-

ACS2 Dach1), while deletion of ACH1 alone (tet-WT Dach1)

again increased overall acetylation at lysines 9, 14, and 18 of

histone H3 compared to tet-WT controls (Figures 5C and 5D).

Consistently, knockdown of ACS2 also partly recovered

ATG7 mRNA and protein levels (Figures 5E and 5F, respec-

tively) and almost completely annihilated the transcriptional

defect induced by ACH1 deletion (tet-ACS2 Dach1 compared

to tet-ACS2; Figure 5E).

Altogether our data are consistent with a causal inverse rela-

tionship of histone H3 acetylation with the transcriptional control

of autophagy-essential genes, exemplified by ATG7 that is pro-

foundly influenced by the Acs2p-mediated AcCoA production

pathway. In support of a deficiency in the Atg7p-dependent

Atg8p lipidating machinery, ach1 mutants failed to accumulate

lipidated Atg8p normally evident from enlarged GFP-Atg8p

punctuate structures that were observed in autophagy-deficient

atg1 mutants carrying functional ATG7 (Figure S5C; see also

Autophagy Measurements in the Supplemental Experimental

Procedures for more details).

In order to demonstrate the principal requirement of histone

acetylation in age-associated autophagy control, we created

a panel of (nonacetylable) histone H3 lysyl point mutations,

mimicking different states of acetylation and deacetylation. In

addition to pure deacetylation-mimicking lysine to arginine (KR)

mutations (that likely result in quite unphysiological situations),

we also rendered mixed KQ/KR mutations introduced to either

one of two histone copies present within the genome as a prom-

ising strategy to test for more physiological alterations that retain

a certain opening of the chromatin. The triple K9,14,18Rmutation

indeed resulted in generally impaired survival during aging (for

Figure 5. Acs2p Controls ATG7 Transcrip-

tion through Epigenetic Histone Acetylation

(A) ATG7 mRNA levels by quantitative reverse-

transcriptase PCR (RT-qPCR) of wild-type and

Dach1 cells aged to day 3 (see also Figure S5). Rel.

mRNA levels are expressed as ratios of 18S rRNA

normalized to wild-type cells by DDCt-method.

Data represent means ± SEM (n = 8).

(B) Representative immunoblot analysis from

wild-type (WT) and ACH1-deleted (Dach1) yeast

expressing chromosomally tagged ATG7 by

C-terminal 6HA fusion aged to indicated time

points. Blots were probed with anti-HA and anti-

GAPDH (loading control) antibodies.

(C and D) Representative immunoblots (C) and

densitometric quantification (D) of whole-cell acid

extracts of wild-type and Dach1 cells combined

with or without knockdown of ACS2 (tet-ACS2).

Cells were chronologically aged to day 3 in the

presenceof1ng/mldoxycycline.Blotswereprobed

with antibodies against total histone H3 (loading

control) or H3 acetylated lysines (K9Ac, K14Ac,

K18Ac). Data represent means ± SEM (n = 8).

(E and F) ATG7 mRNA levels (E) by RT-qPCR and

representative immunoblot analysis (F) of wild-

type and Dach1 cells with or without knockdown

of ACS2 (tet-ACS2) as in (C) and (E) aged to day 3.

Rel. mRNA levels (E) are expressed as ratios to

18S rRNA normalized to wild-type cells by DDCt

method. Data represent means ± SEM (n = 7–8).

(G and H) Representative immunoblot (H)

and densitometric quantification (G) of histone

H3 wild-type (H3-wt/wt) and H3 mutated (H3-

K14,18Q/-K14,18R) strains carrying the GFP-

Atg8p fusion to calculate ‘‘free-GFP/GFP-Atg8p

Ratio’’ indicative of autophagic flux.

Data represent means ± SEM (n = 4) (for strain

details and supplemental data, see Figures

S5D–S5F).

*p < 0.05, **p < 0.01, and ***p < 0.001; n.s., not

significant.
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summary of results and histone mutants tested, see Figure S5D),

but strikingly we identified a mutant (H3-K14,18Q/K14,18R) that

continuously enhanced autophagy during aging (Figures 5G,

5H, and S5D–S5F). Although such mutants are per se far away

from the highly refined, time- and location-dependent chromatin

modifications that occur in vivo, this finding demonstrates that

epigenetic modifications by histone acetylation are in principle

capable of modulating the cellular autophagic response during

aging, and goes in line with our hypothesis that histone acetyla-

tion may represent a determining downstream event upon mod-

ulation of AcCoA availability.

Depletion of ACS2, but Not Inhibition of Tor or Sch9
Signaling, Restores Autophagy in ach1 Mutants
As knockdown of ACS2 in the background of Dach1 almost

completely abolished the transcriptional impairment of ATG7,

we next asked whether ACS2 knockdown would also be able

to reinstate the autophagic activity of ach1 mutant cells. Strik-

ingly, knockdownofACS2almost completely restored age-asso-

ciated autophagy of ach1 mutants (Figures 6A–6C and S6A), as

determined by the frequency of cells with GFP-Atg8p-positive

vacuoles (Figures 6A and 6B) and the levels of liberated GFP re-

flecting autophagic flux (Figures6CandS6A). Autophagic activity

of tet-ACS2 Dach1 cells approached that of the enhanced levels

of the corresponding control strain without deletion ofACH1 (tet-

ACS2). Importantly, the knockdown of ACS2 did not prevent

extracellular accumulation of acetate induced by deletion of

ACH1. The single deletion mutant (tet-WT Dach1), as well as

ACH1deletion combinedwith the knockdownofACS2 (tet-ACS2

Dach1), displayed almost comparable levels of excess acetate

released from cells (Figure S6D). In addition, the autophagy-

inhibitory effect of acetate supplementation to aging yeast

cultures (compare Figure S4C) was annihilated and autophagic

activity almost retained at wild-type levels in the ACS2 knock-

downcondition (FigureS6E). This excludesapossible toxic effect

of extracellular acetate on general cellular functions including

autophagy and strongly argues for a specific role of the nucleocy-

tosolic (Acs2p-mediated) pathway of acetate utilization that ex-

plains the inhibition of autophagy by ACH1 deletion.

We next investigated whether the autophagy defect of cells

lacking ACH1 would be bypassed by inhibition of autophagy-

regulatory kinases. Suppression of Tor- or Sch9-function by

either genetic or pharmacological means induces autophagy

and delays aging in yeast and other model organisms (He and

Klionsky, 2009; Madeo et al., 2010a). Using previously reported

conditions (Alvers et al., 2009), rapamycin, a potent inhibitor of

TORC1, was able to induce autophagy during aging of BY4742

wild-type cells but completely failed to restore the age-induced

autophagy defect of Dach1 cells (Figures 6E and S6C). Rapamy-

cin was well capable of inducing autophagy in young (day 1)

Dach1 cells (Figures 6E and S6C), excluding that rapamycin

would simply fail to inhibit Tor in ach1mutant cells at the concen-

trations used for wild-type cells. Similarly, deletion of SCH9,

which has been suggested to act in parallel to TORC1 as an

autophagy suppressor (Yorimitsu et al., 2007) as well as in the

same pathway with TORC1 during lifespan regulation (Wei

et al., 2009), transiently amplified the autophagic response of

aging wild-type but again failed to reinduce autophagy of aging

ach1 cells (Figures 6D and S6B). Thus, knockdown of ACS2—

but not inhibition of Tor or Sch9—specifically reinstated auto-

phagy of ach1 mutants, strengthening our conclusion that

upregulation of the Acs2p pathway is causally linked to the

autophagy defect of Dach1 cells.

Finally, we tested if ectopic overexpression of ACS2 would

also impair autophagy induced by nutrient depletion, a known

autophagy trigger via nutrient-responsive signaling, including

TORC1- or AMPK-dependent pathways (He and Klionsky,

2009). While the level of Acs2p decreased upon starvation

(Figure 6H, compare empty vector controls, ‘‘WT’’), ACS2 over-

expression profoundly inhibited autophagic flux after 12 hr of

starvation, as evident from reduced vacuolar translocation

of GFP-Atg8p (Figures 6F and 6G) as well as reduced amount

of liberated GFP (Figure 6H, ‘‘Free-GFP’’). Similar results were

observed after autophagy induction by rapamycin treatment

(data not shown).

In sum, enduring autophagic activity during aging (but also

that of acute nutrient depletion conditions) is profoundly

repressed by nucleocytosolic Acs2p, which appears dominant

over autophagy regulation by known kinase regulators such as

Sch9 or TORC1.

Reinstating Autophagy of Dach1 Partly Restores
Lifespan in an Autophagy-Dependent Manner
Given the crucial role of autophagy for healthy aging, reinstating

autophagy in ach1 mutants may recover survival of aging cells,

which would hence argue in favor of a causal role of the auto-

phagy deficit in the reduction of lifespan. Knockdown of ACS2,

using the same conditions that reactivated autophagy of ach1

cells, indeed significantly enhanced survival (Figure 7A) and

reduced markers of cell death (Figure 7B) in aging ach1 cells.

Compared to that of wild-type cells, the strong lifespan-short-

ening effect of ACH1 deletion (tet-WT versus tet-WT Dach1)

was significantly inhibited by knockdown of ACS2 (tet-ACS2

versus tet-ACS2 Dach1). Additional deletion of the autophagy-

essential gene ATG7 (known to completely abrogate autophagy

in aging yeast) again revealed the full lifespan-compromising

consequences of ACH1 deletion, even when ACS2 expression

was suppressed (Figures 7C and 7D). Knockdown of ACS2

even accelerated death of ach1 mutants when autophagy was

absent (compare tet-ACS2 Dach1 Datg7 to tet-WT Dach1

Datg7, Figures 7C and 7D). This strongly suggests that loss of

autophagy is—at least in part—responsible for the detrimental

effects of ACH1 deletion.

Knockdown of Acetyl-CoA Synthetase Extends Mean
and Maximum Lifespan of Flies
Finally, we tested if inhibition of the nucleocytosolic acetyl-CoA

production pathway would affect autophagy and aging in a

metazoan organism. In Drosophila, a renowned model of aging

in a higher eukaryote, autophagic efficacy was shown to decline

with brain aging, while activating the autophagic pathway by

brain-specific overexpression of Atg8a using brain-specific

appl-gal4 was previously shown to improve lifespan (Simonsen

et al., 2008). Therefore, we addressed the effects of brain-spe-

cific RNAi-mediated knockdown of the fly acetyl-CoA synthe-

tase gene (AcCoAS).

Remarkably, although initially with adverse effects in males,

flies expressing RNAi specific for AcCoAS exhibited mean and
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Figure 6. Knockdown of Acs2p Cures the Autophagy Defect in ach1 Mutants

(A and B) Representativemicrographs (A) and respective quantification (B) of wild-type andDach1 cells expressing GFP-Atg8p chimera combined with or without

knockdown of ACS2 (tet-ACS2). Cells were chronologically aged to day 3 in the presence of 1 ng/ml doxycycline and PI counterstained prior to epifluorescence

microscopy (see also Figure S6).

(C) Representative immunoblot analysis of cells shown in (A) aged until days 1, 2, and 3 to detect ‘‘free-GFP’’ indicative of autophagic flux (see Figure S6A for

quantification).

(D and E) Representative immunoblot analyses of GFP-Atg8p expressing wild-type (WT) and Dach1 cells either combined with deletion of SCH9 (D) or

supplemented with or without 20 nM rapamycin (Rapa) (E) and aged until indicated time points. Blots were probed with anti-GFP and anti-GAPDH (loading

control) antibodies to detect ‘‘free-GFP’’ indicative of autophagic flux (see Figures S6B and S6C for quantification).

(F and G) Representative micrographs (F) and respective quantification (G) of GFP-Atg8p expressing yeast cells ectopically overexpressing ACS2 (ACS2

overexp.) or carrying the empty vector (wild-type) during nutrient depletion (starved) compared to SC 2% galactose control conditions (control). Counterstaining

of cells with propidium iodide was used to visualize dead cells.

(H) Representative immunoblot analyses of the experiment shown in (F) to detect ‘‘free-GFP’’ indicative of autophagic flux.

***p < 0.001.

Cell Metabolism

AcCoA Production Represses Autophagy during Aging

440 Cell Metabolism 19, 431–444, March 4, 2014 ª2014 The Authors

               dc_840_14



maximum lifespan extension in both sexes compared to isogenic

control flies that expressed an unrelated RNAi specific for GFP

not present in this organism (Figures 7E and 7F, p < 0.0001 for

both sexes). We then assessed the levels of the p62-homolog

ref(2)p, a protein known to increase with age and to decrease

again when autophagy is activated (Gupta et al., 2013). In fact,

Figure 7. Knockdown of Acs2p Partly

Restores Survival of ach1 in an ATG7-

Dependent Manner

(A and B) Chronological aging in SC 2% glucose

medium supplemented with 1 ng/ml doxycycline

of wild-type and Dach1 cells combined with or

without knockdown of ACS2 (tet-ACS2). Survival

(A) was determined by colony-forming capacity

(clonogenicity). Age-associated cell death (B) was

assessed through propidium iodide (PI) staining

analyzed by flow cytometry. Data represent day 1

normalized means ± SEM (n = 4).

(C and D) Survival (C) and cell death (D) of chro-

nological aging experiment similar to (A) and (B)

but in the background of ATG7-deleted auto-

phagy-incompetent cells (Datg7). Data represent

day 1 normalized means ± SEM (n = 4).

(E and F) Drosophila lifespan analyses of male (E)

and female (F) flies depleted for acetyl-CoA syn-

thetase (AcCoAS) using RNAi-mediated knock-

down (AcCoAS RNAi) compared to isogenized

controls (Control (EGFP RNAi)). Log rank tests

revealed p < 0.0001 for both sexes.

(G) Immunofluorescence specific to p62-homolog

ref(2)p of adult brain sections from 10-day-old flies

compared to 30-day-old flies as depicted in (E).

Representative confocal micrographs are shown

with scale bars representing 25 mm.

(H) Quantification of total ref(2)P intensity in the

central brain region normalized to 10-day-old

control flies (Control (EGFP RNAi)). Standard box

plot represents data from seven to eight inde-

pendent brains (whiskers indicate minimum and

maximum values).

*p < 0.05, ***p < 0.001.

while both the number of dot-like (aggre-

gated) ref(2)p structures as determined

by immunofluorescence (Figure 7G) and

overall levels of ref(2)p as quantified by

total pixel intensities (Figure 7H)

increased in brains of aged (30 days)

compared to young (10 days) control an-

imals, this increase was largely abolished

in the animals expressing the AcCoAS

RNAi by appl-gal4. Thus, our data sug-

gest that, indeed, knockdown of AcCoAS

induced the autophagic pathway associ-

ated with its longevity-promoting effects.

DISCUSSION

In the present study we identified the nu-

cleocytosolic (Acs2p-mediated) AcCoA

production pathway as a suppressor

of age-associated autophagy, conserved from yeast to flies.

While upregulation of Acs2p activity as a consequence of

impaired mitochondrial acetate or pyruvate utilization led to

autophagy deficiency, reducing the protein level of Acs2p was

sufficient to ameliorate the autophagic response to aging (see

Figure S7 for an overview of the mechanistic model). In
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agreement with this idea, hyperactivation of the Acs2p pathway

observed in ach1 or mpc1 mutant cells hampered genetic or

pharmacological means of autophagy induction, including dele-

tion of SCH9 or application of rapamycin, respectively. Ectopic

overexpression of ACS2 not only limited the autophagic

response to aging but also strongly impaired autophagy induced

by nutrient depletion, a scenario known to inhibit nutrient

signaling. Thus, autophagy observed under distinct conditions

is counteracted by a hyperactive Acs2p pathway, which may

imply a general requirement of Acs2p inhibition for efficient in-

duction of autophagy.

The activity of Acs2p culminates in its downstream target of

histone acetylation. The mechanism by which Acs2p activity

affects age-associated autophagy may thus include epigenetic

control of ATG gene transcription, as exemplified in this study

by regulation of ATG7 mRNA and protein levels. ATG7 mRNA

and protein levels inversely correlated with the acetylation of

N-terminally located lysyl residues of histone H3. However, regu-

lation of autophagy by changes in the relevant transcriptome

most likely involves more than just one ATG transcript. The pre-

cise mechanism of how global hyperacetylation modulates the

autophagy-relevant transcriptome remains to be clarified but is

in agreement with our previous finding that global hypoacetyla-

tion can induce ATG7 transcription and autophagy upon treat-

ment with the natural polyamine spermidine (Eisenberg et al.,

2009; Madeo et al., 2010b). Our findings add evidence to a pre-

viously underestimated pathway of autophagy regulation that

may particularly apply to enduring autophagic responses and

that involves epigenetic and/or transcriptional alterations (Füll-

grabe et al., 2014). Acetylation of histone H4 at lysine 16 has

only recently been shown to direct the decision of whether or

not autophagy can become toxic (Füllgrabe et al., 2013). The

transcription factor FoxO3 controls the expression of auto-

phagy-related genes, including that of LC3—the mammalian or-

tholog of yeast ATG8—and is required for autophagy induction

of mammalian muscle cells with implications to muscle atrophy

(Zhao et al., 2007). In yeast, ATG8 transcription is regulated by

the Ume3-Sin3-Rpd3-complex, which suppresses induction of

ATG8 under nonstarved conditions and modulates the size of

autophagosomes during starvation-induced autophagy (Bartho-

lomew et al., 2012).

In this line and as a proof of principle we introduced a histone

point mutation that displayed enhanced autophagy during aging.

However, we cannot exclude that in combination with transcrip-

tomic alterations driven by epigenetic histone modifications also

acetylation of nonhistone proteins may explain the observed

phenotypes. This could, for instance, include the acetylation of

Atg proteins or autophagy-relevant transcription factors that

affect ATG gene transcription more directly. Apart from protein

acetylation and/or histone acetylation, more indirect effects on

metabolism downstream of AcCoA generation may also explain

some of the consequences on autophagy and lifespan and need

to be investigated in the future.

The connection of metabolism to posttranslational modifica-

tions of histones has been recognized and linked to disease-

relevant situations (Kaelin and McKnight, 2013; Lu and

Thompson, 2012). However, the connection of AcCoA meta-

bolism to age-relevant autophagy has remained elusive. Here,

we describe how energy metabolism controls autophagic activ-

ity during cellular aging through modulation of a central metabo-

lite, AcCoA, presumably via its connection to epigenetic changes

in chromatin.

The role of acetate in promoting yeast aging has been critically

discussed recently (Burhans and Weinberger, 2009; Burtner

et al., 2009; Longo et al., 2012). Our data strongly suggest that

acetate exerts its proaging effects on yeast not only through

rather unspecific events resulting from the primary toxic activity

of extracellular acetate, but also through the Acs2p-mediated

conversion of acetate to AcCoA. Importantly, acetate meta-

bolism was proposed to contribute to aging in mammals, again

via its impact on protein acetylation by generation of AcCoA

and subsequent regulation of metabolism (Shimazu et al., 2010).

Interestingly, many lifespan-prolonging regimens (e.g., caloric

restriction, rapamycin treatment) or age-associated disease-

preventing supplements (e.g., resveratrol) that are known to

induce autophagy were also reported to modulate mitochondrial

function and respiration (Bonawitz et al., 2007; Houtkooper et al.,

2010; Ocampo et al., 2012; Pan et al., 2011). Hence, it is

tempting to speculate that efficient utilization of AcCoA by mito-

chondrial TCA cycle activity and oxidative phosphorylation pre-

vents overflow of AcCoA into protein acetylation and/or histone

acetylation pathways that would negatively influence autophagy

and other prosurvival processes during aging and age-associ-

ated disease.

In summary, we propose that the nucleocytosolic acetyl-CoA

pool functions as a crucial, evolutionary conserved, and domi-

nant inhibitor of autophagy and healthy aging. Inhibition of major

nutrient signaling pathways (i.e., TORC1 or Sch9) fails to induce

autophagy when the Acs2p pathway is activated, arguing for a

fundamental function of this pathway downstream of nutrient

signaling. Since AcCoA integrates various nutrition pathways,

our findings have implications for the understanding of lifespan

and autophagy regulation in the context of excessive, restricted,

or unbalanced feeding behaviors.

EXPERIMENTAL PROCEDURES

Yeast Strains, Molecular Biology, and Chronological Aging

Experiments

Experiments were carried out in S. cerevisiae BY4741 or BY4742 wild-type

yeast and respective mutant strains depicted in Table S1. Chronological aging

experiments were performed in SC 2% glucose medium, survival determined

by plating cells on YPD agar (clonogenicity), and cell death quantified by pro-

pidium iodide staining. For further details on yeast strains and genetics (Table

S1), pharmacological treatments, cell death assays, and culture conditions,

please refer to Supplemental Information.

Immunoblotting and Quantification of Histone Acetylation

Immunoblotting was performed using standard protocols. Details on anti-

bodies and on quantification of histone acetylation by blotting serial dilutions

of acid extracts are depicted in Supplemental Information.

Yeast Autophagy Measurements

Autophagy was measured either by monitoring the cytosol to vacuole translo-

cation of Atg8p using fluorescence microscopy or immunoblotting (GFP

liberation assay) of cells/cell extracts from strains carrying a GFP-Atg8p fusion

protein (Kirisako et al., 1999; Klionsky et al., 2007) expressed from its endog-

enous promoter and natural chromosomal locus (pATG8-EGFP-ATG8 strains)

or by alkaline phosphatase (ALP) activity (Noda andKlionsky, 2008). Propidium

iodide (PI) staining served to exclude analyses of dead, potentially
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autofluorescent cells visualized by standard rhodamine filters. Formore details

also on quantification of results, refer to Supplemental Information.

Determination of Acetyl-Proteome from SILAC Yeast Cultures

To assess changes in the acetyl-proteome, yeast protein extracts were first

enriched for acetylated proteins by IP. Stable isotope-labeled amino acid

cell cultures (SILAC) from yeast (Lys0, Lys4, or Lys8 labeled) were subjected

to cell disruption by glass beads in the presence of histone deacetylase

(trichostatin A, 30 mM) and sirtuin (nicotinamid, 2 mM) inhibitors. Crude

extracts from wild-type and Dach1 cultures aged to day 3 were mixed in equal

amounts of total protein (determined by Bio-Rad protein assay, Bio-Rad) and

subjected to IP using pan-acetyl-lysine antibodies (1:100, Cell Signaling;

an equal mix of Ac-K [#9441] and Ac-K2 [#9814] antibodies was used) and

subsequently analyzed by mass spectrometry. For details on IP procedure

and on quantification and identification of SILAC ratios by mass spectrometry,

see Supplemental Information.

Acetyl-CoA-Synthetase Activity

Acetyl-CoA synthetase (ACS) activity was determined using an established

biochemical enzyme assay (van den Berg et al., 1996). For details, see Supple-

mental Information.

Acetic Acid Detection

Enzymatic measurement of acetic acid from crude culture supernatants

(appropriately diluted with water) was conducted using the Acetic Acid

(Acetate Kinase Manual Format) kit (Megazyme) following the manufacturer’s

protocol adapted to a volume of 100 ml for readout in a TECAN plate reader.

Quantitative Reverse-Transcriptase PCR

Target mRNA quantification by quantitative reverse-transcriptase PCR using

DDCt-method with 18S rRNA as an internal standard was performed on an

ABI StepOnePlus using SYBR Select Master Mix (Life Tech, Invitrogen)

DDCt-method. Primers (Table S3) and details can be found in Supplemental

Experimental Procedures.

Drosophila Lifespan Analyses and Brain Immunofluorescence

UAS-RNAi lines for acetyl-CoA Synthetase (P{TRiP.HMS02314}attP2) and

EGFP (P{VALIUM20-EGFP.shRNA.1}attP2) serving as a background-matched

control were obtained from Bloomington Drosophila Stock Center. Isogenized

panneural driver line APPL-Gal4 was used to drive RNAi expression in fly

brains. Details on housing, survival assessment, and ref(2)p-specific immuno-

fluorescence can be found in Supplemental Information.

Statistical Analyses

One-factor analysis of variance (ANOVA) corrected by the post-hoc Bonferroni

test was used for all experiments (multiple comparisons as appropriate) except

for mass spectrometric and for chronological lifespan (CLS) analyses. If not

otherwise stated, representative CLS experiments are shown with three to

four biologically independent samples (as indicated) aged at the same time.

CLS experiments have been performed at least three times with similar

outcome. For comparison of CLS, a two-factor ANOVA with time and strain

as independent factors was used. Log rank tests were performed for

Drosophila lifespan analyses. Mass spectrometry was performed twice from

two independent chronological aging experiments. Error bars represent

SEM of biological replicates as indicated. Whiskers in box plots (Figure 7H)

indicate minimum and maximum values.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, four tables, and Supple-

mental Experimental Procedures and can be found with this article at http://

dx.doi.org/10.1016/j.cmet.2014.02.010.
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Copyright © 2014 Krisztina Hegedűs et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The large-scale turnover of intracellularmaterial including organelles is achieved by autophagy-mediated degradation in lysosomes.
Initiation of autophagy is controlled by a protein kinase complex consisting of an Atg1-family kinase, Atg13, FIP200/Atg17, and
the metazoan-specific subunit Atg101. Here we show that loss of Atg101 impairs both starvation-induced and basal autophagy
in Drosophila. This leads to accumulation of protein aggregates containing the selective autophagy cargo ref(2)P/p62. Mapping
experiments suggest that Atg101 binds to the N-terminal HORMA domain of Atg13 and may also interact with two unstructured
regions of Atg1. Another HORMA domain-containing protein, Mad2, forms a conformational homodimer. We show that
DrosophilaAtg101 also dimerizes, and it is predicted to fold into a HORMA domain. Atg101 interacts with ref(2)P as well, similar to
Atg13, Atg8a, Atg16, Atg18, Keap1, and RagC, a known regulator of Tor kinase which coordinates cell growth and autophagy. These
results raise the possibility that the interactions and dimerization of the putative HORMA domain protein Atg101 play critical roles
in starvation-induced autophagy and proteostasis, by promoting the formation of protein aggregate-containing autophagosomes.

1. Introduction

Autophagy ensures the lysosome-mediated degradation and
recycling of cytoplasmic components including organelles.
During the main pathway, a phagophore cistern (also called
an isolation membrane) forms and captures cargo destined
for breakdown into a double-membrane autophagosome.
This vesicle then fuses with a late endosome or lysosome
containing acidic hydrolases. Assembly of the phagophore
is achieved by the action of Atg proteins. Atg genes were
originally discovered in yeast, and the majority of them have
clear orthologs in higher eukaryotes including animals [1, 2].

Initiation of autophagy usually begins with the activation
of an Atg1 protein kinase complex in animal cells, which
contains the serine/threonine kinase Atg1 (its orthologs are
called UNC51 in worms and ULK1 and 2 in mammals),
Atg13, FIP200/Atg17, and the metazoan-specific subunit
Atg101 [3]. This complex directly binds to Tor (target of

rapamycin) kinase, which is active when bound to digesting
lysosomes and promotes cell growth and inhibits autophagy
by phosphorylating Atg1 [4, 5]. Autophagy-inducing stimuli
such as starvation rapidly lead to inactivation of Tor and
induction of Atg1-dependent autophagy [3, 6]. This results
in the removal of inhibitory phosphogroups from Atg1 by
poorly characterized phosphatases, which may potentially
include PP2A [7]. Atg1 then undergoes autophosphorylation
on residues separate from those phosphorylated by Tor and
also phosphorylates downstream targets including Atg13 [3,
8, 9]. Overexpression of Atg1 strongly promotes autophagy
in Drosopohila, while expression of a kinase dead form
suppresses starvation-induced autophagy [10].

It is largely unknown how the Atg1 kinase complex trans-
mits its autophagy-inducing signal to downstream compo-
nents, which include an autophagy-specific lipid kinase com-
plex, phospholipid effectors such as Atg18, the transmem-
brane protein Atg9, and two protein conjugation systems that
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include the ubiquitin-like Atg8 family proteins [1, 3]. Atg8
is conjugated to phosphatidylethanolamine, and thus it is
bound to phagophore and autophagosome membranes [11,
12]. Atg8, and its mammalian homologs such as LC3, binds
to cargo receptors including p62 to mediate the selective
autophagic breakdown of ubiquitinated protein aggregates
[13, 14]. Ref(2)P, the fly homolog of p62, is required for the
formation of these protein aggregates in Drosopohila [15].

FIP200/Atg17 is thought to act as a scaffold protein in
the Atg1 kinase complex, whereas the role of the metazoan-
specific subunit Atg101 is poorly characterized [3]. Atg101
(also known as C12orf44) is a subunit of the Atg1/ULK
complex in human cells, and shRNA depletion of Atg101
impairs autophagy inmammalian cells [16, 17]. Moreover, the
Atg101 ortholog epg-9 has recently been shown to be required
for degradation of P granule aggregates in worm embryos as
well [18]. As the precise role of Atg101 in autophagy is unclear,
we decided to analyze its function in Drosopohila.

2. Materials and Methods

2.1. Drosopohila Genetics. Flies were reared on standard
yeast-cornmeal-agar medium (fed), and mid-L3 stage larvae
were transferred to a 20% sucrose solution for 3 h for
starvation experiments. Fat body cell clones expressing RNAi
constructs Atg101[KK106176] and Atg101[HMS01349] were
generated spontaneously, as described in detail previously
[19–22].

2.2. Histology. Dissected larval carcasses were incubated in a
solution of LysoTracker Red (LTR) and DAPI as before [19–
23]. Fixed samples were processed for indirect immunoflu-
orescence using rat anti-Atg8a [9] and rabbit anti-ref(2)P
[22] and imaged as described in detail previously [19, 20,
22]. Dissected fat body lobes containing Atg101 RNAi clones
were attached to poly-L-lysine-coated coverslips in PBS,
photographed live to record the position of GFP-positive
cells, fixed and embedded into Durcupan (Fluka), and then
sectioned and analyzed by transmission electron microscopy
as described [19, 21]. Statistical analysis was carried out as
described [19, 20]. N refers to the number of animals, and
multiple cells were evaluated from each animal.

2.3. RT-PCR. Total RNA was isolated from starved L3
stage larvae of the genotypes w[1118] (used as wild type),
Atg101[KK106176]/+, Act-Gal4/+, and Atg101[HMS01349]/
Act-Gal4 using PureLink RNA Mini Kit (Invitrogen), fol-
lowed by preparation of cDNAs using RevertAid First Strand
cDNA Synthesis Kit (Thermo) and RNase free DNase I
(Sigma). PCR reactions on cDNA samples were performed
with the following primers: TACTCCTCCCGACACAAA-
GC, CTGGGTCATCTTCTCACGGT forActin5C (23 ampli-
fication cycles), and ATGAACGCGCGTTCGCAG, TCA-
CATTGCGAGCGTTTCCT for Atg101 (25 amplification
cycles). Parallel reactions were performed without adding
reverse transcriptase to control for DNA contamination. As
expected, no PCR products were obtained in these experi-
ments.

2.4. Cell Culture and Immunoprecipitations. Drosopohila
D.Mel-2 cells (Invitrogen) were used for transfection and
immunoprecipitation experiments as recently described else-
where [9, 19, 20]. The following constructs were used in
coimmunoprecipitation experiments: an N-terminally trun-
cated 3xFLAG-ref(2)P lacking the PB1 domain mediating
self-aggregation, 3xHA-Keap1 [20], 3xHA-Atg18 [24], 3xHA-
Atg101, full-length 3xHA-Atg13 and its N-terminal, middle,
and C-terminal fragments [9], and kinase dead myc-Atg1
[8]. 3xHA-Atg8a, 3xHA-Atg16, 3xHA-RagC, 3xFLAG-Atg101,
and Atg101-3xFLAG were generated by PCR amplifying the
full-length coding sequences from a cDNA sample and
cloning these into appropriate UAS vectors, respectively. GST
coding sequence was PCR amplified and cloned into a UAS-
3xHA vector downstream of the HA tag. 3xHA-GST-Atg1
constructs were generated by PCR amplifying and cloning the
appropriate Atg1 fragments downstream of GST.

2.5. Bioinformatics. Sequence analysis and motif search were
performed using the NCBI BLAST service as well as the
Pfam (version 27.0) and Prosite (release 20.97) databases
and their associated search tools. Alignments of orthologous
sequences were extracted from OMA groups as cross-linked
to the corresponding SwissProt entries [25]. For structure
prediction, the I-TASSER and Phyre2 servers were used [26,
27]. Pairwise and multiple structural alignments were done
with DaliLite and MAMMOTH-Mult, respectively [28, 29].
The ANCHOR and IUPred servers were used to predict
unstructured regions and potential binding sites within these
regions in fly Atg1, Atg13, and Atg101 [30, 31]. Structure
visualization was performed using UCSF Chimera [32] and
the Prosite HORMA logo was reproduced with WebLogo
[33]. The alignment of human, fly, and worm Atg101 was
generated using CLUSTALW and colored with TEXSHADE
at the Biology Workbench server [34].

3. Results and Discussion

3.1. Drosopohila Atg101 Is Required for Starvation-Induced
Autophagy. BLAST searches reveal that Drosopohila Atg101
shares 51% amino acid identity (111/218) and 71% similarity
(156/218) with human Atg101 and 33% amino acid identity
(81/244) and 46% similarity (113/244) with isoform a of
worm Atg101/EPG-9, respectively (Figure 1), suggesting that
it is an ortholog of Atg101 proteins. Two separate transgenic
RNAi lines are available from public stock centers that
allow inducible silencing of Drosopohila Atg101, both inte-
grated into specific, nonrandom landing sites in the genome.
Atg101[KK] is based on a long hairpin, while Atg101[HMS]
contains a short, microRNA-based duplex RNA that targets
a 22-nucleotide sequence in the 3 untranslated region of
the endogenous mRNA. LysoTracker Red (LTR) is widely
used for the labeling of acidic autolysosomes in the larval
Drosophila fat body, as this vital dye shows little to no punc-
tate staining in fat body cells of well-fed larvae [9, 19, 23, 35].
Expression of either of the Atg101 RNAi constructs in GFP-
marked cell clones prevents starvation-induced LysoTracker
Red- (LTR-) positive autolysosome formation (Figures 2(a),
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Figure 1: Multiple sequence alignments of human, fly, and worm Atg101 proteins.

2(b), and 2(c)). As expected, systemic expression of either of
these transgenic RNAi lines strongly decreases endogenous
Atg101 mRNA levels (Figure 2(d)). Depletion of Atg101 also
impairs the distribution of endogenous Atg8a, as instead of
the numerous small Atg8a-positive autophagosomes seen in
control cells, fewer but larger Atg8a structures are observed
in GFP-marked Atg101 knockdown cells (Figures 3(a), 3(b),
and 3(d)). This may not be simply due to incomplete gene
silencing, as these aberrant Atg8a-positive structures are
also seen upon simultaneous expression of both Atg101
RNAi constructs (Figures 3(c) and 3(d)). This phenotype is
very similar to the accumulation of Atg8/LGG-1 aggregates
reported in Atg101/epg-9 mutant worms [18]. The enlarged
Atg8a structures observed in Atg101 RNAi cells of starved
animals colocalize with protein aggregates containing the
specific autophagy cargo ref(2)P (Figure 3(e)). Although it
is not possible to conclude that Atg101 is not required for
Atg8a recruitment to ref(2)P aggregates solely based on RNAi
experiments, this seems to be a possibility, which is also
supported by data from mutant worms. Interestingly, of the
core Atg genes, Atg2 has also been shown to be dispensable
for Atg8a recruitment to the phagophore assembly site and
protein aggregates in worm, fly, and mammalian cells [19,
24, 36, 37]. To exclude the possibility that these Atg8a dots
might represent autophagosomes, we carried out electron
microscopy. Ultrastructural analysis indeed revealed that
autophagosome formation is blocked in Atg101 RNAi cells
(Figure 4). A potential explanation for the presence of a few
enlarged Atg8a-positive dots in Atg101 loss-of-function cells
but not in FIP200 null mutants [9] may be that mammalian
Atg8 homologs have been shown to directly bind to FIP200,
Atg13, and Atg1/ULKs [38]. These Atg1 kinase subunits may
facilitate the recruitment of Atg8a to aggregates containing
ref(2)P and ubiquitinated proteins, which have been pro-
posed to act as scaffolds for autophagosome biogenesis, both
in mammals and Drosophila [9, 24, 39].

3.2. Drosopohila Atg101 Is Required for Selective Basal
Autophagy of Ref(2)P-Containing Protein Aggregates. Ref(2)P
appears to be selectively degraded by autophagy all the time,
independent of the induction conditions such as starvation or
developmental contexts, similar to its mammalian homolog
p62 [24, 40]. Continuous basal autophagy is usually difficult
to be visualized directly, due to its low levels. For this reason,
assessing basal autophagic activity by looking at levels of
ref(2)P has become a standard test, similar to mammals
[14, 19, 22, 41, 42]. Expression of either of the two Atg101
silencing constructs results in large-scale accumulation of
ref(2)P aggregates in GFP-marked cells, when compared
to surrounding wild-type tissue in well-fed larvae (Figures
5(a), 5(b), and 5(c)), indicating defects in selective basal
autophagy.

3.3. Atg101 Interacts with Atg1. The Atg13, FIP200, and ULK1
subunits of the mammalian Atg1/ULK kinase complex have
been shown to bind to Atg101 in coimmunoprecipitation
experiments on the level of endogenous proteins [16]. Atg101
directly binds to Atg13 in mammals, and the Atg101 ortholog
EPG-9 was recently proposed to directly interact with the
Atg1 ortholog UNC-51 as well in C. elegans [16–18]. In
line with these studies, we found that myc-tagged, kinase
dead Atg1 coimmunoprecipitates with Atg101 in cultured
Drosopohila cells (Figure 6(a)).We used the kinase dead form
because wild-type Atg1 is expressed poorly in cultured cells,
and it also reduces the expression of other transgenes, likely
due to Atg1-mediated feedback inhibition of Tor-dependent
translation [9, 10, 43]. To determine which regions of the 835
amino acid long Atg1 protein are involved in its interaction
with Atg101, we generated four HA-GST-tagged constructs
for different Atg1 fragments. The N-terminal kinase domain
was not included in these experiments, as again it is expressed
poorly and strongly impairs the expression of coexpressed
constructs [9]. We decided to search for potential Atg101
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Figure 2: RNAi depletion of Atg101 by expression of a long hairpin (a) or a microRNA-based silencing construct (b) in clones of cells marked
by membrane-bound mCD8-GFP prevents starvation-induced punctate LysoTracker Red (LTR) staining, compared to surrounding control
fat body cells of third instar larvae. (c) Quantification of data shown in (a) and (b), 𝑁 = 5, 𝑃 < 0.001, two-tailed, two-sample Student’s
t-tests. (d) Reverse Transcriptase-PCR analysis reveals that Atg101mRNA expression is strongly reduced upon expression of Atg101[KK], and
it is undetectable in Atg101[HMS] expressing animals compared to wild type L3 stage larvae. Note that the expression level of Atg101 is much
lower than that ofActin5C, a commonly used control in such experiments. Numbers in parentheses indicate the amplified region of the coding
sequence of these genes. Scalebar equals 20𝜇m for microscopic images.

binding sites in the middle region (amino acids 233–725)
of Atg1, because the N-terminal kinase domain is the only
known domain in this protein, and the C-terminal region is
involved in its binding to Atg13 [44].The rest of the protein is
predicted to be mostly unstructured by the IUPRED server,
and the ANCHOR method identifies numerous potential
binding sites within these unstructured regions. We found
that Atg101-FLAG coimmunoprecipitates with two Atg1 frag-
ments containing either amino acids 233–360 or 565–725
but not with fragments containing amino acids 364–459 or
461–570 (Figures 6(b) and 6(c)). These results suggest that
Atg101 interacts with multiple regions in Atg1 either directly
or indirectly.

3.4. Atg101 Binds to the HORMA Domain of Atg13, and It Can
Dimerize. Coimmunoprecipitations showed that full-length
HA-Atg13 binds to Atg101-FLAG (Figure 7(b)), in line with
data from mammals [16, 17]. Mapping experiments revealed
that only those regions of Atg13 coprecipitate with Atg101
that contain amino acids 1–230, whereas the unstructured
middle and C-terminal regions do not show binding (Figures
7(a) and 7(b)). The N-terminal part of Atg13 folds into a
HORMA (Hop1, Rev1, and Mad2) domain similar to that
of Mad2, a spindle checkpoint protein [45]. Mad2 forms a
conformational homodimer, as its dimerization requires the
binding of two different stable conformations to each other:
open, O-Mad2, and closed, C-Mad2 [46]. Since the Atg13

               dc_840_14



BioMed Research International 5

DAPI

Atg101[KK]
Anti-Atg8a

Anti-Atg8a

(a)

DAPI

Atg101[HMS]
Anti-Atg8a

Anti-Atg8a

(b)

DAPI

Atg101[KK + HMS]
Anti-Atg8a

Anti-Atg8a

(c)

100

75

50

25

0

∗ ∗ ∗

∗ ∗ ∗50

40

30

20

10

0

Control
RNAi

Control
RNAi

Atg101[KK] Atg101[HMS] Atg101
[KK + HMS]

Atg101[KK] Atg101[HMS] Atg101
[KK + HMS]

A
nt

i-A
tg
8

a d
ot

#/
ce

ll

A
nt

i-A
tg
8

a d
ot

 si
ze

 (p
ix

el
2 )

(d)

Lamp1-GFP Anti-ref(2)P Merge

At
g1

01
[K

K]

Anti-Atg8a

(e)

Figure 3: Knockdown of Atg101 using separate RNAi lines ((a), (b)), or the combination of both (c), impairs the formation of Atg8a-positive
autophagosomes upon starvation. Note that fewer but bigger Atg8a puncta are seen in Lamp1-GFP-marked RNAi cells than in neighboring
control fat body cells. (d)Quantification of data shown in (a) to (c),𝑁 = 5,𝑃 < 0.001, two-tailed, two-sample Student’s t-tests. (e) Overlapping
Atg8a and ref(2)P structures are highlighted by arrowheads in Atg101 depleted cells. Scalebar equals 20𝜇m.
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Figure 4: Ultrastructural analysis of Atg101[KK+HMS] RNAi cells. A fat body lobe containing a single GFP-marked RNAi cell (a) was
embedded in plastic, and the same cell is highlighted in semithin (b) and low-magnification ultrastructural images (c). High magnification
images show autophagosomes (short arrows) and autolysosomes (long arrows) in control cells ((d), and also in (e), bottom). The generation
of such autophagic structures is inhibited in Atg101 RNAi cells ((e), top, and (f)). Asterisk marks a potential cytoplasmic protein aggregate,
which can be recognized by its homogenous appearance and exclusion of organelles and ribosomes.

HORMA domain is similar to C-Mad2 [45], we hypothesized
that Atg101 may potentially be a HORMA domain protein as
well, perhaps capable of forming either an O-Mad2 state or
bothO-Mad2 andC-Mad2 states. To study thismodel further,
we first determined the interaction of Atg101 with itself. We
found that Atg101-FLAG coprecipitates with HA-Atg101, and
vice versa HA-Atg101 coprecipitates with Atg101 tagged by
FLAGon either itsN- orC-terminus (Figure 7(c)), suggesting
that Atg101 dimerizes.

3.5. Atg101 Is Potentially a HORMA Domain Protein. Atg101
is classified as a single-domain protein with a domain of
unknown function (DUF1649 in Pfam), with no trivially
detectable relatives of known structure. Basic structural
predictions suggest that it is a structured globular cytoplasmic
protein. Results obtained with I-TASSER and Phyre2 indicate
that the protein might have a HORMA domain fold. Both
servers identified templates with HORMA fold and three
of I-TASSER’s 5 predicted structures have a fold similar to
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Figure 5: Depletion of Atg101 in Lamp1-GFP-marked fat body cells of well-fed larvae results in the accumulation of ref(2)P aggregates ((a),
(b)). (c) Quantification of data shown in (a) and (b),𝑁 = 5, 𝑃 < 0.001, two-tailed, two-sample Student’s t-tests. Scalebar equals 20 𝜇m.

each other as well as the Atg13 and Mad2 HORMA domains
(Figure 8). Moreover, the model predicted by Phyre2 also has
a HORMA-like structural core (not shown). To assess the
plausibility of this hypothesis, we created a multiple structure
alignment of the best I-TASSER model of Atg101 with the

known structures of human Mad2 [46] and yeast Atg13 [45],
and manually compared it to the HORMA domain profile
composed of 33 proteins in Prosite (entry PS50815). Our
analysis reveals a number of corresponding sites showing
conservation both in the HORMA domains in Prosite and
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Figure 6: Full-length, kinase dead myc-Atg1 coprecipitates with HA-Atg101 but not with anti-HA beads (a). Atg101-FLAG coprecipitates with
HA-GST-tagged Atg1 fragments 233–360 and 565–725 but not with 364–459 and 461–570 (b). Atg1 domain structure [9] and fragments used
in mapping experiments (c).

within Atg101 homologs (OMA group 413828 containing
Atg101 proteins from66 different species). In addition, a char-
acteristic pattern of largely conserved Leu/Ile/Val residues in
Atg101 proteins and matching hydrophobic residues in the
Prosite profile is apparent (Figure 9).

3.6. Atg101 Interacts with Ref(2)P/p62. Drosopohila Atg101
was suggested to bind to ref(2)P and also to several subunits
of the lysosomal proton pump v-ATPase complex (Vha26,
Vha36-1, Vha44, Vha55, and Vha68-2) in a large-scale
proteomic study [47]. As we have recently found that the
Atg1 kinase subunit FIP200 frequently localizes to ref(2)P
aggregates near lysosomes [9], we wished to confirm the

proposed interaction of Atg101 with ref(2)P. Indeed, FLAG-
tagged ref(2)P coprecipitated with HA-Atg101 (Figure 10(a)).
We used HA-Atg8a as a positive control in this experiment,
as Atg8 homologs are established binding partners of p62
in mammalian cells, and fly Atg8a has been proposed to
bind to ref(2)P through a conserved Atg8 interacting region
as well [14, 15, 48]. These data raised the possibility that
the entire Atg1 kinase complex may bind to aggregates of
ref(2)P and ubiquitinated proteins. Indeed, we found that
Atg13 also shows an interaction with ref(2)P, similar to
Atg101 (Figure 10(b)). Positive controls that we used in these
coimmunoprecipitations include Keap1 and Atg18, both of
which have recently been shown to bind to ref(2)P [20,
24]. Ref(2)P coprecipitates with additional critical regulators
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Figure 7: Atg13 domain structure and fragments used in mapping experiments [9] (a). Atg101-FLAG coprecipitates the full-length HA-
Atg13, and also HA-GFP-Atg13 fragments containing the N-terminal HORMA domain: 1–230 and 1–398, but not the middle (231–398) or C-
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(a) (b)

Figure 8: Ribbon representation of the best model of Drosopohila Atg101 obtained with I-TASSER (a). Atg101 structure alignment of the best
model obtained with I-TASSER (blue), as well as human Mad2 (2V64, chain A, yellow) and Atg13 from the yeast Lachancea thermotolerans
(4J2G, chain A, red) (b).
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Figure 9: Comparison of the Prosite HORMA domain logo with the sequence alignment derived from the multiple structure alignment of
the predicted Atg101 structure, Mad2 (2V64, chain A), and Atg13 (4J2G, chain A). Residues in Drosopohila Atg101 corresponding to the most
frequent one in the Prosite logo and mostly conserved in other Atg101 proteins are highlighted with an orange background. Residues with a
similar character to those in the logo and conserved in Atg101 proteins are highlighted with cyan background. Dots denote gaps arisen in the
original structural alignment, dashes represent gaps relative to the Prosite logo. Note that the alignment is adjusted to match the full Prosite
logo, so insertions relative to that have been removed from all sequences, and thus they do not correspond to the full native ones. In the
Prosite logo, positively and negatively charged residues are colored blue and red, respectively; those with hydrophobic side chains are shown
in black; Gln and Asn in magenta; other amino acids with hydrophilic side chains and glycine in green.

of autophagy as well: the ubiquitin-binding protein Atg16
[49] and the small GTPase RagC, a known Vha complex-
associated regulator of Tor kinase [4], which shows a par-
ticularly strong interaction with ref(2)P as inferred from a
large-scale proteomic study [47] (Figure 10(b)). These data
are in line with the potential role of lysosome-associated
protein aggregates as scaffolds for autophagosome biogenesis
[9, 24, 39].

4. Conclusions

Our data establish that Atg101 is required for autophagy
in Drosopohila, and that it is a subunit of the Atg1 kinase
complex, similar tomammals and worms [16–18].The poten-
tial binding of Atg101 to Atg1 may involve multiple regions
in Atg1, whereas the HORMA domain of Atg13 appears
to be the only region important for its interaction with

Atg101. Atg101 is a small protein of 218 amino acids, and
it is predicted to fold into a globular domain, potentially a
HORMA domain. Proteins with such structure often have
numerous binding partners, the identity of which determines
the open or closed conformation in the case of Mad2 [46].
Our bioinformatics analysis predicts a possible HORMA
domain structure for Atg101, and we show that it can indeed
dimerize. If Atg101 functions similar to Mad2, then it may
perhaps be capable of switching between open and closed
conformations and form a conformational homodimer as
well. This would represent an elegant way of determining
which proteins can bind to Atg101 at one time. This model
predicts that Atg101 binds to Atg13 through direct interaction
of the two HORMA domains, whereas for some of its other
partners (potentially including Atg1), certain oligopeptides
located in unstructured regions may engage in an interaction
with Atg101, as seen in the case of Mad2 as well [46].
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Figure 10: FLAG-tagged ref(2)P coprecipitates with both HA-Atg101 and HA-Atg8a, but not with anti-HA beads (a). Note that HA-Atg8a-II
migrates faster than HA-Atg8a-I, due to the covalent attachment of the lipid moiety phosphatidylethanolamine to its C-terminus. (b) The
selective autophagy cargo ref(2)P coprecipitates with Atg8a, Atg101, Atg18, RagC, Atg13, Atg16, and Keap1, but not with empty beads.

It is important to emphasize that the HORMA domain
structure of Atg101 is not supported experimentally. Further
analysis of Atg101 binding partners, fine mapping of the
binding sites mediating the interaction of each partner with
Atg101, and analysis of the Atg101 domain by structural
biochemistry will be necessary to test our hypothetical model
presented in this paper. This will be particularly important,
as the absence of an Atg101 ortholog in yeast clearly indicates
that a metazoan-specific regulatory mechanism has evolved
to control the initiation step of autophagy in animal cells.
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assistance, László Nyitray, Viktor Kis, and Rita Pancsa for
helpful discussions, and stock centers BDSC and VDRC for
providing Atg101 RNAi lines. This work was supported by
the Wellcome Trust (087518/Z/08/Z), the Hungarian Scien-
tific Research Fund (OTKA K83509), the European Union
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Introduction

During autophagy, cytoplasmic material including organelles 
is transported to lysosomes for degradation and recycling of 
building blocks. The main pathway, macroautophagy (simply 
referred to as autophagy hereafter) is characterized by the 
formation of double-membrane autophagosomes, which then 

fuse with lysosomes to deliver their contents for breakdown. 
Autophagy is an ancient starvation survival pathway promoting 
stress resistance and longevity in all eukaryotes. In addition, 
autophagy acquired numerous additional functions in 
multicellular organisms and protects from various diseases 
including cancer and neurodegeneration.1
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Cvt, cytoplasm-to-vacuole targeting; DAPI, 4′,6-diamidino-2-phenylindole; DN, dominant-negative; FIP200, 200 kDa FAK 

family kinase-interacting protein; Gal4, galactose metabolism 4; Lamp1, lysosomal-associated membrane protein 1;  
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PBTX-DOC, PBS with Triton X-100 and sodium deoxycholate; QF, Q factor; QUAS, Q factor upstream activation sequence; 
RB1CC1, RB1-inducible coiled-coil 1; Ref(2)P, refractory to sigma P; SQSTM1, sequestosome 1; TBST, tris-buffered saline  

and Tween 20; TOR, target of rapamycin; Tsc, tuberous sclerosis complex; UAS, upstream activation sequence; ULK, unc-51  
like autophagy activating kinase

Phagophore-derived autophagosomes deliver cytoplasmic material to lysosomes for degradation and reuse. 
autophagy mediated by the incompletely characterized actions of atg proteins is involved in numerous physiological 
and pathological settings including stress resistance, immunity, aging, cancer, and neurodegenerative diseases. here we 
characterized atg17/FiP200, the Drosophila ortholog of mammalian RB1cc1/FiP200, a proposed functional equivalent of 
yeast atg17. Atg17 disruption inhibits basal, starvation-induced and developmental autophagy, and interferes with the 
programmed elimination of larval salivary glands and midgut during metamorphosis. Upon starvation, atg17-positive 
structures appear at aggregates of the selective cargo Ref(2)P/p62 near lysosomes. This location may be similar to 
the perivacuolar Pas (phagophore assembly site) described in yeast. Drosophila atg17 is a member of the atg1 kinase 
complex as in mammals, and we showed that it binds to the other subunits including atg1, atg13, and atg101 (c12orf44 
in humans, 9430023L20Rik in mice and RGD1359310 in rats). atg17 is required for the kinase activity of endogenous atg1 
in vivo, as loss of Atg17 prevents the atg1-dependent shift of endogenous atg13 to hyperphosphorylated forms, and 
also blocks punctate atg1 localization during starvation. Finally, we found that atg1 overexpression induces autophagy 
and reduces cell size in Atg17-null mutant fat body cells, and that overexpression of atg17 promotes endogenous atg13 
phosphorylation and enhances autophagy in an atg1-dependent manner in the fat body. We propose a model according 
to which the relative activity of atg1, estimated by the ratio of hyper- to hypophosphorylated atg13, contributes to 
setting low (basal) vs. high (starvation-induced) autophagy levels in Drosophila.
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The evolutionarily conserved MTOR (mechanistic 
target of rapamycin) kinase promotes cell growth in part by 
phosphorylating RPS6K (ribosomal protein S6 kinase) and 
EIF4EBP1 (eIF-4E binding protein 1) to enhance protein 
synthesis, and inhibits autophagy through direct phosphorylation 
of Atg1 (or its mammalian orthologs ULK [unc 51-like 
autophagy activating kinase] 1 and 2) when bound to actively 
digesting lysosomes.2-4 Recent in vitro experiments suggest 
that MTOR activity depends on intralysosomal amino acids.5 
Starvation leads to dissociation of MTOR from lysosomes and 
autophagy induction, which has been suggested to be required 
for reactivation of MTOR, potentially by restoring the amino 
acid pool in lysosomes through the breakdown of autophagic 
cargo.2,6 Thus, the regulation of cell growth and autophagy is 
integrated at the level of lysosomes.

Formation of autophagosomes is controlled by ~20 conserved 
autophagy-related (Atg) gene products, most of which were 
originally discovered in yeast.7 Most of these proteins assemble 
into complexes to promote autophagosome formation at a site 
commonly referred to as the PAS (phagophore assembly site). 
Various potential sources including ER, mitochondria, Golgi, 
and plasma membrane have been suggested to contribute lipids 
to sustain the growth of initially appearing membrane cisterns 
(called phagophores), which engulf cytoplasmic material and 
give rise to autophagosomes after sealing of the edges.8,9 It is 
widely accepted that initiation of autophagy is usually triggered 
by activation of an Atg1 kinase complex (consisting of Atg1, 13, 
17, 29, and 31 in yeast), followed by phagophore nucleation and 
assembly steps that require an Atg14-containing autophagy-
specific lipid kinase complex, the transmembrane protein Atg9, 
and 2 ubiquitin-like protein conjugation systems mediating the 
C-terminal lipidation of Atg8 family proteins. Atg7 acts as an 
E1-like enzyme for both Atg8 and Atg12, followed by actions of 
the E2-like enzymes Atg3 and Atg10, respectively. Atg12 is then 
covalently attached to Atg5 and subsequently assembles into a large 
complex that also contains Atg16. This complex facilitates Atg8 
lipidation and anchoring into phagophore and autophagosome 
membranes through a phosphatidyl-ethanolamine tail. Atg8 is 
recycled from the outer membrane, while the pool bound to the 
inner membrane is degraded after fusion with a lysosome.9

Low-level, basal autophagic degradation contributes to the 
turnover of orgenelles and proteins in metazoan cells, thus 
maintaining cellular homeostasis. We and others have shown 
that ubiquitinated protein aggregates accumulate in autophagy 
gene mutant brains in fly and mouse models.1,10,11 These 
aggregates also contain the multidomain protein SQSTM1/
p62 (sequestosome 1) in mammals, or its fly ortholog Ref(2)
P (refractory to sigma P). SQSTM1/Ref(2)P acts as a selective 
receptor for cargo recognition during autophagy. Binding of Atg8 
homologs to SQSTM1/Ref(2)P ensures autophagic degradation 
of ubiquitinated protein aggregates, as SQSTM1/Ref(2)P 
contains an Atg8-interacting motif and a C-terminal ubiquitin-
binding domain.12-14 Consequently, SQSTM1/Ref(2)P is also 
degraded in autolysosomes.

Recent studies characterized the mammalian ULK complex in 
cultured cells, which contains the multidomain adaptor protein 

RB1CC1 (RB1-inducible coiled-coil 1)/FIP200 (200 kDa FAK 
family kinase-interacting protein), ATG13, the Atg1 orthologs 
ULK1 and ULK2, and the animal-specific subunit C12orf44 
(chromosome 12 open reading frame 44)/ATG101.3,15-18 As loss 
of RB1CC1 blocks autophagy, it has been suggested to play a 
role similar to Atg17, a scaffold protein required for starvation-
induced autophagy as part of the yeast Atg1 complex. These 
studies revealed dynamic changes in the electrophoretic mobility 
of multiple subunits in nutrient-replete vs. autophagy-inducing 
conditions. In vitro kinase assays in these reports suggest that 
MTOR and ULK1/2 kinases are responsible for most of these 
phosphorylation events.3,16 Importantly, cell type-specific 
differences have been seen, but overall the phosphorylation 
status of endogenous ATG13 decreases during starvation.3 The 
regulation of the endogenous Atg1 kinase complex in an in vivo 
setting is still uncharacterized.

Here we explore the role of the single Drosophila ortholog 
of RB1CC1, Atg17/FIP200 in autophagy (also known by the 
annotation symbol CG1347).19,20 It is referred to as Atg17 in 
Flybase, the Drosophila genome homepage, as Banreti et al. 
suggested this symbol even though they also show that this 
Drosophila protein is an ortholog of mammalian RB1CC1, and it 
is not homologous to yeast Atg17.20 We use both loss- and gain-
of-function studies to show that Atg17 activates endogenous 
Atg1 kinase to facilitate autophagy, and that Atg17 localizes to 
perilysosomal aggregates of the selective autophagy cargo Ref(2)
P in polyploid larval Drosophila tissues.

Results

Generation of Atg17-null mutants, overexpression lines, and 
antibodies

Taking advantage of a transposon insertion (EY03045) in the 
first intron of Atg17, we generated a chromosomal deletion that 
removes practically the entire coding sequence (Fig. 1A and B). 
Loss of Atg17 resulted in pharate adult lethality in homozygotes, 
and escapers were very rarely seen in hemizygotes (Fig. S1A), 
similar to previously described Atg1 and Atg13 mutants.21,22 We 
generated polyclonal antibodies against Atg17, and used these 
to show that no protein product is detected in null mutants 
(Fig. 1C). We also established inducible transgenic Atg17 lines, 
the expression of which can be triggered by the presence of 
appropriate driver transgenes (Fig. 1C). Low-level expression of 
transgenic Atg17-GFP restored viability of Atg17-null mutant 
animals in genetic rescue experiments, confirming that lethality 
was due to loss of Atg17 (Fig. S1A).

Atg17 is required for starvation-induced and basal autophagy 
upstream of Atg1

Starvation leads to the formation of autophagosomes and 
autolysosomes in fat bodies of control larvae. Both structures 
are labeled by mCherry-Atg8a, as this transgenic reporter 
is specifically bound to autophagosomes, and the mCherry 
tag remains fluorescent and accumulates in autolysosomes 
(Fig. 2A).21,23 Loss of Atg17 completely blocked the punctate 
mCherry-Atg8a response to starvation (Fig. 2B and I). LysoTracker 
Red (LTR) is a commonly used staining for autolysosomes in 
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Figure 1. Generation of atg17-null mutants, overexpression lines, and antibodies. (A) atg17[d130]-null mutants harbor a 8,196 bp chromosomal deletion 
that leaves behind only the last 55 nucleotides of the 4,071-nucleotide open reading frame (black bars), after improper excision of the P element EY03045 
located in the first intron. Open bars: untranslated regions. (B) PcR using primers flanking the atg17 locus demonstrates the extent of the genomic 
deletion in homozygous atg17[d130] mutant larvae compared with controls. (C) Western blots detect endogenous atg17 of 170 kDa in control larvae, 
and also show the overexpressed protein in larvae expressing atg17-GFP. No protein product is seen in mutants. The selective autophagy cargo Ref(2)P 
accumulates in atg17-null mutants and disappears in larvae constitutively overexpressing atg17-GFP.

the larval fat body. Atg17 was cell-autonomously required for 
starvation-induced formation of LTR-positive autolysosomes in 
fat body cell clones (Fig. 2C and J). We also raised polyclonal 
antibodies against Atg8a, enabling the identification of nascent 
autophagosomes in immunostaining experiments (Fig. S1B, 
S1C, and S1E). Anti-Atg8a staining revealed severely impaired 
autophagosome formation in Atg17-null mutant or RNAi cells 
in mosaic experiments, compared with neighboring control cells 
that contained numerous Atg8a-positive dots after starvation 
(Fig. 2D and K; Fig. S1D and S1E). Finally, ultrastructural 
analysis confirmed the absence of autophagosomes and 
autolysosomes in fat bodies of starved Atg17-null mutant larvae 
(Fig. 2E, F, and L).

Basal autophagic degradation occurs at a low level in many 
tissues, making it difficult to estimate by conventional autophagy 
reporters. As the specific autophagy cargo Ref(2)P accumulates 
upon reduction of basal autophagy, determining its levels is 
a common test in these experiments.23-25 Indeed, loss of Atg17 
resulted in large-scale accumulation of endogenous Ref(2)P 
in western blots (Fig. 1C), and in null mutant and RNAi cells 
(Fig. 2D, G, K, and M).

The Atg1 kinase complex, and its subunit Atg17 in yeast and 
the corresponding proposed ortholog RB1CC1 in mammalian 
cells in particular, is suggested to act most upstream in the 
hierarchy of Atg protein complexes.26,27 In line with that, we 
found that knockdown of Atg17 prevented starvation-induced 
punctate mCherry-Atg1 localization (Fig. 2H and N). We 
and others have shown previously that overexpression of Atg1 
activates autophagy, and also reduces cell size at least in part by 
negative feedback on TOR (target of rapamycin).22,28,29 High-level 
expression of Atg1 could still trigger punctate Atg8a labeling in 
Atg17-null mutant fat body cells and reduced cell size in epistasis 
experiments (Fig. S2A and S2B).

Atg17 is required for developmental autophagy and 
programmed removal of salivary glands during metamorphosis

Increased level of the molting hormone ecdysone at a low 
juvenile hormone concentration leads to initiation of wandering 
behavior, when L3 stage larvae leave the food in search of an 
appropriate place for pupariation. At the same time, ecdysone 
triggers autophagy in polyploid larval tissues including fat 
body, presumably facilitating the removal of these organs 
which become obsolete during metamorphosis.30 Loss of Atg17 
blocked developmental autophagy in fat body cells, based on 
lack of punctate LTR and mCherry-Atg8a signals (Fig. 3A–E). 
In addition, programmed elimination of larval salivary glands 
during metamorphosis was impaired in Atg17-null mutants 
(Fig. 3F–I), similar to previous observations in animals carrying 
mutations in genes that act downstream of the Atg1 kinase 
complex during autophagy.31 The volume of prepupal midguts 
strongly decreases during the onset of metamorphosis in an 
autophagy-dependent manner.10,32 Midgut shrinkage was also 
attenuated by loss of Atg17 in our experiments (Fig. S2C–S2F).

Atg17 localizes to Ref(2)P aggregates near lysosomes
Atg17-GFP dots showed 52% colocalization with endogenous 

Atg8a, which is recruited to the PAS and remains bound to 
autophagosomes (n = 611 dots counted, Fig. 4A). Atg5 is a 
commonly used marker for PAS.9,23,33 Stalled PASs containing 
upstream Atg proteins accumulate in yeast and mammalian 
cells lacking downstream ATG genes.26,27 We used this strategy 
to analyze the colocalization of endogenous Atg17 and Atg5 in 
Atg8a-null mutants, in which PAS formation is stalled and no 
autophagosomes form.22,26 We did not detect cytoplasmic dots 
positive for endogenous Atg17 or Atg5 in gastric ceca cells of well-
fed larvae (Fig. 4B). Punctate structures appeared in response to 
starvation, and Atg17 showed 81% colocalization with Atg5 dots 
(n = 97, Fig. 4C). This colocalization experiment was performed 
in gastric ceca, a tissue that produces similar starvation-induced 
autophagic response to fat bodies,10,30 because endogenous Atg5-
positive structures were difficult to visualize in fat body cells 
of starved larvae. 89% of Atg17-GFP dots colocalized with 
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Figure 2 (See opposite page). atg17 is required for starvation-induced and basal autophagy. (A and B) mcherry-atg8a-positive autophagosomes and 
autolysosomes form in fat body cells of starved control (A) but not in atg17-null mutant larvae (B). (C) No LTR (LysoTracker Red)-positive autolysosomes 
form in GFP-positive atg17-null mutant cells, compared with surrounding control cells in the same fat body tissue in starved animals. (D) endogenous 
atg8a-positive autophagosomes are missing and Ref(2)P aggregates accumulate in starved atg17-null mutant cells (these are marked by the lack 
of GFP in this image, unlike in C), compared with neighboring control cells. (E and F) electron microscopy shows that autophagosomes (1–4) and 
autolysosomes (aL) form in fat body cells of control (E) but not in atg17-null mutant larvae during starvation (F). (G) Depletion of atg17 in GFP-positive 
cells results in large-scale accumulation of Ref(2)P in fat bodies of well-fed larvae. (H) Depletion of atg17 prevents starvation-induced mcherry-atg1 dot 
formation. (I–N) Quantification of data from (A and B) (I, n = 12/genotype), (C) (J, n = 14), (D) (K, n = 18), (E and F), showing the ratio of autophagosomes 
and autolysosomes relative to total cytoplasm (L, n = 4/genotype), (G) (M, n = 10), (H) (N, n = 10). scale bar: (A–D, G, and H) 20 µm; (E and F) 1 µm. error 
bars: s.d., *P < 0.05, **P < 0.01.

the selective cargo Ref(2)P in control fat cells, and 93% of 
endogenous Atg17 colocalized with Ref(2)P aggregates in Atg7-
null mutants (n = 391 and 148, respectively, Fig. 4D and E). As 
expected, no cytoplasmic Atg17 dots were seen in starved Atg17-
null mutants, whereas most likely nonspecific nuclear staining 
remained (Fig. 4F).

In genetic rescue experiments, transient expression of Atg17-
GFP fully rescued the autophagy defect of Atg17-null mutants 
(Fig. 4G). We noticed that Atg17-GFP exhibited a punctate 
pattern, and practically all dots clustered around LTR- and 
mCherry-Atg8a-positive autolysosomes (Fig. 4G; Fig. S3A). 
Moreover, Venus-tagged Atg1 also formed punctate structures 
closely associated with LTR-positive autolysosomes (Fig. S3B). 
In line with these, endogenous Atg17 dots closely associated with, 
but did not colocalize with the resident lysosomal hydrolase Cp1 
(Cysteine proteinase-1)/cathepsin L, both in Atg7 or Atg8a-null 
mutant fat body or gastric ceca cells of starved larvae (Fig. 4H; 
Fig. S3C).

Previous studies in yeast showed that phagophores assemble at 
cytoplasmic areas excluding ribosomes and organelles.34 We were 
able to identify ribosome-free areas with associated 40- to 60-nm 
vesicles, which is the reported size of Atg9 vesicles in yeast,35 
and these structures could be observed next to autolysosomes in 
ultrastructural images (Fig. S3D and S3E). We speculate that 
these may represent the phagophore formation site in Drosophila, 
although alternative interpretations are also possible.

Aggregates of the specific autophagy cargo Ref(2)P-GFP 
also frequently clustered around LTR-positive autolysosomes in 
starved Drosophila larvae (Fig. 4I). MTOR, an upstream negative 
regulator of autophagy, is bound to lysosomes in growing cells, 
and starvation results in dispersion of MTOR and its dissociation 
from lysosomes. SQSTM1 is associated with MTOR complex 1.12 
We found that FLAG-TOR displayed a punctate distribution in 
fat bodies of well-fed Drosophila larvae that showed 95% overlap 
with Ref(2)P dots (n = 77), and starvation led to a complete 
dispersion of FLAG-TOR but not Ref(2)P (Fig. S3F and S3G).

Overexpression of Atg17 enhances autophagy in an Atg1-
dependent manner

Constitutive expression of Atg17-GFP dramatically 
reduced the levels of endogenous Ref(2)P in well-fed larvae, 
indicating enhanced autophagic degradation (Fig. 1C). 
Similarly, overexpression of Atg17 in GFP-marked fat cells led 
to the formation of mCherry-Atg8a and mCherry-Atg1 positive 
autophagic structures in well-fed mosaic animals (Fig. 5A, B, 
J, and K). Heat shock-mediated transient expression of Atg17-
GFP also induced punctate LTR staining (Fig. 5C, D, and 

L). Coexpression of a kinase-dead, dominant-negative (DN) 
Atg1 attenuated Atg17-induced LTR staining, but not punctate 
Atg17 localization (Fig. 5E and L). Similarly, overexpression of 
Atg17 increased the number of Atg8a-positive autophagosomes 
in an Atg1-dependent manner in fat bodies of well-fed larvae 
(Fig. 5F–I, and M). These results suggest that Atg17-induced 
autophagy requires Atg1.

Atg17 is a subunit of the Atg1 kinase complex
To further characterize the role of Drosophila Atg17, we 

performed coimmunoprecipitations with Atg1 kinase complex 
subunits in cultured Drosophila cells. Atg17-GFP readily 
coprecipitated with FLAG-tagged Atg13 and FLAG-tagged 
Atg101 (Fig. 6A). Atg17-GFP was clearly detectable in precipitates 
of kinase-dead or wild-type myc-Atg1, although in lower 
amounts than in case of Atg13 or Atg101 (Fig. 6B). Note that 
overexpression of wild-type Atg1 strongly reduces the expression 
of tagged proteins including its own expression, which is likely 
due to inhibition of TOR-dependent translation by Atg1.29 In 
these experiments, coexpression of myc-Atg1 but not kinase-dead 
myc-Atg1 also decreased the electrophoretic mobility of Atg17-
GFP. This is consistent with mammalian studies showing that 
ULK1/2 can phosphorylate RB1CC1, which is facilitated by 
ATG13.16 Tagged overexpressed proteins also coprecipitated from 
larval extracts (Fig. S4A).

ATG13 has been reported to directly bind to both RB1CC1 and 
the Atg1 orthologs ULK1 and ULK2 in mammalian cells, which 
prompted us to map the regions involved in these interactions 
in Drosophila.3,16,17 All Atg13 homologs share an N-terminal 
domain, followed by poorly conserved regions (Fig. S5).17,36 We 
generated HA-GFP-tagged truncated fragments of Atg13 for 
interaction studies (Fig. 6C). The highest amount of Atg17-GFP 
was observed in precipitates of the putative unstructured regions 
(amino acids 231 to 523) of Atg13 (Fig. 6C). Drosophila Atg13 
has recently been shown to interact with Atg1, but the region 
involved has remained unknown.21 We found that Atg1 was 
coprecipitated with the C-terminal region (amino acids 393 to 
523) of Atg13 (Fig. 6D). Although our data do not rule out the 
possibility that the observed interactions reflect indirect binding, 
these results are consistent with previous mammalian reports, 
which show the direct binding of ATG13 to both ULK1/2 and 
RB1CC1.16,17

Atg17 activates Atg1 in vivo
Atg13 phosphorylation levels are influenced by TOR and Atg1 

kinases in yeast, flies, and mammals.17 In agreement with these, 
coexpression of Atg1 strongly increased, while an N-terminally 
truncated active fragment of TOR appeared to slightly reduce the 
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Figure 3. For figure legend, see page 459.
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Figure 4. atg17 is associated with lysosomes and colocalizes with atg8a, atg5, and Ref(2)P. (A) atg17-GFP colocalizes with endogenous atg8a in fat 
cells of starved larvae. (B) No punctate atg17 or atg5 structures are seen in well-fed Atg8a-null mutant gastric ceca. (C) endogenous atg17 colocalizes 
with atg5-positive Pas in starved Atg8a-null mutant gastric ceca. (D) atg17-GFP localizes to Ref(2)P aggregates in control larvae. (E) endogenous atg17 
colocalizes with endogenous Ref(2)P in Atg7-null mutants. (F) No cytoplasmic atg17 dots are seen in starved atg17-null mutants, while nonspecific 
nuclear staining is observed. (G) Transient expression of atg17-GFP rescues punctate LTR staining in fat body cells of starved atg17-null mutants. Note 
that atg17 dots are tightly associated with LTR-positive autolysosomes. (H) endogenous atg17 accumulates near cp1-positive lysosomes in Atg7-null 
mutant fat cells. (I) Punctate Ref(2)P-GFP structures are observed near LTR-positive autolysosomes. scale bar in (A): 20 µm for (A, B, E, F, H, and I); in (C): 
20 µm for (C, D, and G). Boxed areas are shown enlarged with merged image (top), red channel in grayscale (middle) and green channel in grayscale 
(bottom). FB, fat body; Gc, gastric ceca.

Figure 3 (See opposite page). atg17 is necessary for developmental autophagy and proper salivary gland histolysis. (A and B) Punctate LTR staining 
is observed in controls (A), but not in atg17-null mutant fat bodies of L3 stage wandering larvae prior to metamorphosis (B). (C) Quantification of data 
from (A and B); n = 20/genotype. (D) Depletion of atg17 in GFP-positive cells blocks the formation of mcherry-atg8a positive autophagosomes and 
autolysosomes in fat bodies of wandering larvae. (E) Quantification of data from (D); n = 26. (F–I) Larval salivary glands (sG) are visible in hematoxylin-
eosin stained paraffin sections of both control (F, n = 3) and atg17-null mutant (G, n = 5) white prepupae (0 h relative to puparium formation, rpf). salivary 
gland histolysis is completed by 24 h rpf in controls (H, n = 7), but numerous large, persisting salivary gland cells (arrowheads) are visible in all similarly 
aged atg17-null mutant pupae (I, n = 9). scale bars: (A, B, and D) 20 µm, (F–I) 60 µm. error bars: s.d., **P < 0.01.

overall phosphorylation level of HA-Atg13 in cultured Drosophila 
cells (Fig. 6E). In line with our interaction data, co-expression of 
Atg1 decreased the mobility of Atg13 fragments containing the 
C-terminus (Fig. 6F), suggesting that Atg1phosphorylated these 
fragments.

To gain more insight into the regulation of endogenous Atg1 
kinase complex, we raised polyclonal antisera against Drosophila 
Atg13 and Atg1, which specifically recognized endogenous 
proteins in western blots (Fig. 7A; Fig. S4B). It was striking 

that endogenous Atg13 appeared as multiple bands in fat body 
extracts prepared from well-fed animals, and starving larvae for 
3 or 24 h strongly increased the ratio of slower mobility to faster 
mobility bands (Atg13high/Atg13low, Fig. 7B). Endogenous Atg1 
was difficult to visualize using our antibody in fat body extracts 
of well-fed animals, although the bands became clearly visible 
upon starvation (Fig. S4C). Epitope mapping suggested that this 
antibody may recognize the middle region of Atg1, which is rich 
in prolines and serines (Fig. S4D). As the sites phosphorylated 
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by TOR (a proline-directed Ser/Thr kinase) are found in this 
region of Atg1 homologs,37 TOR-mediated phosphorylation 
may be responsible for the reduced affinity of our antibody in 
nutrient-replete fat body extracts. The usefulness of this reagent 
is thus limited, therefore anti-Atg1 counterparts of western blots 
are shown in supplemental data.

Phosphatase treatment practically reduced both Atg13 and 
Atg1 to single bands, suggesting that these endogenous proteins 
are phosphorylated (Fig. 7C; Fig. S4E). In agreement with 

that, overexpression of Atg1 led to a shift of endogenous Atg13 
to slower mobility forms in fat bodies of well-fed animals, 
similar to genetic suppression of TOR by co-overexpressing 
Tsc1 and Tsc2 (Fig. 7D; Fig. S4F). Expression of dominant-
negative Atg1 in fat bodies of fed larvae reduced the amount 
of slower mobility forms of endogenous Atg13, and in starved 
larvae practically eliminated all Atg13high forms (Fig. 7E ; 
Fig. S4G). Thus, Atg1 kinase appears to be responsible for 
starvation-induced hyperphosphorylation of Atg13, and likely 

Figure 5. Overexpression of atg17 enhances autophagy in well-fed larvae. (A and B) Overexpression of atg17 in GFP-positive cells promotes mcherry-
atg8a (A) and mcherry-atg1 (B) puncta formation. (C) Practically no LTR dots are seen in fat body cells of well-fed control larvae expressing GFP.  
(D) Transient expression of atg17-GFP induces punctate LTR staining. (E) coexpression of dominant-negative atg1 blocks atg17-induced LTR staining.  
(F) Only a few atg8a puncta are seen in heat-shocked control larvae. (G) heat shock-induced transient expression of atg17-GFP enhances autophagosome-
associated atg8a dot formation. (H) coexpression of GFP has no effect on punctate atg8a staining induced by atg17-GFP. (I) coexpression of dominant-
negative atg1 prevents atg17-induced atg8a dot formation. (J–M) Quantification of data from (A) (J, n = 22), (B) (K, n = 18) and (C–E) (L, n = 14/genotype), 
(F–I) (M, n = 10/genotype). scale bar: (A–I) 20 µm. error bars: s.d., **P < 0.01.
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also contributes to phosphorylation of Atg13 in nutrient-replete 
conditions in vivo.

In line with the essential role of Atg17 in autophagy, the 
starvation-induced shift from Atg13low to Atg13high forms was 
blocked in Atg17-null mutants (Fig. 7F). Constitutive or transient 

expression of Atg17-GFP increased the Atg13high/Atg13low ratio 
even in well-fed larvae (Fig. 7F; Fig. S4H). In agreement with 
our microscopy data that Atg17-induced autophagy requires 
Atg1, coexpression of kinase-dead Atg1 blocked Atg17-induced 
Atg13 hyperphosphorylation in fat bodies of well-fed larvae 

Figure 6. interactions of atg17, atg1 and atg13. (A and B) immunoprecipitation experiments in cultured Drosophila cells. atg17-GFP coprecipitates 
with atg13-FLaG and atg101-FLaG, but not with FLaG-GFP (A). atg17-GFP binds weakly to kinase-dead and wild-type myc-atg1, but not to anti-myc 
beads (B). Note the decreased mobility of atg17-GFP upon coexpression of myc-atg1. (C) Of the truncated atg13 constructs (see left panel), a fragment 
containing the putative unstructured regions (231 to 523) binds strongly to atg17-GFP. (D) Myc-atg1 binds to the c-terminus (393 to 523) of atg13.  
(E) expression of myc-atg1 strongly decreases and active TOR (amino acids 1333 to 2470) slightly increases the mobility of ha-atg13 in cultured cells.  
(F) expression of myc-atg1 results in a shift (indicated by arrowheads) of atg13 fragments containing the c terminus (393 to 523 and 231 to 523). iN, input, 
iP, immunoprecipitation, sN, supernatant.
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(Fig. 7G; Fig. S4I), suggesting that Atg17 induces autophagy at 
least in part by activating Atg1.

Discussion

Basal autophagy primarily functions as a housekeeping 
mechanism, ensuring proper turnover and quality control of 

macromolecules and organelles. High levels of autophagy are 
induced by starvation, and degradation of dispensable cellular 
constituents provides nutrients and building blocks for synthetic 
and energy producing reactions. This prosurvival function of 
autophagy is conserved in all eukaryotes including yeast, and 
probably represents its most ancient role. In contrast, autophagy 
was found to promote cell death during metamorphosis, as 

Figure 7. atg17 regulates atg13 phosphorylation in vivo. (A) Western blots using our novel antibody recognize endogenous atg13, which is absent 
from atg13-null mutant larvae. asterisk denotes a nonspecific band that serves as loading control. (B) starvation strongly decreases the mobility of 
atg13 in larval fat body extracts. (C) Phosphatase treatment of starved fat body lysates demonstrates that atg13 is phosphorylated in vivo. (D) Transient 
overexpression of myc-atg1, or Tsc1 and Tsc2 decreases atg13 mobility in fat bodies of fed larvae. (E) Transient overexpression of dominant-negative atg1 
reduces the ratio of slower mobility atg13 forms relative to higher mobility forms in fat bodies of well-fed larvae. Dominant-negative atg1 expression 
practically eliminates all atg13 phospho-forms in starved fat bodies. (F) Transient (low) or constitutive (high) expression of atg17-GFP decreases atg13 
mobility in fat bodies of well-fed animals. The starvation-induced shift of atg13 to slower mobility forms is lost in atg17-null mutants. (G) coexpression 
of dominant-negative atg1 prevents atg17-induced shift of atg13 to slower mobility forms in fat body extracts of well-fed larvae. Numbers indicating 
atg13 high/low ratio are calculated by densitometric evaluation of blots as described in Materials and Methods.
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proper programmed elimination 
of polyploid larval salivary glands 
and midguts is suggested to depend 
on autophagy.31,32 All 3 pathways 
(basal, starvation-induced, and 
developmental autophagy) serving 
various cellular and organismal 
functions require Atg17, indicating 
that its protein product plays an 
equally critical role in autophagy 
in these different contexts. A 
related study published while our 
manuscript was in preparation also 
reports that Drosophila Atg17 is 
required for starvation-induced and 
developmental autophagy.38

Previous reports establish that 
RB1CC1 is an essential subunit of 
the Atg1/ULK kinase complex in 
mammalian cells.3,15,16 RB1CC1 
directly binds the C-terminal 
region of human ATG13, which 
facilitates its interaction with, and 
phosphorylation by, ULK1 and 
ULK2.16 ULK1 and ULK2 also 
bind to the C-terminal region of 
ATG13, and phosphorylate multiple 
serine and threonine residues 
during autophagy induction. In 
addition, mammalian ATG13 is 
phosphorylated by MTOR in vitro 
in kinase assays.16 Thus, a model was proposed, according to 
which ATG13 is inhibited by MTOR-mediated phosphorylation 
under basal conditions. Starvation results in activation of 
ULK1/2, and then it directly phosphorylates mammalian 
ATG13, which is thought to be important for the induction 
of autophagy. The Atg1 mammalian orthologs ULK1 and 
ULK2 are inhibited at least in part by direct MTOR-mediated 
phosphorylation and undergo autophosphorylation during 
autophagy induction.17 Interestingly, the Atg1 complex appears 
to be regulated differently in yeast: Atg13 is phosphorylated by 
TOR in up to 8 different residues in well-fed cells, and Atg13 
undergoes practically complete dephosphorylation during 
autophagy induction.39 Six of these phosphorylation events 
occur in or near the central region of yeast Atg13, and are 
thought to destabilize the Atg1 complex. An unphosphorylatable 
Atg13 mutant triggers autophagy in nutrient-replete conditions 
independent of TOR in yeast.39 A recent paper shows that the 
assembled Atg1 kinase complex can be detected in yeast cells 
under nutrient-replete conditions as well.40 This pool may be 
important to sustain the Cvt (cytoplasm-to-vacuole targeting) 
pathway, an ATG gene-dependent vesicular route transporting 
certain hydrolases to the vacuole in well-fed yeast cells. The Cvt 
pathway shares certain similarities with basal autophagy observed 
in metazoan cells, such as specific recognition of aggregated 
cargo proteins. In fact, a double-membrane Cvt vesicle resembles 

Figure 8. a hypothetical model of atg13 function during basal and induced autophagy. Based on correla-
tion of overall atg13 phosphorylation level with autophagic status, atg13 is likely activated at least in part 
by atg1-mediated phosphorylation on multiple residues. Question marks near phosphogroups of atg13 
highlight the fact that the number and exact sites of these phosphorylation events is currently unknown. 
The ratio of this active atg13 appears to be lower during nutrient-replete conditions relative to the inac-
tive form, which is potentially phosphorylated by TOR or other kinases, or not phosphorylated at all. The 
presence of the active form at a lower level under basal conditions may be necessary to support low-level 
autophagic activity. starvation, genetic inactivation of TOR, and overexpression of atg1 or atg17 appear to 
increase the ratio of active atg13, which may contribute to increased autophagosome formation observed 
in response to these autophagy-inducing treatments.

a small autophagosome, which only contains specific cargo and 
no bulk cytosol.41

Atg1 and Atg17 have been suggested to bind to more central 
regions of yeast Atg13, unlike in mammals.36 These differences 
are reflected at the sequence level as well: only the N-terminal 
domain appears to be conserved, although the double arginine 
motifs thought to function as a phosphorylation sensor in yeast 
Atg13 are missing in higher eukaryotes (Fig. S5). Drosophila 
Atg13 has also been reported to bind to Atg1, but the region 
involved has not been determined.21 We found that Atg1 interacts 
with the C-terminal part of Atg13, similar to mammals. Our 
results also reveal that the interaction of Atg13 and RB1CC1 
is conserved, but the C-terminal region may not be sufficient: 
only a fragment containing both the middle and C-terminus of 
Atg13 elicited strong binding to Atg17, although we did not test 
whether this interaction is also direct in Drosophila.

There are striking differences between yeast, fly, and 
mammalian cells in the overall phosphorylation status of 
Atg13 during autophagy induction. The phosphorylation level 
of yeast Atg13 strongly decreases upon starvation, it does not 
change much in mammalian cells, whereas it strongly increases 
in polyploid larval fat bodies in starved Drosophila larvae. The 
shift of Atg13 to more phosphorylated forms during starvation 
agrees with the findings of a recent report that relied on 
cooverexpressed proteins.21 Although other kinases may also 
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phosphorylate and thus modulate endogenous Atg13, our data 
strongly suggest that Atg1 is mostly responsible for starvation-
induced hyperphosphorylation of Atg13 in Drosophila. First, 
overexpression of Atg1 results in a remarkable decrease in the 
mobility of both tagged and endogenous Atg13, both in cultured 
cells and in well-fed larvae. Second, overexpression of dominant-
negative Atg1 leads to a near-complete block of starvation-
induced Atg13 phosphorylation in vivo, practically eliminating 
all slower mobility bands in fat body lysates. Drosophila Atg17 
appears to be necessary for starvation-induced phosphorylation of 
endogenous Atg13, similar to its mammalian ortholog RB1CC1.3 
Finally, transient or constitutive overexpression of Atg17 induces 
autophagy and also shifts Atg13 to slower mobility forms, both 
in an Atg1-dependent manner. Thus, endogenous Atg17 appears 
to be required for the Atg1-mediated hyperphosphorylation of 
Atg13 during starvation in vivo, and its overexpression likely 
enhances basal autophagy at least in part by promoting Atg1 
kinase activity toward Atg13.

We recently reported that Atg genes including Atg1 and Atg13 
are required for basal autophagy in Drosophila.24 Therefore, 
Atg1 must have some residual kinase activity in nutrient-replete 
conditions as well. A pool of active Atg13 (phosphorylated by 
Atg1) likely exists even in well-fed cells, which may be important 
for sustaining basal autophagy. In line with these, we found that 
overexpression of dominant-negative Atg1 reduces the amount 
of hyperphosphorylated Atg13 observed in well-fed cells. Based 
on the correlation of changes in Atg13 phosphorylation patterns 
with autophagic status, we propose a model according to which 
the ratio, and not simply the presence or absence of different 
pools of Atg1 complexes may regulate the level of autophagy 
in Drosophila (Fig. 8). Currently there is no evidence for the 
number and exact sites of Atg13 phosphorylation events in 
Drosophila. Thus, our model will need to be tested by the 
identification of all phosphosites in Atg13 and determination of 
the percentage of phosphorylated vs. nonphosphorylated states 
for each site in different conditions, followed by functional 
analysis of phospho-mimetic and nonphosphorylatable mutant 
forms of Atg13 in vivo.

Previous reports propose that Atg17 and its proposed 
functional counterpart RB1CC1 acts most upstream of all Atg/
ATG proteins in yeast and mammals, respectively.26,27 Our 
genetic epistasis results also support the upstream role of Atg17 
in autophagy in Drosophila. In contrast, a recent report suggests 
that Drosophila Atg17 functions downstream of Atg1.38 This 
conclusion was based on: i) failure of overexpressed Atg17 to 
influence the mobility of overexpressed Atg1 in western blots 
of cultured cell lysates, ii) Atg1 phosphorylation level remained 
responsive to cellular energy status in cultured atg17 siRNA 
cells and starved hypomorphic Atg17 mutants, iii) Atg17 RNAi 
reduced myc-Atg1 overexpression-induced LTR and acridin-
orange staining in eye disks, and iv. coexpression of Atg17 
with Atg1 did not induce eye degeneration. Importantly, no 
loss-of-function tests were performed in Atg17-null mutants, so 
interpretation of the above phenotypes may be complicated by 
the presence of residual protein. Another potential explanation 
is that Atg17 and Atg1 are subunits of the same complex and 

appear to function together during autophagy induction, 
which makes it difficult to clearly establish their hierarchical 
relationship.

Atg17 colocalizes with markers of early autophagic structures 
both in controls and atg7 and Atg8a-null mutants, in which 
autophagosome formation is impaired and stalled PAS dots 
accumulate. The aggregate-forming protein SQSTM1 is a 
specific cargo for autophagy and is recruited to the PAS in 
cultured cells and mouse tissues.14,25 SQSTM1 interacts with 
MTOR complex 1, which is found on lysosomes in growing 
mammalian cells. This localization is facilitated by the binding 
of MTOR to RRAG (Ras-related GTP binding) proteins and 
the Ragulator complex. These latter components are anchored to 
lysosomes partly through their physical interaction with subunits 
of the lysosomal proton pump v-ATPase complex.5 Ref(2)P 
aggregates also colocalize with TOR in fat body cells of well-fed 
Drosophila larvae, and starvation results in dispersion of TOR. As 
Ref(2)P puncta appear to remain associated with lysosomes and 
colocalize with Atg17 during starvation, these protein aggregates 
near lysosomes may be specifically captured into forming 
autophagosomes after TOR is inactivated. To our knowledge, 
this localization has not been reported in animal models or cells 
yet, so it remains to be seen if it is a characteristic of these large 
polyploid cells and tissues, which primarily function as nutrient 
storing and metabolic organs in the fly larva. It is important to 
note that the PAS always assembles at aggregates of the selective 
cargo prApe1 (precursor aminopeptidase I) near the vacuole, the 
equivalent of the metazoan lysosomal network in yeast.42 The 
functional significance of this location is not known yet. A recent 
report argues that vesicles containing the transmembrane protein 
Atg9 may be recycled from vacuole/autolysosome membranes 
to fuel ongoing cycles of autophagosome generation in yeast.35 
If Atg9 plays similar roles in Drosophila, then the putative 
perilysosomal localization of early autophagic structures may 
give instant access to these membrane-recycling vesicles. The 
perilysosomal localization of PAS suggested by our data may 
also couple upstream signals such as TOR with robust induction 
of autophagy at lysosome-associated Ref(2)P aggregates in 
polyploid larval Drosophila cells. It will be interesting to see if the 
association of SQSTM1 and Atg proteins near lysosomes is also 
observed in a mammalian tissue in future studies.

Materials and Methods

Fly strains and genetics
Flies were maintained on standard yeast/cornmeal/agar 

media. P element excisions and fat body cell clones were generated 
as described earlier in detail.10,22,23,33 Briefly, RNAi cell clones 
were generated spontaneously in larvae carrying hs-Flp, Act > 
CD2 > Gal4 and UAS-RNAi (and UAS-GFPnls as a knockdown 
cell marker). For mutant cell clones, 2 to 4 h embryos were 
heat shocked in a 38 °C water bath for 1 h to generate loss-
of-function cells (marked either by lack of GFP expression, or 
vice versa, by GFP expression in case of the positively marked 
mutant clone generation system).10,23,33,43 Overexpression 
experiments were routinely performed using standard binary 
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expression systems. In these, Gal4 and QF transcription factors 
drive expression of transgenes under the influence of UAS or 
QUAS promoters, respectively.43 For transient expression, UAS-
Atg17-GFP was induced by hs-Gal4 and a 30 to 60 min heat 
shock at 37 °C, followed by 3 h of recovery before analysis. 
For constitutive expression, QUAS-Atg17-GFP was driven 
by ET49-QF.43 The following stocks were used in this study: 
atg17[KK104864], atg8a[KK109654] (both obtained from the 
Vienna Drosophila RNAi Center), atg12[JF02704],24 UAS-
Atg17[EY03045], w[1118] used as control, FRT82B, Ubi-GFP, 
UAS-GFP, cg-Gal4, ET49-QF, QUAS-GFP, tub-QS, Df(3R)
BSC464 (all obtained from the Bloomington Drosophila Stock 
Center), atg17[d130] (referred to as atg17− /− or null mutant 
throughout the paper), UAS-Atg17-GFP, QUAS-Atg17-GFP, 
r4-mCherry-Atg1 (all described in this study), UAS-Atg1[6B], 
UAS-Atg1[DN],22 UAS-Lamp1-GFP, hsFlp[22], Atg13[d81], 
r4-mCherry-Atg8a, UAS-myc-Atg1, UAS-Atg13-FLAG, UAS-
FLAG-tor, UAS-Ref(2)P-GFP, r4-Gal4, UAS-Tsc1, UAS-Tsc2 
(kindly provided by Tom Neufeld),21 UAS-Venus-Atg1 (kindly 
provided by Toshifumi Tomoda),44 atg7[d77], atg7[d14],10 
atg8a[d4],24 atg1[KG07993] (obtained from the Drosophila 
Genetic Resource Center).

Generation of polyclonal antibodies
Full-length Atg8a and partial Atg17 (amino acids 1 to  

420) coding sequences were amplified by PCR and cloned  
into pEV (kindly provided by Peter Rapali) as NdeI-XhoI 
fragments. The full Atg1 and partial TOR (amino acids  
2,345–2,470) coding regions were PCR amplified, blunt 
cloned into XmnI-EcoRV-digested pENTR1A (Invitrogen, 
11813011) and subsequently recombined into pDEST17 
(Invitrogen, 11803012). The Atg13 entry clone (kindly provided 
by Tom Neufeld) was also recombined into pDEST17. All 
these N-terminally His-tagged proteins were expressed in E. 
coli Rosetta strain and purified using Ni-NTA agarose beads 
(Qiagen/Biomarker, 30210). Recombinant proteins were used 
to immunize rats in-house following standard procedures with 
Freund’s adjuvants (Sigma, F5881 and F5506, respectively). 
Recombinant Atg8a was also used to immunize rabbits 
(Immunogenes).

Generation of transgenic lines
Coding sequences were amplified with specific primers from 

cDNA and cloned into pR4-mCherry-Atg8a (kindly provided by 
Tom Neufeld) by replacing the BsrGI fragment (Atg8a coding 
region) to generate pR4-mCherry-Atg1. An 1xHA-EGFP-Sirup 
coding sequence was chemically synthesized (Genscript) and 
cloned into pUAST (DGRC 1000) with EcoRI and XhoI to 
generate pUAS-GFP-Sirup. A pUAS-C-GFP plasmid was 
generated by amplifying the HA-EGFP sequence from pUAS-
GFP-Sirup and cloning it as an XbaI-NheI fragment into 
the XbaI site of pUAST. This vector was subsequently used 
to generate pUAS-Atg17-GFP by cloning the Atg17 coding 
region amplified from cDNA as an XbaI fragment upstream of 
GFP. Atg17-GFP sequences were amplified from this plasmid 
and cloned into pQUAST43 as a NotI fragment to generate 
pQUAS-Atg17-GFP. Coding sequences for pUAS-3xHA-
Atg101 were chemically synthesized (Genscript). Transgenic 

f lies were established by standard embryo injection techniques 
(Bestgene).

Cell culture
D.Mel-2 cells (a serum-independent S2 line) were maintained 

in Express Five Serum-Free Medium with penicillin and 
streptomycin (Invitrogen, 10486025 and 15140122, respectively). 
Cells were transfected with UAS constructs and metallothionein-
Gal4 plasmid using TransIT-2020 reagent (Mirus/BioTec, 
MIR5405) according to the manufacturer’s recommendations. 
48 h later, protein expression was induced by adding 1mM 
CuSO

4
 for overnight incubation. The following DNA constructs 

were used in cell culture experiments: pUAS-atg17-GFP, pUAS-
myc-atg1 (generated by recombination of the Atg1 entry clone 
into pTMW [DGRC 1107]), pUAS-atg13-FLAG (generated by 
recombination of the Atg13 entry clone into pTWF [DGRC 
1116]), pUAS-FLAG-tor, pUAS-myc-atg1[KD] (kindly provided 
by Tom Neufeld), pUAS-Atg101-FLAG (generated by PCR 
amplifying and blunt cloning the Atg101 coding region into 
XmnI-EcoRV-digested pENTR1A, followed by recombination 
into pTWF). Atg101 coding sequences were replaced with GFP 
in pUAS-3xHA-Atg101, and PCR amplified Atg13 and Atg1 
fragments were cloned into this pUAS-3xHA-GFP plasmid using 
NotI-Acc65I to generate the various truncated forms. An active 
TOR fragment (amino acids 1333 to 2470)16 was amplified from 
pUAS-FLAG-tor and ligated as an XbaI fragment into pUAST. 
Gateway vectors and ESTs used for cloning were obtained from 
the Drosophila Genomics Resource Center (DGRC). Primer and 
synthetic gene sequences used in molecular cloning experiments 
are available on request.

Histology and imaging
For starvation treatments, early L3 larvae were floated in 20% 

sucrose for 3 h, dissected and mounted in 50% glycerol/PBS 
(phosphate-buffered saline) with 1 µg/µl DAPI (4’,6-diamidino-
2-phenylindole, Sigma, D9542) for transgenic reporters or stained 
in 100 µM LTR (Invitrogen, L7528) in PBS before mounting. 
Images were obtained on a fluorescent microscope (Carl Zeiss, 
Axioimager M2) equipped with a grid confocal unit (Carl Zeiss, 
Apotome2) using Plan-NeoFluar 40× 0.75 NA air or 100× 1.30 
NA oil immersion objectives (Carl Zeiss), Axiocam Mrm camera 
(Carl Zeiss) and Axiovision software (Carl Zeiss), or an laser 
scanning microscope (Olympus, FV500) with a 63× 1.45 NA 
oil immersion objective (Olympus) in sequential scanning mode. 
Primary images were processed in Photoshop (Adobe) to produce 
final figures. Tissues were processed for conventional electron 
microscopy as described previously.10,23

Statistics
For statistical analyses, either 300 × 300 pixel areas were 

selected randomly from different genotypes, or randomly selected 
GFP-positive cells together with neighboring control cells from 
the same images were evaluated in clonal studies. Dot number 
and size data was extracted by setting an appropriate threshold for 
the relevant channel in ImageJ (National Institutes of Health). 
Data were imported into SPSS Statistics version 20 (IBM), which 
was used to test for normality and calculate P values. In pairwise 
comparisons, normal distribution data were analyzed with 
2-tailed, 2-sample Student t test, whereas Mann-Whitney u-tests 
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were used when one or both data sets showed a non-normal 
distribution, respectively.23,45

Primary antibodies
The following primary antibodies were used in this study: rat 

anti-Atg8a (IF 1:300, this study), rat anti-GFP (WB 1:5,000),24 
mouse anti-FLAG (IF 1:100, WB 1:2,000, Sigma, F1804), 
mouse anti-myc (WB 1:5,000, Sigma, M4439), rabbit anti-HA 
(WB 1:2,000, Sigma, H6908), rat anti-Atg17 (IF 1:100, WB 
1:5,000, this study), rabbit anti-Ref(2)P/p62 (IF 1:2,000, WB 
1:5,000),24 mouse anti-tubulin (WB 1:1,000, DSHB AA4.3 
s), rat anti-Atg1 (WB 1:5,000, this study), rat anti-Atg13 (WB 
1:5,000, this study), rat anti-TOR (WB 1:5,000, this study), 
rabbit anti-Atg5 (IF 1:100, Sigma, A0856), rabbit anti-cathepsin 
L/Cp1 (IF 1:150, Abcam, ab58991), chicken anti-GFP (IF 
1:1,500, Invitrogen, A10262). Note that the specificity of our rat 
and rabbit anti-Atg8a antisera described here has recently been 
shown elsewhere as well.23,45

Immunostaining of whole-mount larval tissues
Bisected third instar larvae were inverted and fixed with 

3.7% paraformaldehyde in PBS overnight at 4 °C. Next, samples 
were rinsed twice and washed for 2 h in PBS, permeabilized 
for 15 min in PBTX-DOC (PBS with 0.1% Triton X-100 and 
0.05% sodium deoxycholate) and blocked for 3 h in 3% goat 
serum in PBTX-DOC. Samples were then incubated overnight 
at 4 °C with primary antibodies in 1% goat serum in PBTX-
DOC. After 3 × 30 min washes in PBTX-DOC, samples 
were incubated with secondary antibodies diluted 1:1,500 in 
1% goat serum in PBTX-DOC for 4 h at room temperature. 
Finally, after 3 × 15 min washes in PBTX-DOC and 1 × 15 min 
in PBS, fat bodies and midguts were dissected and mounted 
in 50% glycerol/PBS with 0.2 μM DAPI. The following 
secondary antibodies were used: Alexa 488 anti-chicken, 
Alexa 488 anti-rabbit, Alexa 546 anti-rabbit, Alexa 568 anti-
rat, Alexa 568 anti-mouse, Alexa 647 anti-rabbit (all used in 
1:1,500, Invitrogen A11039, A11034, A11035, A11077, A1104, 
A21245, respectively).

Immunoprecipitation
Cultured cells were collected by centrifugation, washed twice 

in PBS and lysed on ice in lysis buffer (0.5% Triton-X100, 150 
mM NaCl, 1 mM EDTA, 20 mM TRIS-HCl pH 8) containing 
complete protease and phosphatase inhibitor cocktails (Sigma 
P8340 and Roche 04906845001, respectively), spun for 10 min 
at 10,000 g in an Eppendorf 5430R at 4 °C, followed by the 
addition of 20 µl anti-HA or anti-FLAG slurry (Sigma A2095 and 
A2220, respectively) to the cleared supernatant fraction. After 
incubation at 4 °C for 2 h, beads were collected by centrifugation 
at 5,000 g for 30 s at 4 °C followed by extensive washes in lysis 
buffer, and finally boiled in 20 µl 2× Laemmli sample buffer 
(Sigma S3401).

Western blots and densitometry
Equal amounts of proteins were loaded and separated by 

denaturing SDS-PAGE and transferred to Immobilon-P PVDF 
membrane (Millipore/Biocenter IPVH00010) in transfer 
buffer (0.025 M Trizma base, 0.2 M glycine, 10% methanol). 
Membranes were blocked in CBB (casein blocking buffer, 0.5% 
casein [Sigma C3400] dissolved in 0.1 M Trizma base, followed 
by adjusting pH to 7.5 with HCl) for 1 h at room temperature, 
washed 3 × 5 min in TBST (0.025 M Trizma base pH adjusted 
to 7.5 with HCl, 0.9% NaCl, 0.1% Tween 20), incubated with 
primary antibodies in 1:1 CBB (casein blocking buffer)/TBST 
for 1 h at room temperature, followed by 3 × 10 min washes in 
TBST. Blots were then incubated with AP (alkaline phosphatase) 
conjugated goat anti-mouse, anti-rabbit (Millipore/Biocenter, 
AP124A and AP132A, respectively) or rabbit anti-rat (Sigma, 
A6066) secondary antibodies diluted 1:5,000 in 1:1 CBB (casein 
blocking buffer)/TBST for 1 h at room temperature. Blots were 
washed 3 × 10 min in TBST and 1 × 5 min in AP (alkaline 
phosphatase) buffer (100 mM Trizma base, 100 mM NaCl,  
5 mM MgCl

2
, 0,05% Tween 20, pH adjusted to 9.5 with HCl) 

and then developed using NBT-BCIP (Sigma, 72091) diluted 
1:50 in AP (alkaline phosphatase) buffer.

All western blots were repeated on independent biological 
samples with similar results, and representative examples are 
shown. For fat body lysates, 25 to 30 fat bodies were dissected 
and pooled per genotype. The ratio of slower vs. faster mobility 
Atg13 forms (upper bands vs. lowest band) was calculated by 
densitometry using ImageJ (National Institutes of Health). 
Briefly, lanes were selected using the Rectangular Selection tool, 
and plots were drawn using Plot Lanes. A Straight Line tool was 
used to enclose the peak corresponding to the bands of interest, 
peaks were highlighted by the Wand tool, and Label Peaks was 
used to collect data.
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a b s t r a c t

The Atg2–Atg18 complex acts in parallel to Atg8 and regulates Atg9 recycling from phagophore
assembly site (PAS) during autophagy in yeast. Here we show that in Drosophila, both Atg9 and
Atg18 are required for Atg8a puncta formation, unlike Atg2. Selective autophagic degradation of
ubiquitinated proteins is mediated by Ref(2)P/p62. The transmembrane protein Atg9 accumulates
on refractory to Sigma P (Ref(2)P) aggregates in Atg7, Atg8a and Atg2 mutants. No accumulation
of Atg9 is seen on Ref(2)P in cells lacking Atg18 or Vps34 lipid kinase function, while the Atg1
complex subunit FIP200 is recruited. The simultaneous interaction of Atg18 with both Atg9 and
Ref(2)P raises the possibility that Atg18 may facilitate selective degradation of ubiquitinated protein
aggregates by autophagy.

Structured summary of protein interactions:
Ref(2)P physically interacts with Atg18 by anti tag coimmunoprecipitation (View interaction) Atg18
physically interacts with Atg2 by anti tag coimmunoprecipitation (View interaction) CG8678 physically
interacts with Atg2 by anti tag coimmunoprecipitation (View interaction) Atg18 physically interacts with
atg9 by anti tag coimmunoprecipitation (View interaction)

� 2013 The Authors. Published by Elsevier B.V. All rights reserved.

1. Introduction

Autophagy is a major catabolic pathway capable of degrading
all kinds of intracellular material including proteins, lipids,
polysaccharides, and nucleic acids. During its main pathway,
phagophores capture cytosol and organelles to form autophago-
somes, followed by the fusion of these double-membrane vesicles
with lysosomes [1]. Autophagy was initially considered to be a
non-specific, bulk degradation system, in contrast with the ubiqui-
tin–proteasome pathway, in which individual polyubiquitinated
proteins are recognized, unfolded and degraded in the inner

proteolytic chamber of proteasomes. More recently, multiple stud-
ies showed that ubiquitination also signals for selective autophagic
degradation, and characterization of ubiquitin-specific autophagy
receptors revealed the molecular mechanism involved [2,3].
Proteins such as p62 contain distinct domains mediating multi-
merization, ubiquitin binding and interaction with Atg8 family
proteins. Atg8 is a ubiquitin-like protein bound to phagophores
and autophagosomes through a lipid anchor [1,4,5]. Ubiquitinated
proteins are captured into aggregates by binding to p62 multimers,
and the interaction of p62 with Atg8-positive phagophores is con-
sidered to be responsible for their elimination by autophagy
[2,3,6–8]. In contrast with this simple model, p62 was found to
colocalize with proteins involved in the initiation of phagophores
independent of the presence of mammalian Atg8 homologs such
as LC3 [9]. These results suggest that additional factors also
contribute to the recognition of p62 aggregates by phagophores.

Atg9 is the only transmembrane protein of core autophagy
factors, and it likely supplies initial vesicles for phagophore
nucleation from multiple membrane sources including endosomes,
plasma membrane and Golgi [10–12]. Atg9 is considered to be an
upstream factor in the hierarchy of autophagy-related (Atg)
proteins in yeast, but the molecular determinants of Atg9

0014-5793/$36.00 � 2013 The Authors. Published by Elsevier B.V. All rights reserved.
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Abbreviations: Atg, autophagy-related; PAS, phagophore assembly site; PI3P,
phosphatidylinositol 3-phosphate; Ref(2)P, refractory to Sigma P; ULK, uncoordi-
nated-51 like autophagy kinase; Vps, vacuolar protein sorting; WIPI, WD40 repeat
domain phosphoinositide-interacting protein
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recruitment to the phagophore assembly site (PAS) are incom-
pletely characterized [13]. A recent study shows that mammalian
Atg9 is recruited to damaged mitochondria independent of lipidat-
ed Atg8 homologs and the upstream kinase Atg1/ULK1 during
selective autophagic degradation of mitochondria [14]. In yeast,
the Atg2–Atg18 protein complex is thought to act in parallel to
the Atg8 system, and regulates Atg9 recycling from PAS [13,15].
Diverse Atg18-like proteins are found in eukaryotes. The four
mammalian homologs fall into two groups based on bioinformatic
analysis: WIPI1/2 and WIPI3/4 [16,17]. Of these, both WIPI2 and
WIPI4 were suggested to promote autophagosome formation
based on siRNA experiments in cultured cells [16,18]. Yeast
Atg18 and its paralog Atg21 belong to the WIPI1/2 group [16,17].
Atg21 only functions in an autophagy-related biosynthetic
pathway called cytoplasm to vacuole targeting (cvt) which delivers
a subset of hydrolases to the vacuole under growth conditions,
whereas Atg18 is required for both autophagy and cvt in yeast
[19]. Ygr223c, the third Atg18 family protein in yeast, belongs to
the WIPI3/4 group and regulates micronucleophagy, a selective
autophagy pathway for degradation of nuclear components
[16,20].

Clear orthologs of most Atg proteins are found in the popular
metazoan model Drosophila, and the p62 ortholog refractory to
Sigma P (Ref(2)P) also promotes ubiquitinated protein aggregation
[21,22]. Single genes code for Atg9 and Atg2, and the WIPI1/2
homolog CG7986 is referred to as Atg18, as it is required for
autophagy in Drosophila [23–26]. The roles of another WIPI1/2
family Drosophila protein, CG8678, and of the WIPI3/4-like
CG11975 are unknown [16,17].

Here we show that loss of Atg2 or Atg18 have different conse-
quences on Atg8a puncta formation and Atg9 recruitment to
Ref(2)P aggregates during starvation in Drosophila, raising the
possibility that these proteins act differently during autophago-
some formation in Drosophila.

2. Materials and methods

2.1. Molecular cloning, immunoprecipitation and antibody production

Atg18 coding sequences were PCR amplified from LD38705
(DGRC), and cloned into appropriate vectors to generate
R4-mCherry-Atg18, UAS-3xHA-Atg18, and UAS-3xFLAG-Atg18,
respectively. Coding sequences were amplified from genomic
DNA or GH07816 (DGRC) to generate UAS-3xFLAG-Atg2 or
UAS-3xHA-CG8678, respectively. These UAS plasmids, together
with UAS-3xHA-Atg9, UAS-3xFLAG-Ref(2)P and mt-Gal4, were
used to transfect D.Mel-2 cells (Invitrogen), followed by processing
for immunoprecipitation as described [25,27]. His-tagged recombi-

nant Atg9 protein fragment (amino acids 541–845) was purified
from bacteria and used for immunization of rats as before [27].

2.2. Drosophila genetics

Flies were reared on standard cornmeal-yeast-agar diet, and
well-fed mid-third instar larvae were floated in a 20% sucrose solu-
tion for 3 h in starvation experiments. Genotypes used in this study
are RNAi lines Atg9GD10045 (VDRC), Atg9HMS01246, Atg9JF02891,
Atg18JF02898, Atg8aKK109654, Atg2JF02786, and w1118 used as wild type
(all from BDSC) [26], mutants Atg7d77 [28], Atg2EP3697/Df(3L)BSC119,
Atg18KG03090/Df(3L)Exel6112, Atg8ad4 [23,26], cg-Gal4, UAS-Vps34KD

[29], and stocks for clonal analysis hs-Flp; UAS-Dcr2; Act > CD2 >
Gal4, UAS-GFPnls, R4-mCherry-Atg8a and hs-Flp; UAS-Lamp1-GFP;
Act > CD2 > Gal4, UAS-Dcr2 [25–27]. R4-mCherry-Atg18 transgenics
were generated by Bestgene.

2.3. Western blots and histology

Western blots were carried out as described previously [25–27].
Dissected larval carcasses were processed for LysoTracker Red
(Invitrogen) or immunostaining as before, using rabbit anti-Ref(2)P
(1:2000), rat anti-Atg8a (1:300), rat anti-Atg9 (1:300), rat anti-
FIP200 (1:300) and rat anti-mCherry (1:300) primary antibodies
[25–27]. Preparations were photographed on an Axioimager M2
with Apotome2 (Zeiss), and original unmodified images were
processed for statistical evaluation using ImageJ (NIH) and SPSS
Statistics (IBM), as described [25–27]. Colocalizations were calcu-
lated either by the colocalization tool in ImageJ to obtain Mander’s
colocalization coefficients for Atg8a-Ref(2)P, or by manual count-
ing for Atg9-Ref(2)P. Immunogold labeling for ubiquitin was done
as described [28]. Anti-Atg9 (1:30) and anti-Ref(2)P (1:60) double
immunogold labeling was carried out on adult brains embedded
into LR White resin (Sigma) to increase antigenicity, using second-
ary antibodies anti-rat conjugated to 10 nm gold (1:20, Sigma) and
anti-rabbit conjugated to 18 nm gold particles (1:60, Jackson
Immunoresearch).

3. Results

p62 aggregates are selectively captured into autophagosomes
under both basal or starvation conditions in mammalian cells, as
more than 90% of LC3-positive autophagosomes are also positive
for p62 [6]. In line with that, most Atg8a-positive autophagosomes
colocalized with Ref(2)P in fat bodies of well-fed, starved or wan-
dering Drosophila larvae, respectively (Figs. 1A and S1). As
expected, the number of Atg8a dots increased in response to
autophagy induction (Fig. 1B). Strikingly, larger Ref(2)P aggregates
seen under low autophagy level in fed cells disappeared during

Fig. 1. (A) Atg8a colocalizes with Ref(2)P in Drosophila fat body cells of fed, starved and wandering wild type L3 larvae. The colocalization of Ref(2)P with Atg8a increases
during starvation or developmental autophagy, as much more autophagosomes are generated under these circumstances. N = 6–15 per stage, ⁄P < 0.001, ANOVA, errors bars:
S.D. (B) Atg8a-positive autophagosomes are induced by starvation or during the wandering stage. (C) Larger Ref(2)P aggregates observed in fat body cells of well-fed animals
are eliminated during starvation or wandering.
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starvation-induced or developmental autophagy (Fig. 1C). Thus,
Ref(2)P aggregates are selectively eliminated by autophagy in
Drosophila.

Atg2 and Atg18 act in parallel to Atg8 in yeast, whereas Atg2
appears to function downstream of Atg8 family proteins in worms
and mammals, respectively [18,30]. We also found that punctate
Atg8a structures form in fat bodies of starved Atg2 mutants previ-
ously shown to be defective in autophagic degradation (Fig. 2A, B
and E) [23,26]. In contrast, Atg8a dots were rarely detected in
starved Atg18 mutants, and they were restored by expression of
mCherry-Atg18 (Fig. 2C–E). Similarly, RNAi depletion of Atg2 failed
to block the formation of Atg8a-positive structures, while Atg18
knockdown inhibited punctate Atg8a in GFP-marked RNAi cells
(Fig. 2F–H). Immunoprecipitation experiments suggested that
Atg2 may interact with Drosophila Atg18, and more efficiently
with its paralog CG8678 (Fig. S2).

We have recently shown that Drosophila Atg9 is required for
basal, Myc-induced or proteasome inactivation-induced autoph-
agy, respectively [24–26]. Atg9 is also necessary for the starvation
response, as expression of either one of three independent RNAi
lines in GFP-marked cell clones prevented punctate LysoTracker
staining, a commonly used marker of autolysosomes in the fat
body (Fig. S3A–C and J). Moreover, formation of mCherry-Atg8a po-
sitive autophagosomes and autolysosomes were also blocked in
knockdown cells, and the selective cargo Ref(2)P accumulated
upon Atg9 RNAi during starvation (Fig. S3D–I, K and L).

We raised polyclonal antibodies against Drosophila Atg9,
which specifically recognized Atg9 dots and clusters in starved
fat body cells (Fig. S3M). Phagophores assemble at aggregates
of the selective cargo pro-aminopeptidase I in yeast, and p62-po-
sitive aggregates may play similar roles in metazoans [3]. In wild
type cells, the overlap of Atg9 with Ref(2)P was low (Fig. 3A and
G), in line with the transient localization of Atg9 to forming
phagophores described in mammalian cells [10,31]. Loss of
downstream Atg genes results in the accumulation of upstream
factors in stalled PAS, both in yeast and mammals [13,32]. We
therefore carried out similar analyses for Atg9 and Ref(2)P.
Nearly all Ref(2)P aggregates colocalized with Atg9 in null mu-
tants of Atg7 encoding the E1-like enzyme required for Atg8a lip-
idation and membrane association, and in Atg8a nulls (Fig. 3B, C
and G).

Aggregates of Ref(2)P also overlapped with Atg9 in Atg2 mutant
fat cells in starved fly larvae (Fig. 3D and G), consistent with the
role of Atg2 downstream of (or parallel to) Atg8a. Strikingly, colo-
calization of these two proteins was low in Atg18 mutants (Fig. 3E
and G). Atg18 is a phosphatidylinositol 3-phosphate (PI3P) effector
[33], which prompted us to test whether Vps34, the lipid kinase
producing this phospholipid, is involved in Atg9 recruitment to
Ref(2)P. Colocalization of Atg9 with Ref(2)P was again low in fat
bodies expressing dominant-negative Vps34 (Fig. 3F and G). These
data suggested that either Atg9 or Ref(2)P is not recruited to the
PAS in the absence of Atg18 or Vps34 function. To distinguish be-
tween these possibilities, we looked at the localization of FIP200/
Atg17. FIP200 is a subunit of the Atg1 kinase complex, and it
accumulates on Ref(2)P aggregates in fat body cells of starved
Atg7 null mutant larvae [34]. FIP200 was also enriched on Ref(2)P
aggregates in cells lacking Atg2, Atg18 or Vps34 function (Fig. 3H–J),
suggesting that Atg9 recruitment to PAS may specifically be af-
fected by the absence of Atg18 or Vps34. Moreover, overlapping
mCherry-Atg18 and Ref(2)P structures were readily observed in
Atg2 and Atg8a RNAi cells (Figs. 3K and S3N).

These data suggested that Ref(2)P aggregates with associated
upstream Atg proteins may represent stalled PAS in Atg mutants.
The ultrastructure of protein inclusions is well-characterized in
Atg mutant neurons of adult flies and mice, respectively
[28,35,36]. These aggregates contain ubiquitinated protein, and
are often surrounded by small vesicles (Fig. 3L). Double immunola-
beling experiments revealed that at least a subset of vesicles
associated with Ref(2)P-positive inclusions are positive for endog-
enous Atg9 in neurons of Atg7 and Atg8a null mutant adult brains
(Fig. 3M and N).

The lack of Atg9 accumulation on Ref(2)P aggregates in Atg18
mutants raised the possibility that Atg18 may facilitate Atg9
recruitment to Ref(2)P. Indeed, HA-Atg18 coprecipitated with
FLAG-Ref(2)P in cultured cells (Fig. 4A). HA-Atg9 showed strong
binding to FLAG-Atg18, but not to FLAG-Ref(2)P (Fig. 4B), suggest-
ing that the colocalization of Atg9 with Ref(2)P may not map a
direct physical interaction. We hypothesized that Atg18 may
potentially facilitate Atg9 recruitment to Ref(2)P aggregates by
simultaneously binding to both proteins. In line with this model,
coexpression of HA-Atg18 resulted in coprecipitation of HA-Atg9
with FLAG-Ref(2)P (Fig. 4B).

Fig. 2. (A–D) Punctate endogenous Atg8a staining is seen in fat body cells of wild type (A) and Atg2 mutant (B) starved larvae. The Atg8a dot formation defect of Atg18
mutants (C) is rescued by transgenic expression of Atg18 (D). Note that Atg8a is pseudocolored red in panel D, as Alexa 488 was used to avoid bleedthrough from the mCherry
channel. (E) Quantification of data shown in (A–D). N = 5/genotype, ⁄P < 0.001, ANOVA, errors bars: S.D. (F) Atg2 RNAi in GFP-positive cells does not block Atg8a puncta
formation. Note that Atg8a structures in RNAi cells appear brighter, and a fraction of these are also bigger than Atg8a dots observed in surrounding control cells lacking GFP.
(G) RNAi knockdown of Atg18 in GFP-marked cell clones blocks Atg8a puncta formation. Note that the Atg8a dots that do form in RNAi cells appear smaller and are much less
bright than those observed in neighboring control cells. (H) Quantification of data shown in F, G. N = 5/genotype, ⁄P < 0.001, two-tailed, two-sample Student’s T test, errors
bars: S.D. Bar in A equals 20 lm for A–D, F, G, and the relevant channels are shown in grayscale as indicated.
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4. Discussion

Previous studies established the importance of the interaction
between p62 and Atg8 family proteins (such as LC3) during selec-
tive autophagy in mammalian cells [2,3,6]. A recent live imaging-
based report shows that these two proteins are recruited together
to the PAS, but later than the Atg1/ULK kinase complex, the Vps34
lipid kinase complex and its effectors such as WIPI1 [31]. How p62
and LC3 are recruited to the PAS is still not understood completely.
Several interactions have been recently described between Atg
proteins belonging to distinct functional groups and complexes,
which likely cooperately coordinate the recruitment of down-
stream factors. For instance, LC3-interacting regions have been
characterized in ULK1/Atg1 and its binding partners Atg13 and
FIP200, which may facilitate LC3 recruitment to PAS [37].

Atg9 likely supplies lipids in the form of small vesicles to
initiate phagophore formation, and most of it is normally recycled

from phagophores [10,31]. Atg18 is a phospholipid effector, and its
complex with Atg2 regulates Atg9 recycling from phagophores in
yeast [15]. Atg18 and Atg2 are considered to function together,
genetically in parallel to Atg8 in yeast [13]. A recent paper shows
that Atg18 recruitment to PAS requires PI3P and Atg2, and the
Atg18-related protein Atg21 also appears to facilitate its localiza-
tion to pro-aminopeptidase I aggregates in yeast [38]. Loss of
Atg2 leads to formation of stalled phagophores in worms and
mammalian cells, and it does not block the recruitment of worm
Atg18 to protein aggregates [18,30], which are entirely consistent
with our findings in Drosophila. Loss of Atg18 suppressed Atg8a
puncta formation unlike the lack of Atg2 function, indicating that
Atg18 acts upstream of Atg8a in Drosophila. Similar to our findings,
RNAi depletion of the Atg18 homolog WIPI2 was found to prevent
LC3 puncta formation in cultured mammalian cells, and mutation
of Atg18 attenuates efficient Atg8 puncta formation in the 50 cell
stage worm embryo [16,18]. Interestingly, Atg18 and Atg21 were

Fig. 3. (A) Atg9 rarely colocalizes with Ref(2)P in wild type larvae. (B–D) A near-complete overlap of Atg9 and Ref(2)P is seen in Atg7 (B), Atg8a (C) and Atg2 (D) mutants. (E, F)
Atg9 and Ref(2)P rarely colocalize in Atg18 mutants (E) or in fat bodies expressing dominant-negative Vps34 (F). (G) Quantification of data from A–F. N = 5/genotype,
⁄P < 0.001, ANOVA, errors bars: S.D. (H–J) FIP200 accumulates on Ref(2)P aggregates in starved Atg2 (H) and Atg18 mutants (I), and in larvae expressing dominant-negative
Vps34 in fat bodies (J). (K) mCherry-Atg18 colocalizes with Ref(2)P in GFP-marked Atg2 RNAi cells. (L) Immunogold labeling shows accumulation of numerous vesicles (some
of which are indicated by asterisks) around and occasionally also inside aggregates containing ubiquitinated proteins in Atg7 mutant neurons. (M, N) Double immunogold
labeling shows endogenous Atg9-positive vesicles (asterisks) accumulating at the periphery of Ref(2)P aggregates in Atg8a (M) and Atg7 (N) mutant neurons. Bar in A equals
20 lm for A–F, H–K, and boxed areas are shown enlarged as indicated. Bars equal 300 nm in L–N.
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also suggested to promote the recruitment of lipidated Atg8 to the
PAS in yeast, based on experiments carried out in a multiple knock-
out strain which contains only a subset of Atg genes [19].

Our data raise the possibility that the selective autophagy cargo
Ref(2)P may be used as a potential PAS marker in Atg mutant
Drosophila cells, as most Ref(2)P aggregates become positive for
upstream Atg proteins. The Atg1 complex subunit FIP200 is en-
riched on Ref(2)P aggregates in the absence of Atg7, Atg2, Atg18
or Vps34 function. Atg9 also accumulates on Ref(2)P aggregates
in Atg7, Atg8a and Atg2 mutants, but not in Atg18 mutants. Atg18
family proteins contain a WD40 domain with 7 beta-propellers.
This structure likely enables the binding of Atg18 to multiple
targets simultaneously, including the autophagy proteins Atg2
and Atg9 that we also show here, and PI3P on autophagic mem-
branes [15,19,33,38]. In line with the interaction of Atg18 with this
phospholipid, accumulation of Atg9 on Ref(2)P aggregates also re-
quires the lipid kinase Vps34. Our data suggest that Atg18 may
play an important role in phagophore nucleation, potentially by
facilitating the recruitment of Atg9-containing vesicles to Ref(2)P
for selective capture and degradation of ubiquitinated protein
aggregates through autophagy in Drosophila.

Acknowledgements

We thank Sarolta Pálfia and Eszter Papp for technical assistance,
Zsolt Venkei for purifying recombinant Atg9, and the Wellcome
Trust (087518/Z/08/Z), the Hungarian Scientific Research Fund
(OTKA K83509), and Hungarian Academy of Sciences (BO/00552/
11) for support.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.febslet.2013.
12.012.

References

[1] Mizushima, N., Levine, B., Cuervo, A.M. and Klionsky, D.J. (2008) Autophagy
fights disease through cellular self-digestion. Nature 451, 1069–1075.

[2] Shaid, S., Brandts, C.H., Serve, H. and Dikic, I. (2013) Ubiquitination and
selective autophagy. Cell Death Differ. 20, 21–30.

[3] Johansen, T. and Lamark, T. (2011) Selective autophagy mediated by
autophagic adapter proteins. Autophagy 7, 279–296.

[4] Ichimura, Y. et al. (2000) A ubiquitin-like system mediates protein lipidation.
Nature 408, 488–492.

[5] Mizushima, N., Yamamoto, A., Matsui, M., Yoshimori, T. and Ohsumi, Y. (2004)
In vivo analysis of autophagy in response to nutrient starvation using
transgenic mice expressing a fluorescent autophagosome marker. Mol. Biol.
Cell 15, 1101–1111.

[6] Komatsu, M. et al. (2007) Homeostatic levels of p62 control cytoplasmic
inclusion body formation in autophagy-deficient mice. Cell 131, 1149–1163.

[7] Bjorkoy, G., Lamark, T., Brech, A., Outzen, H., Perander, M., Overvatn, A.,
Stenmark, H. and Johansen, T. (2005) P62/SQSTM1 forms protein aggregates
degraded by autophagy and has a protective effect on huntingtin-induced cell
death. J. Cell Biol. 171, 603–614.

[8] Pankiv, S. et al. (2007) P62/SQSTM1 binds directly to Atg8/LC3 to facilitate
degradation of ubiquitinated protein aggregates by autophagy. J. Biol. Chem.
282, 24131–24145.

[9] Itakura, E. and Mizushima, N. (2011) P62 targeting to the autophagosome
formation site requires self-oligomerization but not LC3 binding. J. Cell Biol.
192, 17–27.

[10] Orsi, A., Razi, M., Dooley, H., Robinson, D., Weston, A., Collinson, L. and Tooze,
S. (2012) Dynamic and transient interactions of Atg9 with autophagosomes,
but not membrane integration, is required for autophagy. Mol. Biol. Cell 23,
1860–1873.

[11] Yamamoto, H. et al. (2012) Atg9 vesicles are an important membrane source
during early steps of autophagosome formation. J. Cell Biol. 198, 219–233.

[12] Puri, C., Renna, M., Bento, C.F., Moreau, K. and Rubinsztein, D.C. (2013) Diverse
autophagosome membrane sources coalesce in recycling endosomes. Cell 154,
1285–1299.

[13] Suzuki, K., Kubota, Y., Sekito, T. and Ohsumi, Y. (2007) Hierarchy of Atg
proteins in pre-autophagosomal structure organization. Genes Cells 12, 209–
218.

[14] Itakura, E., Kishi-Itakura, C., Koyama-Honda, I. and Mizushima, N. (2012)
Structures containing Atg9A and the ULK1 complex independently target
depolarized mitochondria at initial stages of Parkin-mediated mitophagy. J.
Cell Sci. 125, 1488–1499.

[15] Reggiori, F., Tucker, K.A., Stromhaug, P.E. and Klionsky, D.J. (2004) The Atg1–
Atg13 complex regulates Atg9 and Atg23 retrieval transport from the pre-
autophagosomal structure. Dev. Cell 6, 79–90.

[16] Polson, H.E., de Lartigue, J., Rigden, D.J., Reedijk, M., Urbe, S., Clague, M.J. and
Tooze, S.A. (2010) Mammalian Atg18 (WIPI2) localizes to omegasome-
anchored phagophores and positively regulates LC3 lipidation. Autophagy 6,
506–522.

[17] Proikas-Cezanne, T., Waddell, S., Gaugel, A., Frickey, T., Lupas, A. and
Nordheim, A. (2004) WIPI-1alpha (WIPI49), a member of the novel 7-bladed
WIPI protein family, is aberrantly expressed in human cancer and is linked to
starvation-induced autophagy. Oncogene 23, 9314–9325.

[18] Lu, Q. et al. (2011) The WD40 repeat PtdIns(3)P-binding protein EPG-6
regulates progression of omegasomes to autophagosomes. Dev. Cell 21, 343–
357.

[19] Nair, U., Cao, Y., Xie, Z. and Klionsky, D.J. (2010) Roles of the lipid-binding
motifs of Atg18 and Atg21 in the cytoplasm to vacuole targeting pathway and
autophagy. J. Biol. Chem. 285, 11476–11488.

[20] Krick, R., Henke, S., Tolstrup, J. and Thumm, M. (2008) Dissecting the
localization and function of Atg18, Atg21 and Ygr223c. Autophagy 4, 896–910.

[21] Erdi, B., Nagy, P., Zvara, A., Varga, A., Pircs, K., Menesi, D., Puskas, L.G. and
Juhasz, G. (2012) Loss of the starvation-induced gene Rack1 leads to glycogen
deficiency and impaired autophagic responses in Drosophila. Autophagy 8,
1124–1135.

[22] Nezis, I.P. et al. (2008) Ref(2)P, the Drosophila melanogaster homologue of
mammalian p62, is required for the formation of protein aggregates in adult
brain. J. Cell Biol. 180, 1065–1071.

Fig. 4. (A, B) Analysis of protein interactions in cultured cells. (A) HA-Atg18 coprecipitates FLAG-Ref(2)P. FLAG-GFP is shown as negative control. (B) HA-Atg9 coprecipitates
with FLAG-Atg18, but not with FLAG-Ref(2)P. Coexpression of HA-Atg18 results in coprecipitation of HA-Atg9 with FLAG-Ref(2)P. IP: immunoprecipitation, WB: western blot.

412 P. Nagy et al. / FEBS Letters 588 (2014) 408–413
               dc_840_14

http://dx.doi.org/10.1016/j.febslet.2013.12.012
http://dx.doi.org/10.1016/j.febslet.2013.12.012
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0005
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0005
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0010
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0010
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0015
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0015
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0020
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0020
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0025
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0025
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0025
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0025
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0030
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0030
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0035
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0035
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0035
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0035
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0040
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0040
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0040
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0045
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0045
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0045
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0050
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0050
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0050
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0050
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0055
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0055
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0060
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0060
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0060
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0065
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0065
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0065
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0070
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0070
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0070
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0070
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0075
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0075
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0075
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0080
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0080
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0080
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0080
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0085
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0085
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0085
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0085
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0090
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0090
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0090
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0095
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0095
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0095
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0100
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0100
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0105
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0105
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0105
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0105
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0110
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0110
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0110


[23] Scott, R.C., Schuldiner, O. and Neufeld, T.P. (2004) Role and regulation of
starvation-induced autophagy in the Drosophila fat body. Dev. Cell 7, 167–
178.

[24] Low, P., Varga, A., Pircs, K., Nagy, P., Szatmari, Z., Sass, M. and Juhasz, G. (2013)
Impaired proteasomal degradation enhances autophagy via hypoxia signaling
in Drosophila. BMC Cell Biol. 14, 29.

[25] Nagy, P., Varga, A., Pircs, K., Hegedus, K. and Juhasz, G. (2013) Myc-driven
overgrowth requires unfolded protein response-mediated induction of
autophagy and antioxidant responses in Drosophila melanogaster. PLOS
Genet. 9, e1003664.

[26] Pircs, K., Nagy, P., Varga, A., Venkei, Z., Erdi, B., Hegedus, K. and Juhasz, G.
(2012) Advantages and limitations of different p62-based assays for
estimating autophagic activity in Drosophila. PLoS One 7, e44214.

[27] Takats, S. et al. (2013) Autophagosomal Syntaxin17-dependent lysosomal
degradation maintains neuronal function in Drosophila. J. Cell Biol. 201, 531–
539.

[28] Juhasz, G., Erdi, B., Sass, M. and Neufeld, T.P. (2007) Atg7-dependent
autophagy promotes neuronal health, stress tolerance, and longevity but is
dispensable for metamorphosis in Drosophila. Genes Dev. 21, 3061–3066.

[29] Juhasz, G., Hill, J.H., Yan, Y., Sass, M., Baehrecke, E.H., Backer, J.M. and Neufeld,
T.P. (2008) The class III PI(3)K Vps34 promotes autophagy and endocytosis but
not TOR signaling in Drosophila. J. Cell Biol. 181, 655–666.

[30] Velikkakath, A.K., Nishimura, T., Oita, E., Ishihara, N. and Mizushima, N. (2012)
Mammalian Atg2 proteins are essential for autophagosome formation and

important for regulation of size and distribution of lipid droplets. Mol. Biol.
Cell 23, 896–909.

[31] Koyama-Honda, I., Itakura, E., Fujiwara, T.K. and Mizushima, N. (2013)
Temporal analysis of recruitment of mammalian ATG proteins to the
autophagosome formation site. Autophagy 9, 1491–1499.

[32] Itakura, E. and Mizushima, N. (2010) Characterization of autophagosome
formation site by a hierarchical analysis of mammalian Atg proteins.
Autophagy 6, 764–776.

[33] Obara, K., Sekito, T., Niimi, K. and Ohsumi, Y. (2008) The Atg18–Atg2 complex
is recruited to autophagic membranes via phosphatidylinositol 3-phosphate
and exerts an essential function. J. Biol. Chem. 283, 23972–23980.

[34] Nagy, P. et al. (2014) Atg17/FIP200 localizes to perilysosomal Ref(2)P
aggregates and promotes autophagy by activation of Atg1 in Drosophila.
Autophagy 10 (3) (in press).

[35] Hara, T. et al. (2006) Suppression of basal autophagy in neural cells causes
neurodegenerative disease in mice. Nature 441, 885–889.

[36] Komatsu, M. et al. (2006) Loss of autophagy in the central nervous system
causes neurodegeneration in mice. Nature 441, 880–884.

[37] Alemu, E.A. et al. (2012) ATG8 family proteins act as scaffolds for assembly of
the ULK complex: sequence requirements for LC3-interacting region (LIR)
motifs. J. Biol. Chem. 287, 39275–39290.

[38] Rieter, E., Vinke, F., Bakula, D., Cebollero, E., Ungermann, C., Proikas-Cezanne,
T. and Reggiori, F. (2013) Atg18 function in autophagy is regulated by specific
sites within its beta-propeller. J. Cell Sci. 126, 593–604.

P. Nagy et al. / FEBS Letters 588 (2014) 408–413 413               dc_840_14

http://refhub.elsevier.com/S0014-5793(13)00920-4/h0115
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0115
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0115
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0120
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0120
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0120
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0125
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0125
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0125
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0125
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0130
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0130
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0130
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0135
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0135
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0135
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0140
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0140
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0140
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0145
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0145
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0145
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0150
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0150
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0150
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0150
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0155
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0155
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0155
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0160
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0160
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0160
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0165
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0165
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0165
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0170
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0170
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0170
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0175
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0175
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0180
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0180
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0185
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0185
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0185
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0190
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0190
http://refhub.elsevier.com/S0014-5793(13)00920-4/h0190


522 | Z. Szatmári et al. Molecular Biology of the Cell

MBoC | ARTICLE

Rab11 facilitates cross-talk between autophagy 
and endosomal pathway through regulation of 
Hook localization
Zsuzsanna Szatmária, Viktor Kisa, Mónika Lippaia, Krisztina Hegedűsa, Tamás Faragób, 
Péter Lőrincza, Tsubasa Tanakac, Gábor Juhásza, and Miklós Sassa

aDepartment of Anatomy, Cell, and Developmental Biology, Eötvös Loránd University, Budapest 1117, Hungary; 
bMTA-ELTE Comparative Ethology Research Group, Budapest 1117, Hungary; cDepartment of Germline Develop-
ment, Kumamoto University, 2-2-1 Honjo, Kumamoto 860-0811, Japan

ABSTRACT During autophagy, double-membrane autophagosomes deliver sequestered cy-
toplasmic content to late endosomes and lysosomes for degradation. The molecular mecha-
nism of autophagosome maturation is still poorly characterized. The small GTPase Rab11 
regulates endosomal traffic and is thought to function at the level of recycling endosomes. 
We show that loss of Rab11 leads to accumulation of autophagosomes and late endosomes 
in Drosophila melanogaster. Rab11 translocates from recycling endosomes to autophago-
somes in response to autophagy induction and physically interacts with Hook, a negative 
regulator of endosome maturation. Hook anchors endosomes to microtubules, and we show 
that Rab11 facilitates the fusion of endosomes and autophagosomes by removing Hook from 
mature late endosomes and inhibiting its homodimerization. Thus induction of autophagy 
appears to promote autophagic flux by increased convergence with the endosomal path-
way.

INTRODUCTION
Macroautophagy (hereafter autophagy) is an evolutionarily con-
served bulk degradation process of eukaryotic cells. The regulation 
of this process was originally described in yeast (Saccharomyces cer-
evisiae) but even has a key role in multicellular organisms as a cyto-
protective response to stress and pathological conditions (Levine 
and Kroemer, 2008; Mizushima et al., 2008). Autophagy has the 

capacity to engulf large portions of the cytoplasm through the for-
mation of double-membrane vesicles, called autophagosomes. 
These vesicles arise from preautophagosomal structures (PAS), 
which are defined sites of cytoplasm, marked by a subset of au-
tophagy-related (Atg) proteins (Mizushima et al., 2011). Closed au-
tophagosomes undergo a maturation process, as they subsequently 
fuse with endosomes and lysosomes.

On autophagy induction, the Atg1 kinase complex (ULK1/2 in 
mammals) localizes to the PAS (Chan and Tooze, 2009; Mizushima, 
2010) and together with the class III phosphatidylinositol-3-kinase 
(Vps34) complex initiates the phagophore nucleation and expansion 
(Funderburk et al., 2010). After these events, the members of two 
ubiquitin-like conjugation systems are recruited to the phagophore 
membrane: the Atg5-12-16 complex and the phosphatidyletha-
nolamine-conjugated Atg8a (LC3 in mammals; Geng and Klionsky, 
2008). The lipid-conjugated form of Atg8a (Atg8a-II) is located on 
both sides of the membrane of the phagophore and autophago-
somes as well. While the Atg8a located on the outer membrane is 
routed for recyclization, the other portion of Atg8a becomes trapped 
in the autolysosomal lumen and is degraded by lysosomal hydro-
lases. Thus Atg8a is a widely used marker of autophagic structures 
(Klionsky et al., 2012).
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ultrastructural studies also suggest that Rab11 RNAi leads to the 
accumulation of abnormal autophagic vacuoles (Figure 1F).

Surprisingly, when we examined the influence of Rab11 deple-
tion on the pattern of LysoTracker Red (LTR), a marker of acidic struc-
tures, we observed an accumulation of LTR-positive dots under both 
fed and starved conditions, compared with control cells (Figures 2A 
and S2, A and D). However, we found a decrease in the colocaliza-
tion frequency of GFP-Atg8a with LTR (from 43 ± 1.6 to 8 ± 0.8%), 
indicating that a drop in Rab11 protein levels results in a reduced 
number of late autophagic structures (Figure S2, E and F). Next we 
tested whether LTR colocalizes with any marker of the endolyso-
somal system. Using Lamp1-GFP, a marker of late endosomes and 
lysosomes (Schwake et al., 2013), we observed an increased num-
ber of Lamp1-positive dots and 90 ± 1.4% of LTR-positive dots colo-
calized with them in Rab11 RNAi cells (Figures 2A and S2, B–D). 
Moreover, we found the accumulation of the late endosomal marker 
Rab7 (Wang et al., 2011), but not that of the early endosomal marker 
Rabenosyn-5 (de Renzis et al., 2002; Figures 2B and S2G).

Because our results showed the accumulation of both autopha-
gosomes and late endosomes, we tested whether Rab11 depletion 
affects amphisome formation. Colocalization of Atg8a with different 
endosomal markers was studied both in the presence and absence 
of Rab11 during starvation-induced autophagy. We found a signifi-
cant decrease in colocalization of the endocytic tracer Texas Red 
Avidin (TRA) with GFP-Atg8a due to Rab11-depletion (from 43 ± 0.9 
to 8 ± 0.2%; Figure 2, C and C′). Silencing of Rab11 decreased the 
colocalization of mCherry-Atg8a with the endosomal markers Rab7 
(from 20±1.6% to 1.8±0.3%) and Lamp1 (from 75 ± 1.7 to 32 ± 1.6%) 
as well (Figures 2C and S2, H and I). Supporting these findings, our 
electron microscopic analysis showed acidic late endosomes often 
located in proximity to autophagosomes, but we could not detect 
any acidic autophagic vacuoles (Figure S2J).

These findings suggest that Rab11 is required for amphisome 
formation and lack of Rab11 results in the accumulation of abnormal 
autophagosomes and late endosomes.

Rab11 localizes to autophagosomes
As our results suggest, Rab11 presumably plays an important role in 
the fusion of autophagosomes with late endosomes. Therefore our 
aim was to verify whether Rab11 indeed localizes to autophagic 
structures. At first, we investigated the colocalization of Rab11 with 
Atg8a. We found that 40 ± 0.4% of ectopically expressed Rab11-
GFP–positive puncta colocalized with mCherry-Atg8a under starved 
conditions (Figure S3A). Supporting this result, mCherry-Atg8a was 
also found to colocalize with endogenous Rab11 (Figure 3B).

These findings raised the question of whether there is an au-
tophagy induction–dependent change in the colocalization of en-
dogenous Rab11 with mCherry-Atg8a. We observed that only 
0.46 ± 0.1% of Rab11-positive dots colocalized with mCherry-Atg8a 
under fed conditions, while amino acid starvation significantly in-
creased the colocalization frequency to 18 ± 1.5% (Figure 3, A, B, 
and F). However, autophagy induction did not affect the number of 
Rab11-positive structures in fat body cells (Figure S3B). This sug-
gests that Rab11, besides being found in REs, can be also found on 
autophagic structures.

Vps32/Snf7 is a member of the ESCRT-III complex, playing a key 
role in the maturation of endosomes (Williams and Urbé, 2007; 
Hanson et al., 2008; Raiborg and Stenmark, 2009). It was previously 
described that ESCRT proteins are required for amphisome forma-
tion and that immature autophagosomes accumulate due to the 
lack of ESCRT components (Filimonenko et al., 2007; Lee et al., 
2007). We detected a moderate increase in the frequency of 

After completion, autophagosomes can fuse with lysosomes. 
However, there is also growing evidence about the convergence of 
the autophagic route with the earlier stages of endosomal path-
ways. Recent studies show that autophagosomes can fuse with dif-
ferent populations of both early (Tooze et al., 1990; Razi et al., 2009) 
and late (Lucocq and Walker, 1997; Köchl et al., 2006; Filimonenko 
et al., 2007) endosomes to form hybrid organelles called amphi-
somes (Gordon and Seglen, 1988).

In spite of numerous studies, many questions remained open 
concerning the spatial and temporal regulation of autophagosome 
maturation, amphisome formation, and the exact molecular mecha-
nisms of the fusion events. As a recent review discussed, a cross-talk 
may exist between autophagic and endosomal processes, which 
likely plays an important role in the regulation of both degradative 
pathways (Lamb et al., 2013).

The members of the Rab small GTPase protein family are the 
main regulators of membrane trafficking and fusion events 
(Stenmark, 2009). The active, GTP-bound Rab proteins recruit sev-
eral specific effectors to the membrane in which they are associ-
ated, thereby determining the membrane’s identity, traffic, and fu-
sion ability. Recent studies revealed a role for a subset of Rab 
proteins in autophagy (Chua et al., 2011). Rab11 was indicated to 
play an important role both at the early and late stages of au-
tophagy. Recent studies found that Rab11 is involved in vesicle 
trafficking events from recycling endosomes (REs) to the phago-
phore during autophagosome formation (Longatti et al., 2012; 
Knævelsrud et al., 2013). Meanwhile, previous studies suggested a 
role for Rab11 in the maturation of autophagosomes (Fader et al., 
2008; Richards et al., 2011).

RESULTS
Rab11 is required for amphisome formation
Rab11 was previously described as a potent regulator of autopha-
gosome maturation in cultured mammalian cells (Fader et al., 2008). 
To better understand the role of Rab11 in autophagy, we examined 
the functions of this protein in Drosophila melanogaster. We ana-
lyzed whether the decrease in the level of functional Rab11 protein 
causes any defect upon autophagy. Using three independent RNA 
interference (RNAi) lines, we observed the accumulation of small-
sized Atg8a-positive dots in Rab11-depleted cells under both fed 
and starved conditions (Figure 1A and Supplemental Figure S1, A, 
B, E, and F). Fat body cells overexpressing the GDP-locked domi-
nant-negative form of Rab11 or Rab11 hypomorphic mutant clone 
cells showed the same phenotype (Figure S1, C, D, and F).

Accumulation of autophagic structures can be caused both 
by increased induction of autophagy and by failures in the autopha-
gosome maturation. For monitoring autophagic flux, we used tan-
dem-tagged mCherry–green fluorescent protein–Atg8a reporter 
(mCherry-GFP-Atg8a; Kimura et al., 2007). In Rab11 RNAi cells, we 
observed double-labeled immature autophagic structures, suggest-
ing depletion of Rab11 blocks the autophagic flux (Figure 1B). Fur-
thermore, our Western blot and immunostaining experiments 
showed the accumulation of p62, a well-known target of autophagic 
degradation due to Rab11 silencing (Figure 1, C and D). Rab11 de-
pletion resulted in the accumulation of GFP-Atg8a–positive puncta 
both in presence and in absence of chloroquine (CQ), an inhibitor of 
lysosomal acidification. However, CQ treatment did not cause a fur-
ther increase in the number of autophagic structures (Figure S1, G 
and H). The GFP-Atg8 processing assay is also suitable for investi-
gating autophagic degradation (Klionsky et al., 2012). Using this 
tool, we found significantly less free GFP in Rab11-depleted larvae 
compared with control larvae (Figures 1E and S1I). Moreover, our 
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colocalization between Rab11 and mCherry-
Atg8a in Vps32-silenced cells. This observa-
tion also provides further evidence that 
Rab11 localizes to immature autophago-
somes (Figure 3, C and F).

Rab11 is a widely used marker of REs 
(Hsu and Prekeris, 2010). Thus we examined 
whether autophagy induction affects the co-
localization of Rab11 with GFP-labeled 
transferrin receptor (TfR), a well-known cargo 
of the Rab11-dependent recycling pathway 
(Maxfield and McGraw, 2004). Starvation-
induced autophagy caused significant de-
crease in colocalization of Rab11 with TfR 
compared with control cells, while the 
amount of TfR-positive dots did not change 
(Figures 3, D, E, and G, and S3C).

These results suggest that, upon au-
tophagy induction, Rab11 translocates from 
REs to autophagosomes.

Rab11 supports endosome maturation 
by regulating Hook
A recent study in cultured HEK293T cells 
showed that Rab11 can bind to Hook, a pro-
tein playing a role in the maturation of en-
dosomes (Luiro et al., 2004). We also found 
a strong interaction between transgenic 
Hook and Rab11 in cultured Drosophila D.
Mel-2 cells, while Rab11 did not bind to an-
other late endosomal protein, Lamp1 (Figure 
S3, D and D′). Confirming these results, we 
could detect in vivo interaction of Hook-
FLAG with endogenous Rab11 (Figure 4A), 
and we found that Rab11 interacts with 
Hook in a GTP-dependent manner (Figure 
S3E). Moreover, the strength of this interac-
tion increased due to autophagy induction 
by starvation (Figure 4A). Finally, our coim-
munoprecipitation experiments showed 
that Rab11 binds to the central coiled-coil 

FIGURE 1: Rab11 is required for autophagosome maturation. (A) Control and Rab11-depleted 
(green) fat body cells of L3 fed Drosophila larvae expressing mCherry-Atg8a (red). Nuclei were 
stained using 4′,6-diamidino-2-phenylindole (DAPI, blue). The mCherry-Atg8a–positive dot per 
cell area ratio was calculated as described and compared between Rab11 RNAi and neighboring 
control cells using Wilcoxon’s signed-rank test (n = 21, p < 0.0001). (B) Fat body cells of starved 
Rab11-depleted L3 starved larvae clonally expressing the mCherry-GFP-Atg8a autophagic flux 
marker. Nuclei were stained using DAPI (blue). Dot plot shows fluorescence intensity and 
colocalization profiles of mCherry and GFP channels of the main image. (C) Control and Rab11 
RNAi (green) fat body cells of L3 fed larvae were stained with anti-p62 antibody (red). 
Nuclei were stained using DAPI (blue). P62-positive dot per cell area ratio was calculated and 
compared between the two groups using Wilcoxon’s signed-rank test (n = 22, p < 0.0001). 
(D) Representative Western blot showing p62, Rab11, and α-tubulin levels (relative density) in 
fed and starved control and Rab11-depleted larvae. Asterisk marks aspecific band. (E) Western 
blots of the GFP-Atg8a processing assay in fed and starved control and Rab11-depleted larvae 

were measured as described and compared 
between groups using GLMM (n = 4, p < 
0.0001). The differently colored sections of 
bars show the relative amounts of free GFP 
(green) and GFP-Atg8a (black) in the samples. 
(F) Ultrastructure of Rab11-depleted clone 
cells and neighboring control cells. Rab11-
depletion results in the accumulation of 
immature (arrows) and abnormal 
(arrowheads) autophagosomes compared 
with the control cells. Nu, nuclei; M, 
mitochondria; L, lipid droplets. Scale bars: 
(A–C) 10 μm; (F) 1 μm. On box-and-whisker 
plots, bars (gray, control; green, Rab11 RNAi) 
show the data lying between the upper and 
lower quartiles; the median is indicated as a 
horizontal line within the box. Whiskers plot 
the smallest and largest observations. 
***, p < 0.001.
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endosomal marker Rab7 after autophagy 
induction (Figure 4, H, I, and K). Meanwhile, 
no changes were detected in the number 
of Rab7-positive structures (Figure S4C). 
Similarly, induction of autophagy did not 
significantly increase the colocalization be-
tween Rab11 and Rab7 (Figure S4, D–F). 
This suggests that the increased colocaliza-
tion of Hook with mCherry-Atg8a is not due 
to the increased convergence of autophagic 
and endosomal pathways. Furthermore, we 
could not detect any changes in the fre-
quency of Hook-Rab7 colocalization upon 
amino acid starvation in cells lacking Atg1 
protein, which is required for autophagy in-
duction (Chan and Tooze, 2009; Figure S4, 
G–I). These results suggest that autophagy 
induction by starvation results in the translo-
cation of Hook from Rab7-positive endo-
somes to autophagic structures.

We investigated whether Rab11 is re-
quired for the altered Hook localization. We 
found that silencing of Rab11 in fed larvae 
resulted in the accumulation of Hook on 
Rab7-positive late endosomes, indicated by 
an increased colocalization (65 ± 1.3% com-
pared with 48 ± 0.9% in control cells; Figure 
4, J and K). Moreover, we could not detect 
any changes in the frequency of colocaliza-
tion between Hook and mCherry-Atg8a 
upon autophagy induction in Rab11-depleted 
cells (Figure S4, J–L). In addition to these re-
sults in fat body cells overexpressing wild-
type Rab11, we observed an increase in the 
colocalization of Hook with mCherry-Atg8a 
(from 4 ± 4 to 52 ± 8.1%) and a decrease in 
the frequency of Hook-Rab7 colocalization 
(from 42 ± 7.9 to 16 ± 5.1%) due to amino 
acid starvation, whereas overexpression of 
GDP-locked Rab11 did not result in any 
changes in the colocalization of Hook with 
mCherry-Atg8a or Rab7–yellow fluorescent 
protein (Rab7-YFP; Figures 4L and S4, M–T).

Next we examined whether Rab11 has 
any effect on heterodimerization of endog-
enous Hook with transgenic Hook-FLAG. 
Our coimmunoprecipitation studies showed 
that starvation resulted in a decrease in het-
erodimer formation of Hook with Hook-
FLAG in the presence of Rab11. However, 

we could not detect any changes in Hook heterodimerization in 
Rab11 RNAi larvae (Figure 4M).

A previous study showed that Hook has a negative regulatory 
role in the process of endosome maturation (Narayanan et al., 2000). 
Supporting this result, we found that overexpression of full-length 
Hook in fat body cells results in the accumulation of Rab7-positive 
structures (Figure 4, N and P). Moreover, we observed a moderate 
accumulation of mCherry-Atg8a–positive puncta in cells overex-
pressing Hook (Figures 4P and S4U).

It was previously described that the N-terminal domain of Hook 
is responsible for microtubule binding (Krämer and Phistry, 1999). 
We also could detect the interaction of the Hook N-terminus with 

domain of Hook, which was previously found to be responsible for 
homodimerization (Krämer and Phistry, 1999; Figure S3, F–K).

Furthermore, we found a 21 ± 1.5% colocalization ratio between 
Hook and Rab11 in fat body cells of fed larvae. This ratio increased 
to 45 ± 2.2% upon autophagy induction by starvation (Figure 4, 
B–D), while the number of Hook-positive structures and the level of 
Hook protein remained unaffected (Figure S4, A and B).

Our further experiments showed that 4 ± 0.4% of Hook-positive 
puncta colocalizes with mCherry-Atg8a under fed conditions, and 
this ratio increased to 16 ± 1% after autophagy induction (Figure 4, 
E–G). Parallel with these results, we could observe a decrease (from 
48 ± 0.9 to 13 ± 0.6%) in colocalization between Hook and the late 

FIGURE 2: Rab11 is required for amphisome formation. (A) Fat body cells of Rab11-depleted 
fed L3 larvae clonally expressing Lamp1-GFP (green) were stained with LTR (red). Nuclei were 
stained using DAPI (blue). The LTR-positive dot per cell area ratio was calculated and compared 
between clone and neighboring control cells using Wilcoxon’s signed-rank test (n = 21, 
p < 0.0001). Lamp1-GFP–positive dot per cell area ratio was also calculated and compared 
between control (see Figure S2C) and Rab11-depleted groups using the Mann-Whitney test (nctrl 
= 34, nRNAi = 27, p < 0.0001). (B) Control and green, Rab11-depleted fat body cells of fed L3 
larvae were stained with anti-Rab7 antibody (red). Nuclei were stained using DAPI (blue). Dot 
per cell area ratio was calculated and compared between the groups using Wilcoxon’s signed-
rank test (Rab7: n = 28, p < 0.0001; Rbsn5: n = 15, p = 0.8647). (C–C′) Colocalization between 
GFP-Atg8a (green) and TRA (red) decreased due to Rab11 depletion. Nuclei were stained with 
DAPI (blue). Colocalization between GFP-Atg8a and TRA, mCh-Atg8a and anti-Rab7, and 
mCh-Atg8a and Lamp1-GFP was quantified and compared between the groups using the 
Mann-Whitney test (Atg8-TRA: nctrl = 100, nRNAi = 190, p = 0.0002; Atg8-Rab7: nctrl = 41, nRNAi = 
39, p = 0.0008; Atg8-Lamp1: nctrl = 57, nRNAi = 57, p < 0.0001). On box-and-whisker plots, bars 
(gray, control; green, Rab11 RNAi) show the data lying between the upper and lower quartiles; 
the median is indicated as a horizontal line within the box. Whiskers plot the smallest and largest 
observations. NS, p > 0.05; ***, p < 0.001. Scale bars: 10 μm.
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process in Drosophila melanogaster. Loss of 
Rab11 leads to the accumulation of abnor-
mal autophagosomes and acidic late endo-
somes, which is probably a consequence of 
impaired amphisome formation.

Furthermore, we observed autophagy 
induction–dependent translocation of Rab11 
from TfR-positive REs to autophagosomes. 
This finding supports previous reports, which 
revealed REs as a possible membrane source 
for autophagosome formation and a role for 
Rab11 in vesicle trafficking from REs to the 
sites of autophagosome formation in cul-
tured mammalian cells (Longatti et al., 2012; 
Puri et al., 2013). In line with these findings, 
a recent study of Knævelsrud and colleagues 
showed that Rab11 participates in mem-
brane traffic from REs to the autophagosome 
precursors together with the Drosophila ho-
mologue of SNX18 (Knævelsrud et al., 2013). 
This study suggests that Rab11 has a similar 
role in Drosophila melanogaster and a role in 
providing an RE-derived membrane source 
for phagophore expansion. However, we did 
not observe any defect in autophagosome 
formation in the absence of functional Rab11 
protein.

The molecular mechanism of autopha-
gosome formation is a poorly understood 
process. Recently several organelles were 
implicated as possible membrane sources 
for autophagosomes (Mari et al., 2011). 
Many studies suggest that the possible ori-
gin of the autophagosomal membrane 
might vary, even in different mammalian cell 
types (Hayashi-Nishino et al., 2009; Hailey 
et al., 2010; Ravikumar et al., 2010; 
Yamamoto et al., 2012; Hamasaki et al., 
2013), and this question needs further inves-
tigation in Drosophila melanogaster as well. 
Presumably, although REs contribute to the 
formation of autophagic membrane in flies, 
they are not likely to be the main membrane 
source. This could explain why the loss of 
Rab11 did not block autophagosome for-
mation in our experiments.

We demonstrated the interaction of both 
transgenic and endogenous Rab11 with Hook protein in Drosophila 
cell culture and even in the whole organism. These results confirm a 
former study that showed the same phenomenon using COS-1 cells 
cotransfected with tagged Hook and Rab11 constructs (Luiro et al., 
2004). Furthermore, we found an autophagy induction–dependent 
increase in the strength of this physical interaction.

In addition to these findings, our results provide mechanistic in-
sights into the maturation of endosomes and autophagosomes: the 
interaction between Rab11 and Hook is crucial for the maturation of 
these structures. Autophagy induction by amino acid starvation in-
creased the colocalization of Rab11 with Hook and Hook with Atg8a. 
In line with that, we found a significant decrease in Hook-Rab7 colo-
calization during starvation-induced autophagy. Our data suggest a 
Rab11-dependent translocation of Hook from Rab7-labeled late en-
dosomes to autophagic structures. This idea is supported by the 

α-tubulin (Figure 4, R and S). Furthermore, we found that overex-
pression of N-terminally truncated Hook in fat body cells does not 
result in accumulation of autophagic or Rab7-positive endosomal 
structures (Figures 4, O and Q, and S4V).

All of these data suggest that autophagy induction results in a 
Rab11-dependent translocation of Hook from late endosomes to 
autophagic structures. Through their interaction, Rab11 can inhibit 
the negative regulatory role of Hook on late endosomal develop-
ment; therefore the presence of Rab11 allows the endosomes to 
mature.

DISCUSSION
Former work suggested a role for Rab11 in the maturation process 
of autophagosomes (Fader et al., 2008; Richards et al., 2011). In this 
in vivo study, we identified novel key functions of Rab11 in this 

FIGURE 3: Rab11 localizes to autophagosomes. Fat body cells of fed (A) and starved (B) L3 
larvae expressing mCherry-Atg8a (red) were stained with anti-Rab11 antibody (green). Nuclei 
were stained using DAPI (blue). (C) Fat body cells of starved larvae expressing mCherry-Atg8a 
(red) were stained with anti-Rab11 antibody (green). Vps32 is depleted (↓) in GFP-expressing 
cells. Nuclei were stained using DAPI (blue). Fat body cells of a fed (D) and starved (E) L3 larva 
expressing TfR-GFP (green) were stained with anti-Rab11 antibody (red). Nuclei were stained 
using DAPI (blue). (A′–E′) show the indicated single dots from their main images. Arrows indicate 
the direction of scanning intensity. Diagrams show the intensity of red, green, and blue channels. 
(F) Autophagy induction increases the colocalization of Rab11 with mCherry-Atg8a. 
Colocalization was calculated and compared between the groups using the Kruskal-Wallis test 
(nfed = 72, nstvd = 143, nVps32 = 20, p < 0.0001; fed-starved: p = 0.0140; fed-Vsp32↓: p < 0.0001; 
starved-Vps32 ↓: p = 0.1840). (G) Colocalization of Rab11 with TfR-GFP was calculated and 
compared between cell groups described in (D and E) using the Mann-Whitney test (nfed = 35, 
nstvd = 34, p < 0.0017). On box-and-whisker plots, bars show the data lying between the upper 
and lower quartiles; the median is indicated as a horizontal line within the box. Whiskers plot the 
smallest and largest observations. NS, p > 0.05; *, p < 0.05; **, p < 0.001; ***, p < 0.001. Scale 
bars: 10 μm.
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finding that lack of Rab11 causes the accumulation of Hook on 
Rab7-positive late endosomes.

Previously Hook was found to be a negative regulator of endo-
some maturation in Drosophila (Narayanan et al., 2000) and the 
Hook-like protein Acinus was described as an important regulator of 
endosome maturation and autophagic processes (Haberman et al., 
2010). In line with these findings, we found that overexpression of 
full-length Hook protein mimics the effects of Rab11 depletion on the 
maturation of autophagosomes and endosomes. Moreover, we show 
that the N-terminal microtubule-binding domain of Hook is required 
for its negative regulatory role. Our latter results reveal a key mecha-
nistic role for Rab11 in removal of Hook from late endosomes, which 
allows termination of endosome maturation and subsequent fusion 
with lysosomes. As was demonstrated in previous work, mature late 
endosomes can undergo fusion with nascent autophagosomes and 
promote their maturation (Lucocq and Walker, 1997; Köchl et al., 
2006; Filimonenko et al., 2007). On the basis of these findings, we 
developed a model representing a mode of cross-talk between the 
autophagic and endosomal pathways (Figure 5). On starvation, the 
enhanced autophagic activity requires an increased input from the 
endolysosomal system. For this purpose, Rab11 removes Hook from 
the late endosomes, thereby allowing subsequent fusion of these 
compartments with immature autophagosomes as well.

Why Hook does not inhibit the maturation of autophagosomes 
once it localizes to these organelles is still an open question. 
We mapped the Hook interaction surface with Rab11 to residues 
180–530, which represents the coiled-coil domain of Hook. This 
domain was previously found to be responsible for homodimeriza-
tion of Hook (Krämer and Phistry, 1999). Conceivably, homodi-
merization and Rab11 binding are distinct and separable functions 
of the Hook coiled-coil domain, as was shown in the case of the 
FIP2 coiled-coil domain, which also interacts with Rab11 (Wei 
et al., 2006). Our further experiments showed that Rab11 binding 
prevents Hook from homodimerization. Thus our results suggest 
that Rab11 promotes autophagic flux by decreasing Hook ho-
modimerization and inhibiting its negative regulatory role on en-
dosome maturation.

MATERIALS AND METHODS
Drosophila stocks and culture
Fly stocks used in this study (derived from the Vienna Drosophila 
RNAi Center [referred to as VDRC; Vienna, Austria] and Blooming-
ton Drosophila Stock Center [referred to as BDSC; Bloomington, IN]) 
are listed in Supplemental Table S1. UAS-Hook-FLAG, UAS–ΔN-
Hook–hemagglutinin (UAS-ΔN-Hook-HA), and UAS-Rab11-HA 
stocks were generated by BestGene, using constructs described be-
low. Flies were raised on standard yeast/cornmeal/agar media at 
25°C, 50% humidity and a 12-h light/12-h dark daily cycle, under 
uncrowded conditions. During amino acid starvation, well-fed 72–
86 h AEL (after egg laying) larvae were floated in 20% sucrose solu-
tion in a microfuge tube for 3 h at room temperature.

Cell culture and constructs
Drosophila D.Mel-2 cells were cultured in Express Five Serum-Free 
Medium (Invitrogen). Transfections were performed with TransIT-2020 
reagent (Mirus) according to the manufacturer’s recommendations. 
HA2-679hook, HA248-679hook (ΔN-Hook), and hook1-551MYC 
(ΔC-Hook) constructs controlled by inducible metallothionein pro-
moter (hereafter pMT) were kind gifts of Helmut Krämer (Krämer and 
Phistry, 1999). Full-length Hook and the coiled-coil domain, N-termi-
nus, and C-terminus of Hook, Rab11, and Lamp1 were amplified 
from the Drosophila cDNA clones LD05265, GM06568, and RE72002 

(provided by Drosophila Genomics Resource Center [DGRC]). UAS 
constructs were cotransfected into Drosophila D.Mel-2 cells with 
pMT-GAL4 vector (provided by DGRC, ID 1042). Cells were trans-
fected with 2500 ng of plasmids in each case, and protein expression 
was induced 24–48 h later by overnight incubation with 1 mM 
CuSO4. Primers for amplification were as follows: full-length Hook, 
5′-ATGTCCGCGCCCAAGAACGA-3′ and 5′-ATCCCTTTGATTTCAT-
TGCA-3′; Rab11, 5′-ATGGGTGCAAGAGAAGACGA-3′ and 5′-ATC-
CCTGACAGCACTGTTTG-3′; Lamp1, 5′-ATGTTCGCCAACAAATT-
GTT-3′ and 5′-ATCCGAAGCTCATGTAACCG-3′. All these PCR prod-
ucts were inserted into XmnI/EcoRV-digested pENTR1A Gateway 
vector (Invitrogen). Entry clones were recombined with the destina-
tion vector pTWF in case of C-terminally FLAG-tagged proteins or 
pTWH in case of C-terminally HA-tagged protein using LR Clonase II 
Enzyme Mix (Invitrogen). For mapping, the Rab11-binding site Hook 
coiled-coil domain (180–530 aa), N-terminus, and C-terminus of 
Hook were amplified from the LD05265 clone using the following 
primers: coiled-coil domain, 5′-CTGGACAGCAAGGCAGTTCAG-3′ 
and 5′-CTATTGTTTACCAAACTCGCTCTC-3′; N-terminus of Hook, 
5′-TCCGCGCCCAAGAACGAGATG-3′ and 5′-TTGTTTACCAAA-
CTCGCTCTC-3′; C-terminus of Hook, 5′-ATCAAACAGTTAATG-
GAGCTA-3′ and 5′-CTTTGATTTCATTGCACTTAG-3′. All of these 
oligonucleotides included a 5′ NotI restriction site and a 3′ Acc65I 
restriction site. Resulting products were inserted into NotI/Acc65I-
digested UAS-3×HA vector. For all PCR amplifications, we used Phu-
sion DNA Polymerase (Finnzymes). For the UAS-ΔN-Hook construct, 
HA248-679hook construct from Helmut Krämer was cloned into 
pENTR1A Gateway vector (Invitrogen) using Acc65I and NotI restric-
tion sites. Entry clones were recombined with the destination vector 
pTWH using LR Clonase II Enzyme Mix (Invitrogen).

Immunoprecipitation
Transfected cells were harvested, pelleted (1000 × g for 3 min), and 
washed twice with phosphate-buffered saline (PBS). All steps of the 
following procedure were performed on ice or at 4°C. Cells were 
lysed in 500 μl lysis buffer (0.5% Triton-X100, 150 mM NaCl, 1 mM 
EDTA, 20 mM Tris-HCl, pH 7.5, and complete protease inhibitor 
cocktail [Sigma-Aldrich]). Lysate was cleared by centrifugation at 
10,000 × g for 10 min in an Eppendorf 5430R microcentrifuge. Be-
fore incubation, beads were washed three times with lysis buffer. 
Two hours later, beads were pelleted (8000 × g for 30 s), thoroughly 
washed five times with lysis buffer, and finally boiled in 30 μl Laem-
mli sample buffer (Sigma-Aldrich) for 5 min. Cell lysates were incu-
bated with 30 μl anti-FLAG– or anti-HA–conjugated agarose beads 
(Sigma-Aldrich) for 2 h at 4°C. For immunoprecipitation studies car-
ried out in whole organisms, expression of Hook-FLAG was induced 
by heat shocking well-fed L3 larvae for 1 h at 37°C. After this pro-
cedure, larvae were kept at 25°C for a 2-h recovery incubation, 
which was followed by 2 h of starvation. Larvae (100 mg) were 
washed twice and homogenized in 1 ml RIPA buffer (Sigma-Aldrich) 
containing protease inhibitor cocktail (Sigma-Aldrich). Detritus was 
pelleted (10,000 × g for 10 min), and the middle fraction was 
incubated with 30 μl anti-FLAG–conjugated agarose beads (Sigma-
Aldrich) for 2 h at 4°C. Beads were collected by centrifugation for 
30 s at 8000 × g, washed extensively, and boiled in 30 μl Laemmli 
sample buffer. Bound proteins were detected by Western blotting.

Western blots and immunostainings
Larvae (10–15 mg) were washed twice with PBS, and each mg 
of larvae was homogenized in 20 μl Laemmli sample buffer 
(Sigma-Aldrich). Homogenate was boiled for 5 min and pelleted at 
10,000 × g for 10 min at 4°C, and the middle fraction was 
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FIGURE 4: Rab11 facilitates endosome maturation by regulating Hook localization. (A) Lysates of Hook-FLAG–
expressing and control fed and starved L3 Drosophila larvae were incubated with anti-FLAG antibody–conjugated 
agarose beads, and bound proteins were detected by Western blotting. The relative density of Rab11 bands compared 
with Hook-FLAG bands was measured as described and compared between fed and starved groups using Wilcoxon’s 
signed-rank test (n = 5, p = 0.0431). Rab11-GFP–expressing (green) fat body cells of fed (B) and starved (C) L3 larvae 
were stained with anti-Hook antibody (red). Nuclei were stained using DAPI (blue). (D) Colocalization of Hook with 
Rab11 was calculated and compared between fed and starved groups using the Mann-Whitney test (nfed = 132, nstvd = 
64, p < 0.0001). Fat body cells of fed (E) and starved (F) larvae expressing mCherry-Atg8a (red) were stained with 
anti-Hook antibody (green). Nuclei were stained using DAPI (blue). (G) Colocalization of Hook with mCherry-Atg8a was 
calculated and compared between two groups using the Mann-Whitney test (nfed = 20, nstvd = 20, p < 0.0001). Fat body 
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Insect Medium Supplement (Sigma-Aldrich). A 30-min incubation in 
pulse solution (TRA [Invitrogen] 1:25 in 5% fetal calf serum [FCS] in 
M3/IMS medium) was followed by a 10-min chase (5% FCS in M3/
IMS medium). Larvae were washed three times with 5% BSA in PBS 
at 4°C and fixed in 4% paraformaldehyde solution. Fixed larvae were 
washed with PBS, and nuclei were stained with 1 μM Hoechst in PBS. 
Prepared tissues were covered in a solution containing 75% glycerol 
and 25% PBS. Primary images were edited using Adobe Photoshop 
CS5 software: area of interest was cropped, and brightness and con-
trast adjustments were modified, if it was necessary. To capture im-
ages, we used a Zeiss Axio Imager Z1 microscope equipped with an 
ApoTome unit and a Plan-Neofluar 40 × 0.75 numerical aperture ob-
jective using AxioCam MRm camera with AxioVision 4.82 software.

collected. Protein samples were separated on 8–12% polyacrylam-
ide gel and were transferred to nitrocellulose membrane (Bio-Rad). 
After incubation in blocking solution (3% bovine serum albumin 
[BSA] in Tween-20/TBS [TBST]) for 1 h at room temperature, mem-
branes were incubated with primary antibody in antibody solution 
(1% BSA in TBST) for 1 h at room temperature; this was followed by 
three 10-min washes in TBST. Signals were detected using alkaline 
phosphatase–coupled secondary antibodies diluted in antibody 
solution. Finally, membranes were developed by BCIP/NBT solu-
tion (Sigma-Aldrich). For immunostaining studies, we used larvae in 
the nutrient conditions and at the ages indicated above. The larval 
cuticle was opened, and tissue was fixed with 4% formaldehyde 
freshly depolymerized from paraformaldehyde in PBS overnight at 
4°C. After fixation, larvae were washed three times for 30 min each 
time in PBST (0.1% Triton X-100 in PBS) and incubated in blocking 
solution (5% normal goat serum in PBST) for 2 h at room tempera-
ture. Larvae were incubated in primary antibody in PBST overnight 
at 4°C; this was followed by three 30-min washes in PBST. After-
ward, larvae were incubated with fluorescent dye–conjugated sec-
ondary antibody; this was followed by three 30-min washes. Finally, 
fat bodies were dissected and analyzed by microscopy.

Antibodies
Antibodies used in this study are listed in Table S2. The EGFP gene 
was amplified from the pIRES2-EGFP vector (Clontech) and directly 
cloned into the pQE-UA bacterial expression vector (Qiagen). Re-
combinant protein encoding the full-length EGFP fused to an N-
terminal hexahistidine tag was expressed in Escherichia coli M15 
cells. Protein purification was performed using the QIAexpressionist 
kit (Qiagen). Mice were immunized with the fusion protein, and the 
resulting polyclonal antisera were used for further investigation.

Histology and imaging
Fat bodies from well-fed or amino acid–starved larvae were dissected 
in PBS and incubated for 2 min in 50 nM LTR (Invitrogen) and 1 μM 
Hoechst in PBS at room temperature. Stained fat bodies were washed 
with PBS, covered, and immediately analyzed by microscopy. For 
TRA uptake assay, larvae were dissected in M3 medium containing 

cells of fed (H) and starved (I) Rab7-YFP–expressing (green) larvae were stained with anti-Hook antibody (red). Nuclei 
were stained with DAPI (blue). (J) Starved Rab7-YFP–expressing (green) Rab11 RNAi cells (marked by GFP expression) 
were stained with anti-Hook antibody (red). Nuclei were stained with DAPI (blue). (K) Colocalization of Rab7-YFP with 
Hook was calculated and compared between the groups using the Kruskal-Wallis test (p < 0.0001; nfed = 40, nstvd = 35, 
nRNAi = 24, in all pairwise comparisons p < 0.0001). (L) Colocalization of Hook with mCh-Atg8a or Rab7-YFP was 
measured in the fat body cells of fed and starved larvae overexpressing wild-type (Rab11WT↑) or GDP-locked form 
(Rab11DN↑) of Rab11. Data were compared between fed and starved groups using the Mann-Whitney test (Hook-
Atg8a: Rab11WT↑: nfed = 33, nstvd = 30, p < 0.0001; Rab11DN↑: nfed = 10, nstvd = 14, p = 0.7252; Hook-Rab7: 
Rab11WT↑: nfed = 49, nstvd = 36, p < 0.0001; Rab11DN↑: nfed = 13, nstvd = 16, p = 0.2729). Green bars, starved groups; 
gray bars, fed groups. (M) Lysates of Hook-FLAG expressing and lacking fed and starved control and Rab11 RNAi L3 
Drosophila larvae were incubated with anti-FLAG antibody–conjugated agarose beads. Bound proteins and Rab11, 
Hook, and Hook-FLAG levels of lysates were detected by Western blotting. (N) Control and full-length Hook 
overexpressing (green) fat body cells of fed L3 larvae were stained with anti-Rab7 antibody (red). Nuclei were stained 
using DAPI (blue). (O) Control and ΔN-Hook overexpressing (green) fat body cells of fed L3 larvae were stained with 
anti-Rab7 antibody (red). Nuclei were stained with DAPI (blue). (P) Rab7 and mCh-Atg8a–positive dot per cell area ratio 
was calculated and compared between the groups indicated on (N) image using Wilcoxon’s signed-rank test (Rab7: 
n = 18, p = 0.0002; Atg8: n = 29, p < 0.0001). Green bars, Rab11 RNAi; gray bars, control groups. (Q) Rab7 and 
mCh-Atg8a–positive dot per cell area ratio was calculated and compared between the groups indicated on (O) image 
using Wilcoxon’s signed-rank test (Rab7: n = 22, p = 0.8838; Atg8: n = 20, p = 0.4955). Green bars, Rab11 RNAi; gray 
bars, control groups. D.Mel-2 cells were transfected with HA-tagged full-length Hook (R) or ΔN-Hook (S) constructs. 
Lysates were incubated with anti-HA antibody–conjugated agarose beads, and bound proteins were detected by 
Western blotting. IN, 1% input; IP, anti-HA bound protein samples. On box-and-whisker plots, bars show the data lying 
between the upper and lower quartiles; the median is indicated as a horizontal line within the box. Whiskers plot the 
smallest and largest observations. NS, p > 0.05; *, p < 0.05; ***, p < 0.001. Scale bars: 10 μm.

FIGURE 5: Model for the role of Rab11-Hook interaction in 
autophagosome maturation. Under fed conditions, Rab11 (11) 
localizes to REs, and Hook anchors late endosomes (LE) to 
microtubules (MT), thereby suppressing endosome maturation and 
fusion events. Autophagy induction by starvation results in the 
translocation of Rab11 from REs to autophagosomes (AP). Meanwhile, 
Rab11 removes Hook from LEs, allowing subsequent fusion of LEs 
with APs.
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Acid phosphatase cytochemistry. Fat body lobes were fixed as 
described above and washed in 0.05M Na-acetate buffer (pH 5.0; 
three times for 5 min each time at room temperature), incubated in 
Gömöri’s medium (5 mM β-glycerophosphate and 4 mM lead nitrate 
dissolved in 0.05M acetate buffer) for 30 min at room temperature, 
and then washed in acetate buffer (three times for 5 min each time) 
and processed for electron microscopy as described above. 
Substrate-free medium was used for control experiments.

Quantification and statistical analysis
We determined the number of dots in the cells of interest using 
ImageJ software. These data were weighted for the cell area to ex-
clude unwanted biases, which could derive from variations in age or 
size of larvae. Cell area was measured using ImageJ software. In this 
way, we generated dot per cell area ratio data. For colocalization 
analyses, the number of double- and single-labeled dots was mea-
sured using the Red and Green Puncta Colocalization Macro of 
ImageJ software. We calculated their percentage ([double-labeled/
single-labeled dots] × 100). When using a clonal analysis system dur-
ing a study, we tried to choose the nearest neighbor of the clone cell 
in the same location (inside or on the periphery of the tissue) for 
control. If that was not possible, we took the next neighboring cell in 
a clockwise direction. When analyzing whole fat bodies, we mea-
sured the number of dots in 8–10 cells per larva and calculated an 
average value for each animal. Blots were quantified using ImageJ 
software. Density of P62, Rab11, GFP-Atg8, and free GFP bands 
were measured using ImageJ and weighted with the relative protein 
amount of the protein samples (density of tubulin bands). Statistical 
analysis of the GFP-Atg8a processing assay was performed using 
general linear mixed models (GLMM). We applied linear modeling 
for analysis, but the normal distribution is a strong requirement for 
this process, so we applied square-root transformation to normalize 
data distribution. Three main effects were investigated: two groups 
(Rab11 RNAi and control), two measurements (relative density of 
GFP-Atg8a and free GFP bands), and two treatments (fed and 
starved), respectively the two- and three-way interaction of these. 
The model showed the following results: there is significant differ-
ence between the two groups (F(1,24) = 37.426; p < 0.001) and the 
two measurements (F(1,24) = 7.336; p = 0.012), and these two are in 
significant interaction with each other (F(1,24) = 8.552; p = 0.007). 
The different treatments do not result in significant difference (F(1,24) 
= 0.235; p = 0.632). The post hoc test shows there is less free GFP in 
Rab11 RNAi larvae (t(24) = 5.603; p < 0.001), while there is no differ-
ence (t(24) = −0.125; p = 0.902) in the control. Density of Rab11 and 
Hook bands was measured and weighed with the density of Hook-
FLAG bands. Statistical analysis was performed using the indicated 
tests in IBM SPSS Statistics software. Box-and-whisker plot figures 
were generated using the same software. On box-and-whisker plots, 
bars show the data lying between the upper and lower quartiles; the 
median is indicated as a horizontal line within the box. Whiskers plot 
the smallest and largest observations, while dots and asterisks indi-
cate outliers. A p value of less than 0.05 was considered to be signifi-
cant; * means p < 0.05; ** means p < 0.01; *** means p < 0.001. For 
details and results of statistical analyses, see Table S3. Analysis of 
colocalizing dots was performed using Matlab (R2012b) software.

Ultrastructural analysis
Transmission electron microscopy. Larvae were dissected in ice-
cold PBS, and fat bodies were fixed in a solution containing 2% 
formaldehyde, 0.5% glutaraldehyde, 3 mM CaCl2, and 1% sucrose 
in 0.1 M Na-cacodylate (pH 7.4; 30 min at room temperature); 
postfixed in 0.5% osmium tetroxide (45 min at room temperature) 
and in half-saturated aqueous uranyl acetate (30 min at room 
temperature); dehydrated in graded series of ethanol; embedded 
in LR White according to the manufacturer’s instructions; and cured 
for 36 h at 60°C. Ultrathin sections were stained with lead citrate 
for 5 min. Grids were analyzed in a JEOL JEM 1011 transmission 
electron microscope operating at 60 kV. Images were taken using 
an Olympus Morada 11 megapixel camera and iTEM software 
(Olympus). All reagents and materials used for electron microscopy 
were obtained from Sigma-Aldrich.
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The discovery of evolutionarily conserved Atg genes required for autophagy in yeast truly revolutionized this research field and
made it possible to carry out functional studies on model organisms. Insects including Drosophila are classical and still popular
models to study autophagy, starting from the 1960s. This review aims to summarize past achievements and our current knowledge
about the role and regulation of autophagy in Drosophila, with an outlook to yeast and mammals. The basic mechanisms of
autophagy in fruit fly cells appear to be quite similar to other eukaryotes, and the role that this lysosomal self-degradation process
plays in Drosophilamodels of various diseases already made it possible to recognize certain aspects of human pathologies. Future
studies in this complete animal hold great promise for the better understanding of such processes and may also help finding new
research avenues for the treatment of disorders with misregulated autophagy.

1. Introduction

Autophagy collectively refers to a group of intracellular
degradation pathways that mediate the breakdown of intra-
cellular material in lysosomes. This definition could as well
include the endocytic downregulation of transmembrane
proteins in the plasma membrane, but for historical and
mechanistic reasons, that pathway is not considered to be
part of autophagy. Different routes have evolved to solve the
same topological issue; that is, cytoplasmicmaterial including
proteins, lipids, nucleic acids, and whole organelles including
ER andmitochondria needs to be transported into the lumen
of lysosomes. Three main subtypes are usually distinguished
based on how cargo reaches the lysosome.

(A) During chaperone-mediated autophagy, a subset of
individual proteins bearing a KFERQ amino acid
sequence are unfolded and translocated across the
lysosomal membrane through a channel consisting of
LAMP2A proteins [1]. This pathway was described in

cell-free systems and in culturedmammalian cells and
its existence has not been shown in invertebrates yet.

(B) During microautophagy, invaginations of the lysoso-
mal membrane pinch off portions of the cytoplasm.
The resulting intraluminal vesicles are then broken
down inside lysosomes. While the topology of this
pathway resembles multivesicular endosome forma-
tion, genetic studies in yeast revealed that it requires
a subset of the same genes that mediate the main,
macroautophagic pathway. Although a morphologi-
cal account of microautophagy is already found in
a 1965 paper on the premetamorphotic insect fat
body [2], this process is still difficult to study in
metazoans, as no specific genes and reporters have
been described yet. Thus, it is not discussed further
here, and interested readers are suggested to consult a
recent review on this topic [3].

(C) During macroautophagy, membrane cisterns called
phagophores (also known as isolation membranes)
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assemble and capture cargo to be degraded. The
resulting double-membrane autophagosomes then
fuse with endosomes or lysosomes to give rise to am-
phisomes or autolysosomes, respectively. Autophago-
some formation is enhanced in response to certain
stress conditions such as starvation or during phys-
iological changes triggered by hormonal cues [4, 5].
Thus, the degradative capacity of macroautophagy is
the highest of the three pathways. As it is also the
best studied route, it is usually simply referred to as
autophagy, including the rest of this review.

2. Historical Early Studies

During the first 35–40 years of autophagy research, only
a very limited methodological repertoire was available to
study this process. The most commonly used technique
was transmission electron microscopy (TEM), sometimes
used together with cytochemical detection or biochemical
measurement of lysosomal enzyme activities, and classical
histological staining methods for light microscopy.

The first report with properly interpreted ultrastructural
images of autophagic structures dates back to 1959 by
Novikoff [6]. In the epithelial cells of proximal convolutions
of kidneys in experimental hydronephrosis (caused by liga-
tion of the ureter), mitochondria could be found in dense
bodies that were positive for acidic phosphatase, a typical
lysosomal enzyme [6, 7]. In 1962, Ashford and Porter pub-
lished ultrastructural images of vesicles observed in hepatic
cells of rats treated with glucagon, which obviously contained
cytoplasmic material in various stages of degradation [8].
Subsequently, work in the laboratory of Christian de Duve,
the biochemist famous for identifying andnaming lysosomes,
revealed that glucagon induced the relocalization of lyso-
somes to mediate glucagon-induced autophagy in rat liver
[9]. Pfeifer published complementary studies on suppression
of liver autophagy by insulin [10, 11]. Furthermore, starvation
was already reported to be a strong enhancer of autophagy
in rat liver back in 1964 [12]. It was de Duve who recom-
mended to refer to the process of progressive degeneration
of mitochondria and other organelles in cytolysosomes as
autophagy (literally meaning “self-eating” in Greek), at a
scientific meeting held in 1963 [13], and later described it in a
widely cited review article [14]. It is worth noting that he also
coined the names for processes now known as endocytosis
(or heterophagy, which means “different eating” in Greek)
and exocytosis in his lecture. A variety of terms were used
initially for vesicles involved in autophagy, including initial
and degrading autophagic vacuoles; these structures are now
usually referred to as autophagosomes and autolysosomes,
respectively.

Many of the pioneering early studies were carried out
on insects other than Drosophila, as the fruit fly was not as
popular before the revolution of molecular genetics as it is
today. It was already shown in 1899 that in certain insects,
the larval fat body (an organ with metabolic and storage
functions similar to our liver and fat tissues) contains storage
granules of proteins [15], and it was later described that honey

bee larvae accumulated such granules just prior to pupation
[16, 17]. The first recognition of autophagy in Drosophila
melanogaster was published in 1963, showing TEM images
of large autolysosomes containing ER and mitochondria in
fat body cells of larvae approaching the time of puparium
formation [18]. This programmed wave of autophagy in the
larval fat body of holometabolous insects (those undergoing
complete metamorphosis) is now known as an example of
developmental autophagy.

In 1965, Locke and Collins provided a very detailed
ultrastructural description of this process in the larva of the
butterfly Calpodes ethlius [2]. Similar to the above examples,
a large number of granules (which are essentially vesicles
with a high protein content) form prior to metamorphosis in
these animals. Three types could be distinguished: granules
composed almost entirely of densely packed proteins that
often form crystals, granules containing isolated regions of
ER and mitochondria, and granules of a mixed type. This
pioneering study published ultrastructural images that beau-
tifully demonstrate phagophores in the process of capturing
cytoplasmic contents such as a mitochondrion, double-
membrane autophagosomes containing ER and mitochon-
dria, and autolysosomes within which organelles are seen in
various stages of degradation.Moreover, the authors properly
recognized that the outer membrane of autophagosomes is
involved in fusion with lysosomes (or first with each other),
and after loss of the internalmembrane, ER andmitochondria
coalesce due to degradation by lysosomal enzymes. It is
important to emphasize that the densely packed protein
granules generated during this period originate in large
part from the endocytic uptake of blood proteins when
such holometabolous insect larvae (includingDrosophila) are
preparing for metamorphosis and that the heterophagy and
autophagy pathways converge at the level of lysosomes [19–
21]. It became clear that increases in the steroid hormone
ecdysone trigger larval molts in these insects at a high
concentration of juvenile hormone, and the drop in juvenile
hormone concentration allows for the larval-pupal molt [22].
Note that in flies including Drosophila, first the larval cuticle
hardens during puparium formation, and the actual molt
only happens 5-6 h later, when the adult appendages such
as legs and wings are everted from their primordia found
as imaginal disks within the larval body. As early as in
1969, ligation and decapitation experiments (separating the
ecdysone-producing endocrine organ from the larval fat
body) were shown to prevent storage granule formation in
Calpodes, and this effect could be rescued by injection of
ecdysone [23]. In this report, Janet Collins already correctly
hypothesized that ecdysone triggers autophagy only when
juvenile hormone concentration is low, which was later
confirmed in other insects including Drosophila [21, 24, 25].

Autolysosomes were also observed in ultrastructural
images of Rhodnius larval fat body cells during prolonged
starvation, published in 1967 by Wigglesworth [26]. Two
years earlier, Francis Butterworth and colleagues reported
that a 3-day starvation of early third instar Drosophila larvae
induced massive granule formation in the fat body based on
light microscopy [27], although this effect may have been due
to the fact that once larvae reach the so-called 72 h checkpoint
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counted from the time of egg laying, they are able to initiate
metamorphosis (and thus turn on developmental autophagy
and heterophagy in the fat body) following acute starvation
[28].

These early studies were not limited to the insect fat
body. An ultrastructural analysis of eye development of wild-
type and eye color mutants of Drosophila was published
in 1966, demonstrating that the so-called type IV granules
form in the pigment cells of various colorless mutants [29].
These granules are essentially autolysosomes as they were
found to be positive for acid phosphatase and contained
ribosomes, myelin-like membranes, glycogen, and ferritin
[29]. In 1965, Lockshin and Williams showed that during
the elimination of intersegmental muscles following adult
ecdysis in silkmoths, increased activity of lysosomal cathep-
sins and acid phosphatases can be detected biochemically,
and lysosome-like organelles abound which were later found
to contain mitochondria [30–32]. These findings led to the
morphological classification of this histolysis as a type II (or
autophagic) cell death, to distinguish it from type I cell death
events, which are characterized by the classical apoptotic
morphology such as chromatin condensation, cell shrinkage,
and blebbing [33].

3. Genetic Control of Autophagy
in Drosophila

Multiple genetic screens carried out in the 1990’s identified a
core set of about 20 evolutionarily conserved genes required
for autophagy in yeast [34–36]. Since different names were
proposed often for the same genes in each screen, a consensus
nomenclature for these Atg (autophagy-related) genes was
adopted in late 2003 [37]. Note that the first study to
demonstrate that an Atg gene homolog is also required for
autophagy in a complete animal was published in Drosophila
earlier that year, that is why it did not follow the agreed-
upon naming conventions and referred to the fly homolog
of Atg3 as Drosophila Aut1 [38]. It is commonly accepted
that Atg gene products assemble into functional protein
complexes, and several attempts have been made to establish
their hierarchy during autophagosome formation in various
models [39–41]. Such genetic epistasis analyses have proven
difficult based on data from yeast and cultured mammalian
cells, which is likely explained by the emerging connections
between Atg proteins that were originally grouped into sep-
arate complexes, by temporal differences in the recruitment
of various Atg proteins to phagophore assembly sites (PAS),
and by differences in the localization of proteins thought to
act as part of the same complex [4, 42, 43]. Nevertheless,
we will discuss the role of these proteins according to the
canonical classification in this review for clarity (please see
also Figure 1).

The Atg1 complex is usually considered to act most
upstream in the hierarchy of Atg gene products in all eukary-
otic cells and contains the serine/threonine kinase Atg1 (the
homolog of mammalian ULK1 and ULK2 proteins), Atg13,
Atg101, and FIP200 (also known as RB1CC1 in mammals
and Atg17 in flies) in metazoans. Of these, neither Atg101
nor FIP200 has clear homologs in yeast based on sequence

Atg1 protein kinase complex
Atg1, Atg13, Atg101, FIP200

Vps34 lipid kinase complex
Vps34, Vps15, Atg6, Atg14

Atg18

Atg8a conjugation systems

Atg12
Atg10 (E2)Atg7 (E1) Atg12-Atg5

Atg16

Atg8a
Atg3 (E2)Atg7 (E1)

Atg8a-PE

Atg9

?

Atg2

+

Figure 1: A model for the hierarchical relationships of Atg proteins
in Drosophila. PE: phosphatidyl-ethanolamine. See text for details.

comparisons, although FIP200 is thought to act similar to
the scaffold protein Atg17 [44]. Biochemical studies in flies
and mammals show that Atg13 directly binds to the other
three subunits, and that it undergoes Atg1-mediated hyper-
phosphorylation upon starvation in Drosophila [44–46]. The
catalytic activity of Atg1 seems to be especially important
for autophagy induction. First, expression of kinase dead
Atg1 inhibits autophagy in a dominant-negative fashion [47].
Second, overexpression of Atg1 strongly induces autophagy,
which eventually culminates in cell death due to activation of
caspases [47]. Third, Atg1 undergoes limited autophospho-
rylation during starvation, which is thought to increase its
activity [44]. Interestingly, expression of dominant-negative,
kinase dead Atg1 still shows a low-level rescue of the lethality
of Atg1 null mutants [47]. Moreover, Atg1 was found to
localize to the whole phagophore in yeast while all other
subunits of this complex remain restricted to the initially
appearing PAS area, indicating that Atg1 may also function
independent of its canonical binding partners [43].

Both autophagosome and endosome membranes are
positive for phosphatidylinositol 3-phosphate (PI3P), a phos-
pholipid generated by the action of similar lipid kinase
complexes. The core complex contains Atg6 (known as
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Beclin-1 in mammals), the catalytically active class III phos-
phatidylinositol 3-kinase (PI3K) Vps34, and its regulatory
subunit Vps15, which has a serine/threonine kinase domain.
A catalytically inactive point mutant of Vps15 was shown to
lose Vps34 binding in yeast [48], but the significance of its
putative protein kinase activity is poorly understood. The
identity of the fourth subunit is critical: Atg14 is present
in the autophagy-specific complex while the other complex
involved in endocytosis contains UVRAG/Vps38, and the
binding of these subunits to the core complex has been
shown to be mutually exclusive in mammalian cells [49, 50].
Starvation-induced autophagy is severely impaired in Vps34
null mutant or dominant-negative Vps34 overexpressing
cells, although some autophagosomes form at a reduced rate
[51]. This may be explained by the activity of the class II
PI3K, which was suggested to partially compensate for the
loss of Vps34 during autophagy in mammalian cells [52, 53].
Similarly, deletion of Drosophila Vps15 or Atg6 results in a
block of starvation-induced autophagy [54, 55]. In line with
the distinct roles of different Vps34 complexes in mammals
and yeast, it has been shown that Drosophila UVRAG is
involved in endolysosome maturation and is dispensable for
autophagosome formation or fusion with lysosomes, whereas
studies using RNAi or hypomorphic mutants suggested that
Atg14 is required for autophagy in larval fat body cells [56–
59].

It is commonly accepted that PI3P found on phagophore
and autophagosomalmembranes recruits and activates phos-
pholipid effectors. One class of such proteins includes the
metazoan homologs of the yeast WD40 domain protein
Atg18, which are called WIPI1-4 in mammals [60, 61].
In Drosophila, Atg18 has been shown to be required for
autophagy, whereas the function of its closely related paralog
CG8678 (also known as Atg18b) is not known [62]. DFCP1
(double FYVE containing protein 1) was characterized as
another phospholipid effector, and it translocates to a putative
subdomain of the ER during autophagy induction [63]. This
structure is called the omegasome, and it is also positive
for VMP1 (vacuole membrane protein 1), an ER-localized,
six transmembrane domain containing protein of poorly
characterized function [40, 64]. Interestingly, VMP1 has
been found to interact with Beclin-1, suggesting that it may
modulate phospholipid production [65]. The fly homolog of
VMP1 is called Tango5 (Transport and Golgi organization
5), as it was recovered in a cell culture-based RNAi screen
as required for ER to Golgi trafficking in the secretory
pathway [66]. Interestingly, the gene encoding DFCP1 has
been lostmultiple times during evolution as it ismissing from
all Caenorhabditis and most Drosophila species including
Drosophila melanogaster, but its homolog can be clearly
identified in Drosophila willistoni and the virilis subgroup
using bioinformatic searches, in addition to more ancient
species such as Trichoplax and Hydra. The role of DFCP1 is
also unknown in mammals, and it is mostly used as a marker
along with VMP1 for the PAS [40, 42].

Atg9 is the only transmembrane protein among the Atg
gene products identified in yeast, and it likely plays a critical
role in the membrane transport events during phagophore
assembly in all eukaryotes studied so far [42, 67–69]. The

source of autophagic membranes has been debated since
the discovery of this process, and practically all membrane
compartments were suggested to contribute, including endo-
somes, ER, Golgi, mitochondria, and plasmamembrane [70–
72]. Drosophila Atg9 is still largely uncharacterized, with
only a few RNAi studies showing that it is also required
for autophagy in various settings [57, 73–75]. Yeast Atg9
physically binds to Atg18 and Atg2, and these proteins are
required for the retrograde traffic of Atg9 from the PAS in
yeast [76]. Atg9 also binds to fly Atg18, and it has recently
been shown that Atg9 accumulates on protein aggregates
containing the autophagy cargo Ref(2)P (also known as
p62/SQSTM1) in starved Atg7, Atg8a, and Atg2 mutants, but
not in Atg18 mutants [75].

Structural studies of Atg8 and Atg12 revealed that these
proteins belong to the family of ubiquitin-like modifiers, and
these are involved in two related ubiquitin-like conjugation
systems [77]. First, the C-terminal amino acid(s) following a
glycine residue of Atg8 and its homologs are cleaved by the
Atg4 family of cystein proteases. Subsequently, the exposed
glycine is conjugated to the E1-like enzyme Atg7, followed
by its transfer to the E2-like Atg3 (also known as Aut1 in
flies). In parallel, Atg12 is activated by Atg7 as well, and
then the E2-like Atg10 catalyzes the formation of an Atg5-
Atg12 conjugate [77]. Atg5 contains two ubiquitin-related
domains flanking a helical region [78]. Then, a multimeric
complex of Atg5-Atg12 and Atg16 forms, which enhances
the covalent conjugation of Atg8 to the membrane lipid
phosphatidylethanolamine (PE) [78]. Atg8 and its homologs
(Atg8a and Atg8b in flies, and LC3 and GABARAP family
proteins in mammals) are the most commonly used markers
in autophagy studies [40, 79]. First, Atg8 is covalently bound
to phagophore and autophagosome membranes, making it
possible to visualize these structures using tagged reporters
or by immunostaining using antibodies against endogenous
proteins (Figure 2). Second, the processing of Atg8 can be
followed by Western blots, as unconjugated Atg8 (usually
referred to as Atg8-I or LC3-I) migrates slower than the
lipid-bound form (Atg8-II or LC3-II). Autophagy induction
usually increases the amount of the processed form relative
to tubulin or actin, which becomes even more obvious if
the fusion of autophagosomes with lysosomes is blocked by
bafilomycin, or genetically by loss of the autophagosomal
SNARE Syntaxin 17 [79–82].

It is clearly established that Atg2 and Atg18 function
together in yeast, actingmost likely in parallel to the Atg8 and
Atg12 conjugation systems [39, 83]. Inmammals, depletion of
the Atg18 homolog WIPI2 suppressed LC3 puncta formation
[61]. In contrast, its putative binding partner Atg2 appears to
functionmost downstream of the core Atg genes inmammals
and worms, similar to VMP1 homologs, as Atg8-positive
structures with some characteristics of phagophores form in
cells upon silencing of these genes [40, 41, 64, 84]. Atg18 also
shows an interaction with Atg2 in Drosophila, although it is
weaker than that observed between its paralog CG8678 and
Atg2 [75]. Interestingly, Drosophila Atg2 acts downstream of,
or parallel to, the Atg8 systems in Drosophila as well, as it is
dispensable for Atg8a dot formation in the fat body [75, 80].
In contrast, no GFP-Atg8a puncta were seen in Atg2 mutant
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Figure 2: Autophagy induction in the larval Drosophila fat body. Dots positive for mCherry-Atg8a (red), representing autophagosomes and
autolysosomes, are rarely seen in fat body cells of well-fed larvae (a). Punctate mCherry-Atg8a structures form in response to starvation (b)
or during the wandering period (c). DNA is stained blue.

prepupal midguts [85], suggesting that either tissue-specific
differences exist, or that a GFP-Atg8a reporter expressed at
very low levels is not as potent as anti-Atg8a immunolabeling
for the visualization of these aberrant structures that are
apparently seen in most metazoan cells. This issue clearly
warrants further studies.

Drosophila Atg18 appears to function upstream of Atg8
recruitment during phagophore formation similar to worms
and mammals, as punctate Atg8a localization is lost in
Atg18 mutant or RNAi cells [41, 61, 75, 84]. Interestingly,
protein aggregates positive for ubiquitin and Ref(2)P show
a near complete colocalization with FIP200 and Atg9 in
Drosophila mutants lacking more downstream players, rais-
ing the possibility that such protein aggregates may serve
as an organizing centre during autophagosome formation
[46, 75]. This hypothesis will need further testing.

A complicated network of core Atg proteins coordinates
the process of autophagosome formation, a process that
is still not completely understood. Autophagosomes must
fuse with lysosomes and endosomes to deliver their cargo
for degradation. In yeast, direct fusion of the autophago-
some with the vacuole is achieved by a tethering factor
called HOPS (homotypic fusion and vacuole protein sorting)
complex, which facilitates membrane fusion catalyzed by
SNARE proteins Vam3, Vam7, and Vti1 [86]. Interestingly,
autophagosome fusion in Drosophila appears to depend on
the amphisome pathway, as a genetic block of multivesicular
endosome formation results in large-scale accumulation of
autophagosomes [51, 87]. Recent studies identified Syntaxin
17 as the autophagosomal SNARE protein, both in flies and
mammals [80, 81]. Syntaxin 17 binds to ubisnap, an ortholog
of mammalian SNAP-29, to mediate fusion by forming a
ternary complex with late endosomal/lysosomal VAMP7
(VAMP8 in mammals) [80, 81]. Fusion is facilitated by the
binding of HOPS to this SNARE complex, both inDrosophila
and mammalian cells [58, 88]. In the final steps following
fusion, cargo is degraded inside acidic autolysosomes by the
action of hydrolases such as cathepsins, and the breakdown

products are recycled back to the cytosol to fuel synthetic and
energy producing pathways.

4. Regulation of Autophagy during
Drosophila Development

The best known examples for stimulus-induced autophagy
in Drosophila larvae are the starvation response during
the feeding stages and developmental autophagy triggered
by hormonal cues around the start of metamorphosis in
polyploid tissues. The role and regulation of autophagy have
also been studied in a developmental context in adult ovaries
and in the extraembryonic tissue called amnioserosa during
early embryogenesis. The following paragraphs summarize
the major regulatory pathways regulating autophagy in these
settings.

Autophagy is controlled by the main nutrient and energy
sensor in all eukaryotic cells, a serine/threonine kinase called
TOR (target of rapamycin) [89]. TOR activity is increased
by the presence of nutrients and growth factors and pro-
motes cell growth in part through the phosphorylation and
activation of S6k (RPS6-p70-protein kinase) and phospho-
rylation and inactivation of Thor (also known as 4E-BP
for Eukaryotic translation initiation factor 4E binding) [90].
TOR not only enhances general protein synthesis this way,
but it may also increase net cell growth by actively repressing
autophagy through the direct phosphorylation and inhibition
of Atg1 in metazoans [45, 91–93]. Inactivation of TOR during
starvation, growth factor withdrawal, or impaired lysosomal
function rapidly results in the shutdown of cap-dependent
translation and in the activation of autophagy, which is
likely also facilitated by the poorly characterized action of
phosphatases such as PP2A that may antagonize TOR [52, 56,
62, 91–94]. Interestingly, the serine/threonine kinaseAtg1 and
its mammalian homologs are able to directly phosphorylate
TOR, which may act as a feedback mechanism to inhibit cell
growth and further enhance autophagy induction [47, 95].
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Growth signaling pathways are remarkably active in the larva,
a specialized life stage of holometabolous insects. Larvae
basically just eat and grow throughout the feeding stages to
acquire and store as many nutrients as possible in a relatively
short time, mostly in the form of polyploid cells and tissues
besides the hemolymph. Notably, the size of the larval fat
body (a metabolic organ similar to our liver and white fat
tissues) increases more than 200-fold between the first and
mid-third instar stages in Drosophila. This process generates
polyploid cells of enormous size, reaching a ploidy level of
256–512 n for fat cells and 1,024 n for salivary glands. As
expected, autophagic activity is very low during these stages
(Figure 2). Initiation of wandering behavior, when larvae
crawl out of the food in search of a dry place to pupariate
around 108 h after egg laying (AEL), or starvation before this
time results in a remarkable induction of autophagy in poly-
ploid tissues (Figure 2), but not in diploid cells.This response
is thought to serve as a nutrient reallocation mechanism, as
breakdown products released from polyploid cells likely feed
diploid tissues that will give rise to the adult fly by the end of
metamorphosis. Mechanistically, growth signaling mediated
by the insulin-like receptor is rapidly inactivated during
starvation or at the beginning of metamorphosis in polyploid
tissues [62, 96]. Diploid tissues such as the brain and wing
disc appear to be able to grow and proliferate thanks to
maintained activation of TOR signaling by sustained receptor
Tyrosine kinase signaling, originating from Alk in neurons
and Stit in future wing cells, respectively [97, 98]. In addition,
the larval fat body secretes an insulin-like peptide (dilp6)
during nonfeeding stages to maintain insulin signaling in
diploid tissues [99].

As described briefly in the chapter on historical early
studies, autophagy of the polyploid tissues including fat body
and midgut cells is induced by a small peak of the molting
hormone ecdysone towards the end of the last larval instar
[20, 96]. Interestingly, there is a preprogrammed anterior-
posterior gradient in the magnitude of autophagy in the
fat body [100]. This is also observed for the separation of
fat cells and kynurenine synthesis during metamorphosis,
potentially due to the extremely low blood circulation in
sessile prepupae and pupae, which necessitates the coor-
dination of all these responses with respect to the loca-
tion of nearby imaginal organs [100, 101]. Autophagy is
induced in fat body cells as a cell-autonomous response, as
overexpression of dominant-negative forms of the ecdysone
receptor in mosaic animals maintains insulin signaling and
blocks developmental autophagy in these cells [96]. Massive
induction of autophagy is not seen during earlier ecdysone
peaks that trigger larval molts, because high concentration of
the juvenile hormone during the first and second larval stages
inhibits autophagy. It is not known yet how juvenile hormone
may inhibit autophagy. One candidate mechanism involves
the peptidyl-prolyl cis-trans isomerase FKBP39. FKBP39 is
a juvenile hormone target gene, and it has been shown to
inhibit autophagy likely by preventing the translocation of
the transcription factor FOXO into the nucleus [102, 103].The
presence of FOXO in the nucleus during starvation or at the
beginning of metamorphosis likely promotes transcription
of genes involved in autophagy, and its loss strongly impairs

autophagic responses [103, 104]. It is worth mentioning that
metamorphosis is not the only developmentally programmed
starvation period in Drosophila, as larvae are also essentially
immobile and do not feed during periods ofmolting that sep-
arate L1/L2 and L2/L3 stages, leading to increased autophagy
in fat body (Gábor Juhász, unpublished data). This response
is similar to the induction of autophagy observed during
molting in worms [105].

Polyploid cells that account for the majority of larval
masses undergo programmed cell death during metamor-
phosis. Initially, the larval fat body disintegrates into indi-
vidual trophocytes following puparium formation, which is
triggered by a prominent ecdysone peak at the end of the
last larval instar [106]. Interestingly, approximately half of the
larval fat cells survive until eclosion of adult flies and are only
eliminated by caspase-dependent cell death during the first
two days of adult life, promoting the survival of starved young
adults [107, 108]. Salivary glands are also almost entirely
composed of polyploid cells in the larva, with the exception
of a ring of diploid imaginal cells surrounding the ducts of
the paired glands. Larval gland cells are eliminated around
13–18 h after puparium formation, and both autophagy and
activation of apoptotic caspases have been shown to facilitate
histolysis, although the relative importance of each pathway
is not fully understood [109–114]. A wave of autophagy is
also seen in larval midgut cells of wandering larvae, but their
elimination begins only after puparium formation, and it is
not completed until after adult flies eclose [96, 115]. Groups
of diploid imaginal cells (scattered throughout the larval gut)
proliferate and replace polyploid cells during this process.
Thus, polyploid cells are extruded into the lumen of the future
adult gut, which is accompanied by caspase activation, DNA
fragmentation, and autophagy-mediated shrinkage of these
larval cells [85, 110, 112, 113, 115]. Remnants of the larval
midgut form themeconium, the waste product that adult flies
get rid of during the first defecation.

There is some discrepancy regarding the role of the
apoptotic and autophagic pathways during larval Drosophila
midgut degeneration. Two papers suggested that midgut
shrinkage is blocked by expression of the caspase inhibitor
p35, or by simultaneous loss of two proapoptotic genes Rpr
and Hid [110, 112]. Importantly, RNAi depletion of the cas-
pase inhibitor DIAP1 leads to premature caspase activation
and death of larval midguts and salivary glands [110]. In
contrast, midgut shrinkage was suggested to proceed largely
independent of caspase activation based on experiments
carried out on animals with a combination of mutations
for certain caspases, whereas midgut cells fail to shrink
properly if certain Atg genes are silenced or mutated [85,
115]. Interestingly, overexpression of Hid inDrosophila larvae
triggers apoptosis in diploid cells of the developing eye and
brain, but it leads to the induction of autophagy in polyploid
cells of the fat body, salivary glands, and midguts [116], also
indicating tissue-specific differences in the mechanism of
action of certain proapoptotic genes.

In contrast to ecdysone-mediated shutdown of insulin
signaling, which is responsible for the initial wave of
autophagy in wandering animals, death of polyploid cells
in salivary glands and midguts appears to be regulated by
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a complex transcriptional cascade. As mentioned earlier,
the elimination of about half of the fat body cells takes
place in the pupa in a seemingly random manner, and
surviving cells only die in young adults [108]. In prepupal
midguts and pupal salivary glands, binding of ecdysone (or
more likely its active form 20-hydroxyecdysone) activates the
heterodimeric steroid receptor complex consisting of EcR
and USP (the homolog of mammalian retinoid X receptor).
Activation of this complex by ecdysone is necessary to trigger
salivary gland cell death by inducing transcription of insect-
specific target genes such as E93, E74A, and BR-C, but
this process also requires a competence factor: the nuclear
receptor 𝛽FTZ-F1 [117]. E93 is a transcription factor acting
as a master regulator of the complex genetic programme
involved in the death of both larval salivary glands and
midgut in Drosophila [114, 118]. The role of autophagy in
dying salivary gland and midgut cells may not be restricted
to the recycling of building blocks to support diploid cells.
Autophagy in dying mammalian cells is known to promote
the release of so-called “eat me” and “come get me” signals
to attract engulfing macrophages [119]. While larval midgut
cells are situated inside the adult gut and are therefore
protected from hemocytes, clearance of salivary gland cell
fragments may be facilitated by macrophages in the pupa.
This hypothetical scenario would explain why salivary glands
undergo complete histolysis, whereas midgut cell remnants
remain in the lumen of the adult gut until excreted.

Given the seemingly important role of autophagy during
Drosophila development, it is surprising that null mutants
for different genes show large differences regarding viability.
Null mutants of Atg1, Atg13, and FIP200 display a highly
penetrant pharate adult lethality: adult flies form completely
inside the pupal case, but almost all of them fail to eclose
[45–47, 120]. The lipid kinase complex subunit null mutants
(Atg6, Vps34, andVps15) diemuch earlier (as L3 stage larvae),
and only a few Atg6 mutants are able to initiate pupariation
[51, 54, 55]. This is not surprising considering that these
gene products are involved in endosome maturation and
biosynthetic transport to lysosomes acting in a complex
with UVRAG. It is worth noting that UVRAG null mutants
also die as late L3 stage larvae, even though UVRAG is
dispensable for autophagosome formation or fusion with
lysosomes [58, 121]. It will be interesting to see the phenotype
of flies null mutant for Atg14, which encodes the autophagy-
specific subunit of this complex, as these should behave
similar to Atg1 kinase complex subunits in showing pharate
adult lethality. Similarly, both Atg2 and Atg18 mutants are
late pupal/pharate adult lethal. In contrast, all null mutants
identified so far in genes encoding proteins involved in the
ubiquitin-like conjugation systems are viable, including Atg7
[113], Atg8a [57, 122], and Atg16 (Gábor Juhász, unpublished
data). Moreover, these null mutants can be maintained as
viable stocks over multiple generations despite their shorter
lifespan and increased stress sensitivity. The reason why
null mutations affecting conjugation system components are
viable in Drosophila is not known. A recent paper showed
that prepupal midgut shrinkage requires Atg8a and Atg16,
but not Atg3 or Atg7 [115], suggesting that Atg8a promotes
cell shrinkage in a lipidation-independentmanner. Still, these

results do not explain the lethality data described above.
Potential explanations can be that certain Atg genes are not
required for autophagy in certain key developmental settings
(such as Atg3 and Atg7 in midgut shrinkage), or that the
ones that are lethal also have important roles independent
of autophagic degradation (similar to Vps34, Vps15, and
Atg6). It is important to note that Atg3, Atg5, Atg7, Atg9, and
Atg16L1 knockout mice complete embryonic development
and are born at expected Mendelian ratios and only die due
to suckling defects, whereas the loss of beclin 1/Atg6 leads to
lethality during early embryogenesis [4].

Another role of autophagy has been described in the
Drosophila ovary. During oogenesis, 15 nurse cells transfer
a large part of their cytoplasm to the single oocyte through
interconnecting cytoplasmic bridges called ring canals. Nurse
cells die after the oocyte has matured, which is accompanied
by caspase activation and DNA fragmentation. Caspase
activation is reduced in nurse cells lacking Atg1, Atg13, or
Vps34, and both DNA fragmentation and cell elimination
are reduced [123]. Interestingly, the antiapoptotic protein
Bruce accumulates in these mutant cells. Bruce colocalizes
with GFP-Atg8a in wild-type ovaries, and loss of Bruce
restores nurse cell death in autophagy mutants [123]. These
observations suggest that autophagic elimination of Bruce
may contribute to caspase activation and cell death in late
stage Drosophila ovaries. However, mutation of either core
autophagy genes or caspases, or the simultaneous loss of
both autophagy and caspases still results in only a partial
inhibition of developmental nurse cell death [124]. In con-
trast, hypomorphic mutation of dor/Vps18, a subunit of the
HOPS complex, blocks nurse cell elimination much more
efficiently, suggesting that lysosomes or endocytosis may play
amore important role in developmental nurse cell death than
autophagy or caspases [124, 125].

Autophagy can also be induced in the ovary during
two earlier nutrient status checkpoints in germarium and
mid-oogenesis stages, both in nurse cells and follicle cells,
somatic epithelium surrounding germ cells [126–128]. This
autophagic response requires core Atg genes and the caspase
Dcp-1, and it can be suppressed by overexpression of Bruce
[126, 127]. Interestingly, oogenesis is impaired in chimeric
ovaries lacking autophagy in a subset of follicle cells but not
in the germline, which may be caused at least in part by
precocious activation of Notch signaling in mutant follicle
cells [127, 129].

Another example for developmentally programmed
autophagy is seen in the amnioserosa, a polyploid extraem-
bryonic tissue of the developing embryo. Autophagy is
induced prior to, and independent of, the activation of a
caspase-dependent cell death programme in these cells [130].
Autophagy is also activated in a subset of amnioserosa cells
that undergo extrusion during dorsal closure, but it is not
required for the death of these cells [131].

In contrast with the paradigm of the inverse regulation of
cell growth and autophagy by TOR signaling, autophagy has
been shown to be required for cellular overgrowth driven by
the evolutionarily conserved transcription factorMyc. Myc is
required for autophagy, both in Drosophila and mammalian
cells [73, 132]. Conversely, overexpression of this well-known
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oncogene not only enhances cell growth, but it also leads
to autophagy induction through activation of PERK, an ER-
associated kinase involved in the unfolded protein response
(UPR). Importantly, blocking PERK or autophagy prevents
Myc-induced overgrowth in Drosophila and inhibits Myc-
induced tumorigenesis in mouse models [73, 133]. These
results suggest that inhibition of PERK or autophagy may
be a potential therapeutic strategy in the context of Myc-
dependent cancers.

5. Autophagy Implication in the Immune
Response, Aging, and Neurodegeneration

Autophagy plays an important role in development, cellular
differentiation, and homeostasis. Defects in autophagy are
associated with many diseases including neurodegeneration,
ageing, pathogenic infection, and cancer [5]. Drosophila
melanogaster has been shown to be an excellentmodel system
to study such cellular processes. The key advantages of using
Drosophila as a disease model organism are short life cycle,
small body size, ability to produce large number of progeny,
availability of powerful genetic tools, and less redundant
genome than that of mammals. Moreover, more than 70% of
human disease genes have orthologues in Drosophila [134].

Autophagy has also been proposed to play a role in the
removal of pathogens, given that it is the only degradative
system in the cell which is able to handle cargo that is
too large for proteasomal degradation. Evidence shows that
autophagy is able to capture and degrade multiple categories
of pathogens, including bacteria, viruses, and parasites [135].
This is not, however, a universally effective defence system,
as some pathogens have developed resistance against it,
or even learnt how to use autophagy in order to enhance
their own replication [135, 136]. This interplay between host
defences and infective agents suggests that autophagy, as an
intracellular immune response, has exerted strong selective
pressure on pathogens over the course of a long evolutionary
time [137]. Flies lack an adaptive immune system, which
facilitates the study of autophagy-derived innate immunity at
the cellular level, without added complexity [138].

Drosophila has also been used successfully to study of
the effects of pharmacological modulators of autophagy in
neurodegenerative disease models. The available Drosophila
disease models successfully recapitulate many of the symp-
toms associated with human diseases, and these can be used
to identify new factors with a role in diseases [134].

5.1. Autophagy-Derived Innate Immunity. Inmammals, path-
ogen recognition activates the antimicrobial response of
the host, using transcription level regulators [137]. So far,
two well-characterised nuclear factor-𝜅B (NF-𝜅B) pathways
are known in flies: the Toll and immune deficiency (IMD)
pathways, which are key to regulating the immune response
against bacterial and fungal infections, by means such as the
secretion of antimicrobial peptides (AMPs) [138, 139]. The
Jak-Stat pathway, native to higher organisms, also plays a role
in the immune defence response in flies, and all of the afore-
mentioned pathways have been observed to mediate antiviral
responses at the level of transcription [140, 141]. There are

many aspects of the innate immune response in insects which
are yet to be elucidated, and the role of autophagy in the
antimicrobial response is only beginning to be deciphered.
Striking parallels were observed between flies and mammals
in terms of antimicrobial functions of autophagy [137]. A
new aspect in mammalian antimicrobial autophagy, which
is quickly gaining visibility, is the role of pattern recogni-
tion receptors (PRRs) in the activation of autophagy [135,
142]. These receptors work by recognising well-conserved
molecular signature sequences, called pathogen-associated
molecular patterns (PAMPs) [143]. The Drosophila protein
Toll was first used to pinpoint the mammalian Toll-like
receptors (TLRs) by virtue of homology, which make up
the canonical pattern recognition system [137, 138]. These
membrane receptors can induce autophagy upon binding to
a cognate ligand [144]. Their cytoplasmic counterparts, the
NOD-like receptors (NLRs), can activate autophagy as well
[145, 146]. The importance of autophagy control by PRRs in
mammalian host defence is certainly an interesting research
avenue, despite the difficulty of assessing its in vivo potential
during infection inmice.Drosophila, on the other hand, offers
a much more genetically malleable system for such studies.
The relationship between autophagy and PRRs has been
found to be critical in preventing the host from succumbing
to viral and bacterial infections [137]. Hence, it is likely that
antimicrobial autophagy is an ancient cellular response to
invading pathogens.

Autophagy genes have been shown to confer resis-
tance to parasites (Toxoplasma gondii), bacteria (Staphylo-
coccus aureus, Listeria monocytogenes, Salmonella enterica,
Typhimurium, and Mycobacterium tuberculosis), and viruses
(Sindbis virus, vesicular stomatitis virus (VSV), and herpes
simplex type 1) [147–154]. Importantly, a landmark study
recently showed that parkin, a gene implicated in the patho-
genesis of Parkinson disease by promoting the selective
autophagic elimination ofmitochondria, is also important for
the recognition and subsequent autophagic degradation of
infecting intracellular bacteria in mice and Drosophila [155].

In terms of bacterial resistance, the Drosophila immu-
nity comes equipped with two previously mentioned major
response pathways: the Toll pathway, which is usually acti-
vated by Gram-positive bacteria, and the IMD pathway,
which mainly handles Gram-negative bacteria [138]. Acti-
vation of either of these systems depends on the recep-
tors’ ability to detect PAMPs, such as the bacterial cell
wall component peptidoglycan (PGN) [138]. This pro-
cess and the subsequent release of AMPs are vital given
that flies that are deficient in either the IMD or Toll
pathway display hypersusceptibility to bacterial infection
[156].

There are, however, species that show resistance to such
a host response. Both the IMD and Toll signalling pathways
are dispensable for controlling intracellular L. monocytogenes
in flies. Instead, once bacteria have escaped to the cyto-
plasm, autophagy restricts their replication. L.monocytogenes
replication takes place in the cytoplasm of Drosophila blood
cells, termed “haemocytes” [157]. It has been observed that
L. monocytogenes induces autophagy, which was visualised
by the appearance of GFP-fused LC3 puncta that colocalised
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with internalised bacteria [157]. This study showed that
RNAi-mediated silencing of core autophagy genes causes
increased bacterial replication and reduces fly life expectancy
in infected adultsvspace2pt

Inmammalian cells, autophagy can also degrade L.mono-
cytogenes, but this process is normally blocked by the release
of ActA, which inhibits the host’s ability to ubiquitinate
the pathogen and target it for autophagosomal degradation
[153]. A similar autophagy evading behaviour has been
independently observed in conjunction with protein InlK,
although the mechanism is yet unexplained [158]. Failure to
successfully resist the host’s response, such as in the unnatural
host Drosophila, reveals restrictive pathways that the L.
monocytogenes cannot evade and highlights the constant
adaptations that the bacterium must undergo in order to
effectively counteract the immune responses of the host
[137]. Upstream of the IMD pathway is the PGN recognition
protein (PGRP) family receptors, which recognize bacterial
PGN structures. PGRP-LC is a transmembrane sensor, which
recognises monomeric and polymeric diaminopimelic acid-
(DAP-) type PGN at the cell surface. PGRP-LE comes in
two forms that have both cell-autonomous and non-cell-
autonomous functions [159]. It is constitutively secreted into
the open circulatory system, where it activates the IMD
pathway [160]; it is also found within immune cells and acts
as an intracellular receptor for the detection of the PAMP
tracheal cytotoxin, a monomeric DAP-type PGN, initiating
the release of the listericin AMP [161, 162]. Loss of either
of the two receptors confers susceptibility to infection by L.
monocytogenes, but only PGRP-LE initiates autophagy as an
immune response. Unexpectedly, PGRP-LE can signal via the
IMD pathway, components of which are not required either
for autophagy induction or intracellular bacterial sequestra-
tion, suggesting that an unknown signalling pathway links
PRR engagement to antimicrobial autophagy in Drosophila.
Autophagy is observed to play an important regulatory role
against a variety of bacterial invaders. Multiple hosts have
been found to utilise autophagy to control the growth of
Wolbachia, a common endosymbiotic bacterium, found in
arthropods and filarial nematodes. Activation of autophagy
by starvation or rapamycin treatment was found to reduce
the rate of bacterial replication; conversely, siRNA-mediated
depletion of Atg1 in flies was associated with enhanced
bacterial replication [163].

In addition to controlling bacterial infection, autophagy
was found to impact viral replication and pathogenesis in
some mammalian infections [137]. Overexpression of beclin-
1 (mammalian homologue of Atg6) in neonatal mice protects
neurons against Sindbis virus infection-inducedpathogenesis
[164]. Loss of Atg5 expression accelerates the development
of Sindbis-associated symptoms, due to failed viral cap-
sid clearance, even though autophagy does not appear to
affect viral replication proper [150]. A range of other viral
agents are ostensibly managed by autophagy, such as HIV,
encephalomyocarditis virus, and human papilloma virus in
mammalian cells, although the in vivo significance has not
been weighed [165, 166].

Recent data demonstrates that autophagy is a key ele-
ment of the innate antiviral response against (−) ssRNA

Rhabdovirus VSV in flies [151]. Negative sense viral RNAs
must be first converted into mRNA-like positive-sense
strands by an RNA polymerase, before they can be translated.
Depletion of core autophagic machinery genes in Drosophila
S2 cells leads to increased viral replication. Along the same
lines, RNAi silencing of autophagy genes was associated with
increased viral replication and mortality after infection of
flies, directly linking autophagy with an important antiviral
role in vivo [151]. VSV was observed to induce PI3 K-Akt
regulated autophagy in primary haemocytes and in adult
flies [151]. Similar to the immune response against L. mono-
cytogenes infection, antiviral protection is also initiated by
the recognition of PAMPs [151]. An active response against
UV-inactivated VSV suggested that nucleic acids are not the
targeted markers; rather, the viral glycoprotein VSV-G was
sufficient to induce autophagy. Eventually, the Drosophila
Toll-7 receptor was identified as the PRR, which identifies
VSV as a trigger for an autophagic response [167]. Toll-7
is localised to the plasma membrane in order to interact
with the virions, suggesting that the roles of Toll-7 and the
mammalian TLRs are similar. Toll-7 restricts VSV replication
in cells as well as in adult flies, as deficiency of Toll-7
leads to significantly increasedmortality after infection [167].
Recent work has drawn in other Toll receptors as likely
participants in the host’s immune response. Tollo (Toll-8)
has been shown to negatively regulate AMP expression in
Drosophila respiratory epithelium [168]. Many antiviral fac-
tors are upregulated during infection; given that Drosophila
Toll and Toll-7 receptors have been recently shown to be
transcriptionally induced upon infection, it is possible that
the other less characterised Toll receptors may also play a role
in antiviral defences (Figure 3).

There is an overlap in the mode of action of Toll receptors
and mammalian TLRs in triggering autophagy. A number
of studies using model ligands and in vitro systems have
shown autophagy induction via the TLR pathway (such as
lipopolysaccharide, a ligand for TLR4, by looking at the
colocalisation of autophagosome markers and intracellular
bacteria) [169]. Autophagic activation can be observed using
canonical ligands for TLR1, TLR3, TLR5, TLR6, and TLR7
[144, 170]. TLR8 was revealed in a recent study to activate
vitamin D-dependent autophagy in human macrophages, in
order to restrict HIV replication [137, 171].

5.2. Autophagy in Ageing and Life Span Extension. Ageing is a
complex process that involves a progressive decline in physi-
ological functions of an organism, eventually causing disease
and death [172]. During this decline, cellular and molec-
ular damage accumulates such as deleterious mutations,
shortening of telomeres, accumulation of ROS, damaged
organelles, and misfolded proteins. Aged individuals have
increased sensitivity to environmental stress and a decreased
capacity to maintain cell and tissue homeostasis. Prevalence
of many diseases such as neurodegeneration, cardiovascular
dysfunction, and cancer increases with age [173].

Autophagy maintains cellular homeostasis by targeting
unwanted and deleterious intracellular materials to the
lysosome for degradation. Autophagy has been implicated
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Figure 3: Drosophila immunity response pathways. A robust innate immunity system confers Drosophila protection against a variety of
pathogens. Autophagy has been suggested to play a role in restricting infections, but the exact pathway of this response has yet to be
deciphered. In addition there have been observations of a number of antimicrobial peptides (e.g., Diptericin) being expressed in response to
immunological challenge.

in numerous diseases [5]. Accumulating evidence indi-
cates that the efficiency of autophagy decreases with age,
and the induction of autophagy delays aging-associated
symptoms and extends life span [172]. In addition to the
direct effect of autophagy on ageing, cellular pathways
with a role in regulating ageing are shown to induce
autophagy as their downstream targets [174–176]. These
highly conserved pathways are insulin/insulin like growth
factor (Igf) (ISS) pathway, the TOR pathway, c-Jun N-
terminal kinase (JNK) signaling, and histone deacetylation
[174, 177].

During ageing, the expression levels of several autophagy
genes are downregulated in mammals. Autophagy mutants
often exhibit phenotypes such as the accumulation of ubiq-
uitinated protein aggregates, damaged organelles, increased
sensitivity to oxidative stress, abnormal motor function, and
short life span that are similar to those observed during
ageing [172]. The expression level of Atg5, Atg7, and Beclin-1
is downregulated in human brains during ageing [178, 179].
Furthermore, a decrease in Beclin-1 expression has been

reported in the brains of patients with Alzheimer’s disease
(AD) and Huntington’s disease (HD) [179, 180]. Disruption
of autophagy by reducing Beclin-1 expression enhances the
severity of neurodegenerative phenotypes in transgenic APP
(amyloid precursor protein) mice, and overexpression of
Beclin-1 was sufficient to rescue the adverse effects in APP
transgenic mice [180]. Suppression of basal autophagy in
the central nervous system causes neurodegenerative phe-
notypes in mice even in the absence of a toxic protein:
mice lacking Atg5 or Atg7 specifically in the central ner-
vous system exhibit behavioural defects, motor dysfunction,
accumulation of protein aggregates, and reduced life span
[181, 182]. Chaperone-mediated autophagy (CMA) has been
shown to be downregulated in rat livers during ageing as
well. Restoring the level of chaperone-mediated autophagy
by overexpressing LAMP2a, a CMA receptor, decreased the
accumulation of damaged proteins and increased organ func-
tion [183]. A reduction in autophagy levels is also observed
in mice during ageing. The heart-specific deletion of Atg5
causes abnormal heart morphology and the accumulation of
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abnormal protein aggregates and damaged mitochondria in
mice [184].

Similar to these observations inmammals, the expression
of several autophagy genes (Atg2, Atg8a, Atg18, and bchs) is
reduced in Drosophila during ageing. This correlates with an
increase in accumulation of insoluble ubiquitinated protein
aggregates (IUP) in the ageing brain [122]. Drosophila Atg8a
mutants exhibit reduced autophagy, increased accumula-
tion of IUP, increased sensitivity to oxidative stress, and
reduced life span. Overexpression of Atg8a in adult brains
decreased the incidence of IUP and increased oxidative
stress tolerance and life span [122]. Similarly,DrosophilaAtg7
null mutants are hypersensitive to nutrient and oxidative
stress. Atg7 null mutants exhibit reduced life span and
progressive neurodegeneration, which is characterized by the
accumulation of ubiquitinated proteins [113]. Overexpression
of Atg7 increases life span in wild-type flies and also rescues
the age-related phenotypes caused by the knockdown of
Hsp27 chaperone inDrosophila. Interestingly, overexpression
of Hsp27 also extends life span in wild-type flies and rescues
the neurodegenerative phenotypes caused by mild polyQ
toxicity. The Hsp27-mediated rescue effect is abolished in
flies lacking Atg7 [185]. Loss of the autophagosomal SNARE
Syntaxin 17 has severe consequences: young mutant adults
perform extremely poor in standard climbing tests that
measure neuromuscular function and die within 3-4 days of
eclosion.This is potentially due to large-scale accumulation of
autophagosomes in neurons which causes neuronal dysfunc-
tion, rather than to cell death, as the lethality and behavior
defects cannot be rescued by genetic inhibition of caspases in
Syntaxin 17 mutant brains [80].

The insulin/insulin-like growth factor (Igf) pathway
modulates longevity in multiple species [177]. The first
insights into the role of the insulin pathway in longevity came
from C. elegans. Mutant worms with reduced insulin signal-
ing (mutation in insulin/insulin like receptor (igf), daf2) live
twice as long as wild-type ones [186]. The longevity effect
of the daf2 gene mutation is mediated through daf16, the C.
elegans homologue of transcriptional factor FOXO. The Igf
pathway negatively regulates the downstream acting FOXO
transcriptional factor [187]. Knocking down the expression of
autophagy genes (atg5, atg12, or bec1) abolishes the longevity
effect of reduced insulin signaling in daf2mutants. It is worth
noting that deletion of bec1 also reduces life span in wild-type
worms [188].

Drosophila mutants with decreased insulin signaling
(mutation in Insulin like receptor (InR) or in insulin receptor
substrate chico) exhibit slow ageing and increased life span
[189, 190]. Similar to C. elegans Igf mutants, these mutants
also require FOXO for life span extension [191, 192]. Phos-
phorylation of FOXO by activated Igf prevents its nuclear
localization and leads to the transcriptional downregulation
of FOXO target genes. FOXO mediates the activation of
pathways that inhibit growth and promote stress response
[193]. It has been shown that FOXO induces autophagy in
Drosophila larvae [103]. Furthermore, specific activation of
FOXO in head fat body increases life span and oxidative stress
tolerance. This localized overexpression of FOXO decreases
systemic insulin signaling and it is correlated with a decrease

in expression of dilp 2 (insulin-like peptide 2) in neurons
[193]. Further studies show that reduced insulin signaling
causes transcriptional repression of dawdle, an activin-like
ligand in the TGF-beta super family, through FOXO, which
in turn activates autophagy, thereby maintaining protein
homeostasis. This study also shows that overexpression of
Atg8a in muscle is also sufficient for life span extension in
Drosophila [194].

Progressive muscle degeneration is associated with age-
ing and this precedes other age-related pathologies across
species. However, the mechanism underlying muscle age-
ing is not completely understood. Muscle degeneration is
associated with the accumulation of ubiquitinated protein
aggregates, which are also positive for Ref(2)P in Drosophila.
Overexpression of FOXO, or its target 4E-BP, in muscle
prevents protein accumulation and increases muscle func-
tion via autophagy in Drosophila. Overexpression of FOXO
increases Atg gene expression in muscle. RNAi-mediated
knockdown of Atg7 to about half in FOXO overexpres-
sion backgrounds partially increases protein accumulation,
suggesting that the effects of FOXO overexpression require
autophagy. Moreover, the increase in muscle function by
FOXO/4E-BP overexpression is sufficient to extend life span.
FOXO/4E-BP overexpression in muscles regulates organism-
wide protein homeostasis by reducing feeding and also by
decreasing the release of insulin-like growth factors from
neurosecretory cells in the brain [195].

JNK signaling plays a major role in regulating ageing in
Drosophila. Activation of JNK signaling increases tolerance to
oxidative stress and extends life span [196]. Life span exten-
sion upon JNK activation is also mediated through FOXO.
Flies with reduced FOXO activity fail to extend life span and
exhibit reduced tolerance to oxidative stress even upon JNK
activation.The JNKpathway antagonizes the ISS pathway and
promotes the translocation of FOXO to the nucleus [197].
Nuclear translocation of FOXO results in the transcription
of autophagy genes [103]. JNK/FOXO reduces Igf activity
systemically by reducing dilp2 expression in neuroendocrine
cells [197]. JNK-mediated protection from oxidative stress
is abolished in flies with compromised autophagy, and the
induction of JNK signaling may activate autophagy through
FOXO [198].

Spermidine, a naturally occurring polyamine, increases
life span in multiple species. Levels of polyamines have been
shown to decrease during ageing [199]. Dietary supplementa-
tion of spermidine induces autophagy and extends life span in
Drosophila, and spermidine-mediated longevity is abrogated
in flieswhich lackAtg7 [199].Moreover, spermidine triggered
autophagy inhibits the age-associated cognitive impairment
in Drosophila [200]. Spermidine regulates ageing most likely
by epigenetically regulating autophagy. Spermidine inhibits
histone acetyltransferases (HAT),which in turn cause a global
deacetylation of histone H3 and activation of autophagy in
yeast [199]. Interestingly, spermidine treatment may confer
oxidative stress resistance both in autophagy-dependent and
autophagy-independent ways in Drosophila [201].

The TOR pathway modulates ageing in multiple species.
Decreased TOR signaling is associated with an increase in
life span and increased tolerance to stress. Treatment of
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Drosophila with rapamycin (an inhibitor of TOR) increases
life span and tolerance to both nutrient starvation and
oxidative stress. Rapamycin-mediated life span extension is
abrogated in flies undergoing Atg5 RNAi [202]. Genetic
inhibition of TOR also increases life span in flies [203].This is
likely due to the fact that TOR inhibition activates autophagy
[5].

Dietary restriction (reduced food intake without mal-
nutrition) has been shown to be an effective intervention
to expand lifespan in multiple species, including Drosophila
[174, 204]. Cellular pathways that mediate the longevity effect
of dietary restriction are not fully understood. Studies in C.
elegans show that autophagy is required for the longevity
effect of dietary restriction. When autophagy is compro-
mised (by deleting bec-1 and ce-atg7) in eat-2 mutants (a
genetic model for dietary restriction in C. elegans), longevity
is blocked [205]. In fact, most longevity pathways have
been suggested to converge on autophagy genes in worms
[206].

5.3. Autophagy and Neurodegeneration. Neurodegenerative
diseases encompass a group of progressive disorders char-
acterised by memory loss, cognitive impartment, loss of
sensation, and motor dysfunctions. The cellular hallmark of
neurodegenerative disease is the presence of ubiquitinated
protein aggregates and neuronal cell death [207]. Several
lines of evidence connect autophagy with neurodegenera-
tion. Autophagy maintains cellular homeostasis by removing
aggregated proteins and damaged organelles. This process
is the most critical in neurons, because neurons do not
divide and cannot get rid of protein aggregates through self-
replication or self-renewal [208].

One of the risk factors for neurodegenerative diseases is
ageing. Ageing is associated with decreased autophagy [208].
The connection between autophagy, ageing, and neurodegen-
eration is described in detail in Section 5.2.

Several neurodegenerative disease models have been
developed in Drosophila, based on overexpressing wild type
or mutant versions of human disease proteins. These disease
models also provide insights into the role of autophagy in the
context of neurodegeneration [207].

The overexpression of a human huntingtin protein con-
taining a 120-amino acid long polyQ expansion causes age-
dependent degeneration in Drosophila compound eye [209].
Treatment of these flies with rapamycin reduces retinal
degeneration in an autophagy-dependent manner, similar
to results observed in mouse and cell culture models of
HD [210]. Further studies showed that the beneficial effect
of rapamycin was not restricted to huntingtin disease.
Rapamycin treatment alleviates neurodegenerative pheno-
types in Drosophila nonhuntingtin polyglutamine, polyala-
nine, and tau disease models [211]. Induction of autophagy
by rapamycin is conserved from yeast to mammals. A
high-throughput drug screen identified three novel drugs,
which induce autophagy independent of TOR. These small
molecules reduce the number of protein aggregates and
cytotoxicity, both in cellular and Drosophila models of neu-
rodegenerative disease [212, 213]. Overexpression of Rab5
also ameliorates huntingtin-induced cell death inDrosophila,

potentially by the formation of a Rab5 complex with Beclin-
1 and Vps34, leading to enhanced autophagosome formation
[214].

An independent study documented that hyperactivation
of the TOR pathway suppresses autophagy and leads to
neuronal cell death. Overexpression of Rheb, an activator
of TOR, causes age- and light-dependent degeneration in
the Drosophila retina. This was likely due to autophagy
suppression, as autophagy induction by Atg1 was sufficient
to rescue retinal degeneration. Similarly, overexpression of
Atg1 or genetic inhibition of TOR by overexpressing TSC1/2
alleviates the neurodegenerative phenotype inDrosophilaHD
and phospholipase C- (norpA-) mediated retinal degener-
ation models. This study suggests that neurodegenerative
symptoms observed in these flies are due to TOR-dependent
suppression of autophagy, and not due to the effect of TOR
on cell growth [215].

Puromycin-sensitive aminopeptidase (PSA) is the only
cytosolic enzyme capable of degrading polyQ sequences.
PSA has been shown to be involved in neurodegeneration
in Drosophila, mice, and cell culture models of poly Q
diseases. Overexpression of PSA inhibits polyQ toxicity,
whereas inhibiting PSA expression enhances poly Q toxicity
in Drosophila models of poly Q diseases. PSA was suggested
to reduce polyQ toxicity by activating autophagy and subse-
quent clearance of toxic aggregates, but how it may promote
autophagy is still unknown [216].

Results of a genetic modifier screen aimed at the identi-
fication of genes involved in Ataxin3 toxicity in Drosophila
found numerous candidates. A subset of the suppressors was
proposed to act either by enhancing autophagy-mediated
clearance of protein aggregates or by inhibiting autophagy to
prevent autophagy-mediated cell loss.This study also pointed
out that only the pathogenic form of ataxin3, and not wild
type ataxin, induces autophagy [217].

Induction of autophagy does not rescue neurodegen-
eration caused by the polyglutamine-containing atrophin
in Drosophila DRPLA (dentatorubropallidoluysian atrophy)
model. The neurodegenerative phenotype is characterized
by the accumulation of autophagic vacuoles in degenerating
neurons and glia. Inhibiting autophagy by Atg5 RNAi or
using an Atg1 null mutant enhances neurodegenerative phe-
notypes. However, both pharmaceutical and genetic induc-
tions of autophagy failed to rescue neurodegeneration. Ultra-
structural analysis showed the presence of abnormally large
autolysosomes with impaired degradation of the contents.
Thus, the beneficial effect of autophagy may be suppressed
by lysosomal dysfunction in this case [218]. Transcriptional
profiling identified that atrophin reduces the expression
of fat, a tumor suppressor protein. Fat, and Hippo kinase
acting downstream of it, may protect the neuron by acti-
vating autophagy [219]. Although the exact mechanisms of
neuroprotection by the Fat/Hippo pathway are not fully
understood, authors of these studies suggested two plausible
mechanisms: (1) Hippo may activate autophagy by inhibiting
TOR, or (2) Hippo might enhance autophagy through its
interaction with Atg8a [220].

An immunoelectron microscopy study identified the
accumulation of abnormal autophagic vacuoles (AV) in
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human AD brain [221]. In line with that, overexpression of
A𝛽42 (the byproduct of APP proteolysis, a major compo-
nent of Abeta inclusion in AD) results in age-dependent
dysfunction of autophagy at a lysosomal stage in Drosophila
[222]. This is characterised by the accumulation of abnormal
autophagic vacuoles in the brain. The leakage of these vac-
uoles causes the acidification of cytosol, and further damage
to membranes and organelles eventually leads to neuronal
cell death. In contrast, overexpression of A𝛽40, another
byproduct of APP proteolysis, does not cause autophagy
dysfunction or neuronal abnormality. This differential neu-
rotoxicity raises the possibility that A𝛽40 is degraded by
autophagy. Interestingly, inhibition of autophagy partially
rescues the neurodegenerative phenotype and activation of
autophagy exuberates symptoms in A𝛽42Drosophilamodels.
The authors of this study suggest that autophagy may act as
a prosurvival pathway in early stages of the disease, and as a
prodeath pathway in later stages [222].

Studies in Drosophila provide potential mechanistic links
betweenUPS and autophagy. Autophagy is induced as a com-
pensatory mechanism during proteasome dysfunction. This
compensatory induction is dependent on histone deacetylase
6 (HDAC6), a microtubule-associated deacetylase that inter-
acts with polyubiquitinated proteins. Autophagy is induced
in temperature sensitive proteasome mutant flies, and also in
response to UPS impairment in Drosophila SBMA (spinob-
ulbar muscular atrophy (SBMA)) models. Overexpression
of HDAC6 was shown to rescue degenerative phenotypes
associated with UPS dysfunction in an autophagy-dependent
manner in these flies. Furthermore, HDAC6 overexpres-
sion rescues neurodegenerative phenotypes observed in
Drosophila Ataxia and Abeta models. The rescuing effect of
HDAC was again abolished in flies with impaired autophagy
[223].

Studies inDrosophila have also contributed to our under-
standing of the link between endocytosis and neurodegener-
ation and its relation to autophagy. Mutations in the Endoso-
mal Sorting Complex Required for Transport- (ESCRT-) III
subunit CHMP2B are associated with FTD (frontotemporal
dementia) and ALS (amyotrophic lateral sclerosis). These
diseases are characterized by the presence of ubiquitinated
protein aggregates, which are positive for p62/SQSTM1. The
ESCRT complex is involved in the recognition and sorting
of ubiquitinated endocytosed integral membrane proteins
into the intraluminal vesicles of the multivesicular body
(MVB) and is required for their subsequent degradation
in lysosomes. Autophagic degradation is inhibited in cells
overexpressing CHMP2B and in cells or Drosophila lacking
ESCRT function. Reduced ESCRT function impairs the
clearance of mutant huntingtin protein in cell andDrosophila
models ofHDdiseases.These studies show that the functional
MVB pathway is important for proper autophagic function
[51, 224, 225].

6. Selective Autophagy in Drosophila

The Atg8 family proteins are required for the expansion
of the phagophore membrane and also participate in cargo

recognition and recruitment to the forming autophago-
some. These ubiquitin-like (UBL) proteins are conjugated
to phosphatidylethanolamine (PE) and are found both on
the inner and outer sides of the autophagosome mem-
brane.The Atg8 family proteins including LC3 (microtubule-
associated protein 1 light chain 3) lie at the heart of selective
autophagy, through their binding to selective autophagy
receptors. Six receptors have been identified in mammals so
far: p62/SQSTM1/SQSTM1, NBR1, NDP52, Nix, optineurin,
and Stbd1 [226–228]. These proteins contain a LIR/LRS
(LC3-interacting region/LC3 recognition sequence) motif
and have been shown to interact with LC3 family proteins
[198, 199].

6.1. Selective Autophagy Receptors in Drosophila. In Dro-
sophila, only two selective autophagy receptors have been
described so far: Ref(2)P, the homologue of mammalian
p62/SQSTM1/SQSTM1, and blue cheese, the homologue of
mammalian Alfy. p62/SQSTM1/SQSTM1 is the first and
best understood selective autophagy cargo receptor. It is a
multifunctional protein, performing a variety of functions in
the cell [229, 230]. Human p62/SQSTM1 is 440 amino acids
long and contains several functional motifs [229]. A Phox
and Bem1p (PB1) domain is located at the N-terminus and
is necessary for the multimerisation of the protein, as well
as its interaction with a range of kinases (MEKK3, MEK5,
ERK, PKC𝜁, PKC𝜆/t, and another autophagy receptor, NBR1)
[229]. Following the PB1 domain is a ZZ zinc-finger domain,
which interacts with the serine-threonine kinase receptor-
interacting protein 1 (RIP1) [230]. Importantly, p62/SQSTM1
contains an LC3 interacting LIR/LRS motif, and a kelch-
like ECH-associated protein 1 (KEAP1) interacting region
(KIR) motif, which interacts with KEAP1 [231–233]. At its
C-terminus, p62/SQSTM1 retains an ubiquitin-associated
(UBA) domain, required for binding monomeric and mul-
timeric ubiquitin [229].

p62/SQSTM1 binds to polyubiquitinated proteins and
crosslinks these to the growing phagophore via Atg8/LC3
binding. A reduction in p62/SQSTM1 expression increases
huntingtin-induced cell death in HD cell culture models
[231, 234]. Autophagy deficient mice lacking p62/SQSTM1
failed to form ubiquitin positive aggregates, indicating that
p62/SQSTM1 is important for aggregate formation [235].The
Drosophila p62/SQSTM1 homologue, Refractory to Sigma P
(Ref(2)P), is 599 amino acids long and also contains an N-
terminal PB1 domain, a ZZ-type zinc-finger domain, and
a C-terminal UBA domain [236]. Similar to p62/SQSTM1,
Ref(2)P is accumulated when autophagy is impaired and
it has been found within protein aggregates in autophagy
deficient Drosophila and in Drosophila neurodegenerative
models [236] (Figure 4). It makes use of its PB1 domain
to multimerise and is able to bind ubiquitin molecules via
its UBA domain [237]. Ref(2)P also harbours a LIR motif
between residues 451–458 (DPEWQLID) [237, 238], which
fits well with the revised LIR motif sequence, proposed
by Johansen and Lamark, which could be written as D/E-
D/E-D/E-W/F/Y-X-X-L/I/V [229]. Ref(2)P has recently been
established as a selective autophagy substrate in Drosophila
as well [75]. Moreover, it has a putative KIR motif and
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Atg8a mutant adult brain

Figure 4: Ref(2)P accumulates in the brain of Atg8a mutant adult
flies. Confocal micrograph of a mid-section of the optic lobe in the
brain of an Atg8a mutant adult fly. The tissue is stained for Ref(2)P
(green, arrow highlights an aggregate) and DNA (blue).

its interaction with both Keap1 and Atg8a appears to be
conserved, too [73, 238, 239].

S6 kinase is a central regulator of autophagy and cell
growth. TOR activation suppresses autophagy and leads to
the phosphorylation of S6K. S6K was long considered as an
autophagy inhibitor, a fact now contested, as S6K is found
to be required for starvation-induced autophagy [62, 240].
Consistent with these observations, loss in S6K significantly
increased the number (but not the size) of Ref(2)P aggregates
in Drosophila larval fat body cells [57].

A novel role of Ref(2)P was reported in Drosophila
haemocytes. Alongside Atg1, Ref(2)P-mediated selective
autophagy was shown to be indispensable for cellular
remodelling of the haemocyte cortex [241, 242]. Arresting
autophagy with 3-methyladenine (3MA) or knocking down
other Atg genes (Atg4, Atg6, Atg7, Atg8a, and Atg9) all
produced a similar phenotype. Taken together, the above
information demonstrates that Ref(2)P has a wide spectrum
of cellular functions, like its humanp62/SQSTM1homologue,
whose functions require further elucidation.

Loss of function mutation in Drosophila blue cheese
gene (bchs) results in an age-dependent accumulation of
ubiquitinated protein aggregates and amyloid precursor-like
proteins and reduces life span. Abnormal central nervous
system morphology and size were also documented in bchs
mutants [243]. The ubiquitinated protein aggregates in bchs
mutants are positive for Ref(2)P [244]. Alfy, the human
homologue of Drosophila blue cheese, is involved in the
selective disposal of ubiquitinated protein aggregates. Alfy is
a large, 3527 amino acid long protein, which contains a variety
of functional domains, including a FYVE domain suggesting
an affinity for PI(3)-P rich endosomes. Instead, Alfy has
been found to localise mostly to the nuclear envelope, but
it translocates to autophagic membranes and ubiquitin-
rich aggregates under strenuous cellular conditions [245].
Alfy-mediated aggrephagy makes use of p62/SQSTM1, the
human homologue of Drosophila Ref(2)P. Alfy, together with

p62/SQSTM1,may crosslink ubiquitinated protein aggregates
with the core autophagymachinery for disposal, highlighting
the importance of this so-called aggrephagy in neuronal
homeostasis [246]. A genetic modifier screen based on
the overexpression of blue cheese in Drosophila eye has
linked lysosomal dysfunction to altered ubiquitin profiles and
reduced life span and shows the genetic interaction between
certain genes and blue cheese [247, 248]. Alfy has been
shown to play a role in the removal of high polyQ-containing
mutant huntingtin [246]. Blue cheese overexpression has
been observed to rescue morphological and functional quali-
ties in fly eyes expressing a polyQ127 transgene. Recent work
by the Simonsen and Finley groups has established a link
between overexpression of blue cheese C-terminal region and
a general improvement of neurodegenerative phenotypes in
vivo [246].

6.2. Selective Autophagy and Chaperone Assisted Autophagy.
Chaperone-assisted autophagy (CAA) differs frommacroau-
tophagy in the method of cargo transport, which is mediated
by chaperones in CAA, rather than via autophagosomes.
However, there is a level of interplay between CAA chaper-
ones and selective autophagy adaptor proteins, which uncov-
ers a hybrid degradative solution, termedChaperone-assisted
selective autophagy (CASA). The Drosophila melanogaster
cochaperone Starvin (Stv) interacts with ubiquitin adaptor
Ref(2)P and ubiquitin ligase CHIP in order to coordinate
the activity of Hsc70 and HspB8. This CASA complex is
behind the selective degradation of damaged components in
muscle Z disks. Loss of CASA function has been associated
with progressive muscle weakness and general myopathies
in flies, mice, and men [249, 250]. High molecular mass
ubiquitin conjugates have been observed in mouse muscle
tissue with a concomitant increase in the level of BAG-3
(mammalian ortholog of Starvin), as a result of repetitive
tetanic contraction. These conjugates were observed to form
microaggregates, which partially colocalised with LC3, sug-
gesting an involvement of autophagosomal engulfment, as
part of muscle protein degradation [249]. It is possible that
selective macroautophagy and selective chaperone-assisted
autophagy cooperate, in order to maintain a healthy protein
landscape at tissue level.

6.3. Mitophagy. Mitophagy (selective autophagic degrada-
tion of damage impaired mitochondria) has been recently
described in yeast and mammals [251]. Atg8/LC3 was
observed to interact with mitochondrial membrane proteins
via its LIR motif, such as the yeast Atg32 [252] and the mam-
malian NIP3-like protein NIX [253, 254]. The mechanism
behind mitophagy is tightly connected to the fusion/fission
behaviour of the mitochondrial network. A bioenergetically
impaired mitochondrion is prevented from fusing back into
the network, by the proteasomal degradation of the profusion
factor mitofusin, Mfn, also known as marf in Drosophila.
This behaviour is facilitated by the E3 ligase Parkin, recruited
to the outer mitochondrial membrane (OMM) by PTEN-
induced putative kinase protein I (PINK1) as a result of a
loss in membrane potential [255, 256]. Parkin is thought to
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target various OMM substrates such as Mfn: ubiquitinat-
ing them and targeting them for proteasomal degradation
[257]. Fusion incompetent mitochondrial organelles are then
removed by selective autophagy [251]. Mutations of Parkin
and Pink1 are associated with familial forms of Parkinson’s
disease (PD). Most of our understanding of Pink1 and
Parkin function comes fromDrosophila. Pink1 or Parkin null
mutants exhibit muscle degeneration, male sterility, reduced
life span, and an abnormal mitochondrial morphology [258–
260]. Overexpression of the mitochondrial fission inducer
Drp1, or knocking down the expression of mitochondrial
fusion inducers mfn or opa1 rescues the degenerative pheno-
types in Pink1 and Parkin mutants. This suggests that Pink1
and Parkin maintain mitochondrial morphology at least in
part by preventing mitochondrial fusion or by enhancing
mitochondrial fission [261]. Pink1 and Parkin have been
shown to be involved in mitophagy in mammalian cells
[255]. Genetic analysis in Drosophila showed that Pink1
acts upstream of Parkin [258]. Recruitment of Parkin to
mitochondria causes the ubiquitination of mfn in a Pink1-
dependent manner. These studies indicate that both Pink1
and Parkin are involved in the removal of dysfunctionalmito-
chondria, and loss of Pink1 or Parkin led to the accumulation
of abnormal mitochondria, which causes oxidative stress and
neurodegeneration [262, 263].

Recent work by Vincow et al. and colleagues suggests that
mitophagy may be the result of an interplay between several
processes [264]. Overall mitochondrial protein turnover in
parkin null Drosophila was similar to that in Atg7 deficient
mutants. By contrast, the turnover of respiratory chain (RC)
subunits showed greater impairment with relation to parkin
loss, than in Atg7 mutants. RC subunit turnover was also
selectively impaired in PINK1 mutants [264]. Given the vari-
ous degrees ofmitochondrial protein turnover impairment in
response to a deficit in either proteasom- associated factors
or selective autophagy regulators, two theories attempt to
pinpoint the pathways involved in mitophagy. One model
revolves around the chaperone-mediated extraction of mito-
chondrial proteins [265]. Another possible model involves
mitochondria-derived vesicles, which carry selected cargo
directly to the lysosome, in an autophagy-independent man-
ner [266].The lattermodel has been observed experimentally,
whereby vesicles were found to transport a membrane-
bound complex IV subunit and contain inner mitochondrial
membrane [267].

6.4. Novel Selective Autophagy Regulators. Protein ubiqui-
tination is a widespread method for targeting molecules
for selective autophagy, including bacteria, mitochondria,
and aggregated proteins. As such, ubiquitinating proteins,
such as the E1 Atg7, E2 Atg3, and E3 Atg12-Atg5-Atg16
are key regulators of autophagy [226]. Recent work has
uncovered the first deubiquitinating enzyme of regulatory
importance towards selective autophagy, Usp36 [268]. This
protein inhibits selective autophagy in both Drosophila and
in human cells, while promoting cell growth [269]. Despite
phenotypic similarity, Usp36 is not actually part of the TOR
pathway [268]. Loss of Drosophila Usp36 (dUsp36) accom-
panied the accumulation of aggregated histone H2B (known

substrate of Usp36) in cell nuclei, reflecting profound defects
of chromatin structure in dUsp36 mutant cells. Knockdown
of dUsp36 led to the accumulation of GFP-LC3 positive
vesicles. Anti-LC3B antibody testing revealed an increase in
both autophagosome and lysosome formation, inferring total
autophagy flux activation in mutant cells and suggesting that
USP36 inhibits upstream events of autophagosome initia-
tion [268]. A link was established between p62/SQSTM1-
mediated accumulation of ubiquitinated substrates following
USP36 inactivation and subsequent induction of autophagy,
providing a final piece of evidence that USP36 regulates
selective autophagy by inactivating its cognate cargo via
deubiquitination [268]. So far, USP36 is the only charac-
terised deubiquitinating enzyme which has been linked to
autophagy regulation. Recent studies have identified another
two deubiquitinating enzymes, USP19 and USP24, both of
which exert negative control on autophagy under normal
nutritional conditions [270].

7. Conclusion and Future Direction

Studies on morphological aspects and the hormonal regu-
lation of autophagy in insects including Drosophila have a
long and successful history.More recently,molecular genetics
has enabled the functional analysis of autophagy in this
complete animal, in which all major tissue types and organs
are found and function in many ways similar to our own
body. Autophagy studies in Drosophila melanogaster have
revealed that it has wide-ranging implications in sustaining
homeostasis, with possible links to organism development,
the immune response, and the removal of cellular damage
and waste often associated with ageing and age-related
diseases. From the presented literature, it is apparent that
there are many unexplored avenues in the mechanisms and
regulation of autophagic degradation inDrosophila. To better
understand its molecular mechanisms, more efforts should
be taken to identify selective autophagy receptors which are
thought to govern the remarkable degradation specificity
seen in certain settings. These studies will be facilitated by
recently developed computer software to predict Atg8-family
interacting proteins [271]. Manipulating selective autophagy
influences the phenotype in a range of neurodegenerative
disease models, such as Alzheimer’s [272], Huntington’s
[273], and Parkinson’s [274] diseases, which often revolves
around the removal ofmolecules damaged by reactive oxygen
species (ROS), or eliminating ROS synthesis sites such as
impaired mitochondria. It would therefore be interesting
to test whether upregulating autophagy can facilitate effec-
tive removal of proteins associated with neurodegenerative
pathologies caused by the expression of hyperphosphorylated
tau or high polyglutamine length huntingtin. It might be
worth investigating the importance of mitophagy in main-
taining a healthy cellular environment and resisting stress,
particularly with regard to age-related myocardial degenera-
tion, as this is a vastly underexamined area. Finally, the recent
discovery of deubiquitinating enzymes as negative regulators
of autophagy lays the ground for further study of a novel class
of autophagy regulators.
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[109] F. Akdemir, R. Farkaš, P. Chen et al., “Autophagy occurs
upstream or parallel to the apoptosome during histolytic cell
death,” Development, vol. 133, no. 8, pp. 1457–1465, 2006.

[110] V. P. Yin andC. S.Thummel, “A balance between the diap1 death
inhibitor and reaper and hid death inducers controls steroid-
triggered cell death in Drosophila,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 101, no.
21, pp. 8022–8027, 2004.

[111] D. L. Berry and E. H. Baehrecke, “Growth arrest and autophagy
are required for salivary gland cell degradation in Drosophila,”
Cell, vol. 131, no. 6, pp. 1137–1148, 2007.

[112] C. Jiang, E.H. Baehrecke, andC. S.Thummel, “Steroid regulated
programmed cell death during Drosophila metamorphosis,”
Development, vol. 124, no. 22, pp. 4673–4683, 1997.
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clearance in Drosophila
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ABSTRACT Homotypic fusion and vacuole protein sorting (HOPS) is a tethering complex 
required for trafficking to the vacuole/lysosome in yeast. Specific interaction of HOPS with 
certain SNARE (soluble NSF attachment protein receptor) proteins ensures the fusion of ap-
propriate vesicles. HOPS function is less well characterized in metazoans. We show that all 
six HOPS subunits (Vps11 [vacuolar protein sorting 11]/CG32350, Vps18/Dor, Vps16A, Vp-
s33A/Car, Vps39/CG7146, and Vps41/Lt) are required for fusion of autophagosomes with 
lysosomes in Drosophila. Loss of these genes results in large-scale accumulation of autopha-
gosomes and blocks autophagic degradation under basal, starvation-induced, and develop-
mental conditions. We find that HOPS colocalizes and interacts with Syntaxin 17 (Syx17), the 
recently identified autophagosomal SNARE required for fusion in Drosophila and mammals, 
suggesting their association is critical during tethering and fusion of autophagosomes with 
lysosomes. HOPS, but not Syx17, is also required for endocytic down-regulation of Notch 
and Boss in developing eyes and for proper trafficking to lysosomes and eye pigment gran-
ules. We also show that the formation of autophagosomes and their fusion with lysosomes 
is largely unaffected in null mutants of Vps38/UVRAG (UV radiation resistance associated), a 
suggested binding partner of HOPS in mammals, while endocytic breakdown and lysosome 
biogenesis is perturbed. Our results establish the role of HOPS and its likely mechanism of 
action during autophagy in metazoans.

INTRODUCTION
Eukaryotic cells have developed distinct membrane-bound com-
partments with specific functions. Trafficking from one compartment 

to the other is usually achieved by the fusion of transport vesicles 
with their target. This process is mediated by complex molecular 
machineries that ensure proper movement, tethering, and specific 
fusion of various vesicles. A combination of signals establishes vesi-
cle identity, including the lipid content of the limiting membrane 
(such as the presence of various phospholipids) and members of the 
Rab family of small GTPases (Stenmark, 2009). Tethering factors are 
involved in vesicle docking, and fusion of the vesicle with the ap-
propriate target membrane is usually mediated by SNARE (soluble 
NSF attachment protein receptor) protein complexes, formed by 
four (Qa, Qb, Qc, and R) SNARE domains (Hong, 2005).

Much of our understanding of these processes comes from 
yeast studies. Genetic screens carried out in the 1980s identified 
the first set of genes required for transport from the Golgi to the 
vacuole, the yeast equivalent of the lysosomal system (Bankaitis 
et al., 1986; Rothman and Stevens, 1986; Bowers and Stevens, 
2005). All these vacuolar protein sorting (VPS) mutants secrete 
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et al., 2008). In yeast, the SNARE proteins Vam3, Vti1, and Vam7 are 
involved in the direct fusion of autophagosomes with the vacuole 
(Darsow et al., 1997; Wang et al., 2002). Interestingly, metazoan 
cells seem to rely on a different trafficking route that appears to be 
critical: the fusion of autophagosomes with late endosomes to form 
intermediate vesicles called amphisomes, which then fuse with lyso-
somes (Filimonenko et al., 2007; Rusten et al., 2007; Juhasz et al., 
2008). In addition, among the SNAREs required for autophagosome 
clearance in yeast, only Vti1 has a clear homologue in animal cells, 
but not Vam3 or Vam7. We and others have recently identified Syn-
taxin 17 (Syx17 in Drosophila and STX17 in mammals) as the au-
tophagosomal SNARE in metazoans, which forms a complex with 
ubisnap (Qbc, SNAP29 in mammals) and Vamp7 (R, VAMP8 in mam-
mals) located on late endosomes and lysosomes (Itakura et al., 
2012; Takats et al., 2013).

Whether and how HOPS is involved in autophagy in metazoans 
is not entirely clear, given that the SNAREs required for autophago-
some-lysosome fusion are different from those in yeast. The possible 
involvement of HOPS in mammalian autophagy is controversial. 
Neuron-specific deletion of Vps18 was recently shown to cause neu-
rodegeneration due to impaired biosynthetic, endocytic, and au-
tophagic transport to lysosomes (Peng et al., 2012). In contrast, 
Vps16 depletion by short hairpin RNA in mouse embryonic fibro-
blasts was found to delay the degradation of epidermal growth fac-
tor receptor (EGFR), a widely used endosomal cargo, but did not 
affect green fluorescent protein (GFP)-LC3 lipidation or puncta for-
mation (Ganley et al., 2011). In Drosophila, it was shown that Vps16A 
RNAi induced in the developing eye results in retinal degeneration, 
and ultrastructural images of dying photoreceptor cells in these ani-
mals revealed various vacuoles, including double-membrane au-
tophagosomes, but the identity of these organelles was not further 
characterized (Pulipparacharuvil et al., 2005). Another report showed 
that in viable dor[1] hypomorphic mutants, the size of LysoTracker 
Red (LTR)- and lysosome-associated membrane protein (Lamp1)-
positive autolysosomes is decreased and the number of autophago-
somes is increased during developmental autophagy of the fat body 
(Lindmo et al., 2006). Interestingly, insulin signaling was up-regu-
lated in those larvae, and levels of the molting hormone ecdysone, 
which is responsible for inducing developmental autophagy (Rusten 
et al., 2004), remained low in wandering animals. These results sug-
gest that systemic hormonal defects may contribute to autophagy 
phenotypes in these mutant animals (Lindmo et al., 2006). The au-
tophagic cargo p62/Ref2P was also found to be up-regulated in 
dor[1] but not in car[1] mutant adult heads (Bartlett et al., 2011). 
Importantly, mutations used in these studies are hypomorphic 
alleles: dor[1] carries a C979Y amino acid change, while car[1] 
has L26V and G249V changes. Thus these point mutations may 
interfere with some but not all functions of these genes. This is fur-
ther indicated by the lethality of car and dor null mutants during the 
first and second larval stages (Sevrioukov et al., 1999; Akbar et al., 
2009).

In this work, we analyze the role of HOPS in autophagosome-
lysosome fusion in Drosophila. Our results help in resolving the con-
flicting and inconsistent reports on the potential involvement of this 
complex in autophagy in the cells of a metazoan organism.

RESULTS
Novel mutations of Vps16A reveal its role in 
autophagosome clearance
We screened a collection of P element–bearing larval-lethal 
Drosophila strains for mutants with defects in developmental au-
tophagy, and recently published the characterization of two hits 

carboxypeptidase Y (CPY), which is a soluble vacuolar hydrolase in 
wild-type cells. VPS genes were classified based on the morphol-
ogy of vacuoles in mutant cells (Bowers and Stevens, 2005). The 
class C group is characterized by the lack of a coherent vacuole and 
includes the genes VPS11, VPS16, VPS18, and VPS33. Mutants that 
belong to the class B group show numerous, small, fragmented 
vacuoles, and include VPS39 and VPS41, among other genes. Bio-
chemical studies established that these six gene products form a 
protein complex, which was named HOPS for homotypic fusion 
and vacuole protein sorting. A separate complex termed CORVET 
(for class C core vacuole/endosome tethering) was also described, 
which contains Vps3 and Vps8 instead of Vp39 and Vps41 
(Balderhaar and Ungermann, 2013; Solinger and Spang, 2013). 
These complexes act as tethering factors by cross-linking two mem-
branes, and also facilitate the formation of a SNARE complex dur-
ing fusion. HOPS is not only required for the delivery of vacuolar 
proteins and homotypic fusion of vacuoles, but also appears to 
control the clearance of late endosomes and autophagosomes dur-
ing heterophagy and autophagy through promoting fusion of these 
vesicles with the vacuole in yeast (Rieder and Emr, 1997). These 
pathways mediate the uptake and degradation of endocytosed ex-
tracellular material and receptor-ligand complexes, and the deliv-
ery of dispensable cytoplasmic material for breakdown, respec-
tively. In contrast, CORVET was suggested to be involved in the 
maturation of early endosomes to late endosomes (Balderhaar and 
Ungermann, 2013; Solinger and Spang, 2013).

The function of these complexes is less well characterized in 
metazoan cells (Balderhaar and Ungermann, 2013; Solinger and 
Spang, 2013). Although clear homologues of VPS8 are found, VPS3 
is not conserved. Studies in animals are also complicated by gene 
redundancy, as two homologues of VPS16 and VPS33 are found in 
worms, flies, and mammals. A complex containing VPS16A and 
VPS33A has been proposed to function similarly to HOPS in yeast, 
while a complex containing VPS16B and VPS33B has been specu-
lated to play a role similar to that of CORVET (Balderhaar and Un-
germann, 2013). These complexes play important roles in numerous 
biological processes in mammals, including antigen presentation 
and elimination of microbes in immune cells, and protection from 
various diseases causing neurodegeneration and multiorgan pathol-
ogies (Balderhaar and Ungermann, 2013; Solinger and Spang, 
2013).

Several classical eye color mutant phenotypes in Drosophila 
turned out to be the result of mutations in genes encoding HOPS 
subunits (Lloyd et al., 1998). These genes were named according to 
the phenotypes of mutant adult flies: Vps18 is known as dor (deep 
orange), Vps33A as car (carnation), and Vps41 as lt (light) in flies. 
These hypomorphic mutations perturb the biogenesis of eye pig-
ment granules at the end of metamorphosis, whereas stronger mu-
tations in these genes lead to lethality during earlier developmental 
stages. Loss of dor or car or hypomorphic mutation of lt also leads 
to defects in endocytosis, and similar phenotypes have been re-
ported based on RNA interference (RNAi) analysis of Vps16A 
(Sevrioukov et al., 1999; Pulipparacharuvil et al., 2005; Akbar et al., 
2009; Swetha et al., 2011). In contrast, Vps16B/fob (full of bacteria) 
appears to regulate the maturation of phagosomes containing en-
docytosed bacteria, and it is dispensable for receptor down-regula-
tion (Akbar et al., 2011). These studies suggest that distinct HOPS 
complexes may be responsible for different functions in animals.

During autophagy, fusion of double-membrane autophago-
somes with lysosomes is required to deliver the sequestered cyto-
plasmic cargo for degradation. Autophagy has been implicated in a 
wide variety of physiological and pathological conditions (Mizushima 
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All six subunits of the HOPS complex are required 
for autophagosome clearance
These data prompted us to systematically analyze the role of indi-
vidual HOPS subunits in autophagy. We generated RNAi-expressing 
somatic cell clones (marked by coexpression of GFP) in starved lar-
vae expressing mCherry-Atg8a in the fat body. This reporter labels 
autophagosomes as well as autolysosomes due to persisting fluo-
rescence of the mCherry tag inside acidic lysosomes. Knockdown of 
Vps16A, car, dor, Vps39/CG7146, Vps11/CG32350, or lt produced 
a very similar phenotype: faint, small, mCherry-positive dots accu-
mulated in the perinuclear region of cells, unlike the brighter and 
bigger puncta observed in the cytoplasm of neighboring control 
cells (Figure 2, A and B, and Supplemental Figure S1, A–E). The vari-
ability seen in the number and size of mCherry-Atg8a structures in 
control cells among different genotypes is likely due to biological 
variability, which affects different animals or cohorts of animals. 
Some of these discrepancies may also be caused by slight differ-
ences in setting the appropriate signal intensity threshold when ex-
tracting dot size and number data during image analysis. Note that, 
in these and all subsequent mosaic experiments, genetically ma-
nipulated cells are compared with their neighboring cells in the 
same tissue of the same animal, which serve as a built-in control, so 
the control and RNAi (or mutant) data pairs are essentially linked 
together.

In cell clones marked by Lamp1-GFP, which also express RNAi 
transgenes to silence the genes encoding HOPS subunits, starva-
tion failed to induce discernible dots of LTR (Figures 2, C and F, and 
S1, F–J). Similar to Vps16A mutants, punctate LTR staining was in-
hibited in a Vps11 mutant line that harbors a transposon insertion in 
the 5′ untranslated region of this gene and in lt mutant larvae (Figure 
2, D, E, and G). To further characterize these loss-of-function pheno-
types, we used a tandem mCherry- and GFP-tagged Atg8a reporter 
of autophagic flux (Kimura et al., 2007; Takats et al., 2013). In control 
cells of starved larvae, these reporter molecules are transported by 
autophagy to lysosomes in which GFP is rapidly quenched but 
mCherry fluorescence persists (Figure 2H). Knockdown of Vps16A, 
car, dor, Vps39/CG7146, Vps11/CG32350, or lt strongly interfered 
with autophagic flux: although a large number of mCherry-GFP-
positive dots were formed, these remained double positive (Figures 
2I and S2), suggesting autophagosomes are unable to mature into 
autolysosomes in these cells. Immunofluorescence labeling of en-
dogenous Atg8a revealed large-scale accumulation of autophago-
somes in Vps16A, dor, or car mutant fat body cell clones of starved 
larvae (Figure 3, A, C, E, and G). Furthermore, both the number and 
size of endogenous p62 aggregates increased in these cells (Figure 
3, B, D, F, and H). A similar accumulation of punctate Atg8a and p62 
was detected in Vps11 or lt mutants and in Vps39 RNAi cells (Figure 
S3). Western blots confirmed the accumulation of lipidated Atg8a-II 
and p62 in starved Vps11 and lt mutant L3 stage larvae, similar to 
Vps16A null mutants (Figure 3I). Punctate Atg8a and p62 structures 
also accumulated in cells lacking HOPS in well-fed larvae (Figure 
S4), and RNAi depletion of genes encoding HOPS subunits pre-
vented the formation of mCherry-Atg8a– or LTR-positive, large au-
tolysosomes in fat body cells of wandering larvae (Figure S5). These 
data suggested that the loss of any one of the subunits of this com-
plex results in accumulation of autophagosomes due to impaired 
maturation into autolysosomes under basal, starvation-induced, or 
developmental autophagy. In line with these data, ultrastructural 
analyses detected large numbers of autophagosomes in fat bodies 
of starved Vps16A, Vps11, and lt mutants, unlike in control larvae 
(Figure 4, A, C, E, and G). Interestingly, small dense vesicles were 
also observed in all three mutants, the contents of which sometimes 

from our screen (Lippai et al., 2008; Csikos et al., 2009). In these 
papers, we showed that loss of AMPK (AMP-activated kinase) or 
epsin interferes with the formation of autophagosomes. Homozy-
gous mutants of another candidate line, l(3)S007902 (later named 
Vps16A[FUD], see below), showed a complete block of punctate 
LTR staining in fat body cells of wandering L3-stage animals (Figure 
1, A, B, and K). It is important to emphasize that the LTR dots appear 
only in response to starvation or in wandering larvae, and no such 
LTR-positive structures are detected in fat bodies of well-fed 
Drosophila larvae; therefore LTR staining is commonly used as a 
marker for autolysosomes in this tissue (Scott et al., 2004; Takats 
et al., 2013). Transmission electron microscopy revealed that the cy-
toplasm of these cells is filled with typical double-membrane au-
tophagosomes (Figure 1, C and D). This very characteristic pheno-
type raised the possibility of a specific impairment of autophagosome 
fusion with late endosomes and lysosomes in mutant larvae.

Transposase-mediated excision of the inserted P element in 
l(3)S007902 failed to restore wild-type autophagy, and these 
revertant lines still died as late L3 larvae, similar to the original 
mutants. Furthermore, the mutation causing autophagy defects 
and larval lethality could be separated from the P element inser-
tion by recombination. These genetic tests indicated that impaired 
autophagy and larval lethality are due to the presence of a back-
ground mutation on the P element–bearing chromosome. We 
thus named this unknown mutation FUD (FUsion Defective). 
Recombination and deletion mapping placed this mutation to the 
85D7 region on the third chromosome, based on its failure to 
complement the deficiency lines Df(3R)ED5339 and Df(3R)BSC507. 
One of the genes located in the overlapping region of these defi-
ciencies, Vps16A, encoding a subunit of HOPS complex, seemed 
to be the most likely candidate potentially involved in autophago-
some fusion events. Sequencing the locus identified a mutation at 
the 3′ end of the third intron in FUD mutants, changing the last 
three nucleotides from CAG to GAG (Figure 1E), which likely inter-
feres with the proper splicing of Vps16A. To confirm the role of 
Vps16A in autophagy, we generated targeted deletions by im-
proper excision of the P element GS5053, inserted in the 5′ un-
translated region of the gene, 64 nucleotides upstream of the 
translational start site ATG. The new alleles remove 926 (d116) 
and 1105 (d32) nucleotides starting from the P element insertion 
site, deleting the protein-coding sequences in exons 1–3 and 
parts of exon 4 (Figure 1E). Animals transheterozygous for these 
alleles and a large chromosomal deficiency also die as late L3 
stage larvae.

All three Vps16A alleles prevented LTR puncta formation in fat 
bodies of starved mutants (Figure 1, F–H, J, and L). As transgenic 
expression of wild-type Vps16A completely restored viability and 
starvation-induced LTR dot formation in Vps16Ad32 mutant animals 
(Figure 1, I and L), we concluded that the loss of Vps16A is respon-
sible for these mutant phenotypes. In line with that, no Vps16A 
protein could be detected in Vps16Ad32 or Vps16Ad116 mutants, 
while a faint band was visible in Vps16AFUD (Figure 1M), suggest-
ing these deletions represent null alleles and Vps16AFUD is a strong 
hypomorphic mutation. Levels of the selective autophagy cargo 
p62 (also known as Ref2P in flies) are widely used for monitoring 
autophagy (Pircs et al., 2012). Accumulation of p62 was obvious in 
Western blots of all three Vps16A mutants, similar to highly in-
creased levels of autophagosome-associated, lipidated Atg8a-II 
(autophagy-related 8a; Figure 1M), in line with impaired autopha-
gosome clearance. As expected, transgenic expression of wild-
type Vps16A restored normal levels of Vps16A, p62, and Atg8a-II 
in all three mutant lines (Figure 1M).
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FIGURE 1: Autophagosomes accumulate in Vps16A mutants. (A) Large numbers of LTR-positive dots are seen in fat 
body cells of wandering larvae. (B) No discernible LTR dots are seen in homozygous l(3)S007902 (FUD) mutant fat 
bodies of the same developmental stage. (C) Large-scale generation of autolysosomes (AL) is observed in fat body cells 
of wandering larvae. (D) Autolysosome formation is inhibited and autophagosomes (arrowheads) accumulate in large 
numbers in FUD mutant fat body cells of wandering larvae. Boxed areas in (C) and (D) are shown enlarged in (C′) and (D′). 
(E) Genomic map of the Vps16A locus. FUD mutants carry a point mutation at the 3′ end of the third intron (blue 
asterisk). The null alleles d32 and d116 were generated from the P element insertion GS5053 (located in the 5′ 
untranslated region of Vps16A), and carry 1105– and 926–base pair deletions extending into the coding sequence 
starting from the original P element insertion site, respectively. (F–J) Three-hour starvation in a 20% sucrose solution 
induces punctate LTR staining in control larvae (F), unlike in hemizygous Vps16A[FUD] (G), Vps16A[d32] (H), or 
Vps16A[d116] (J) mutants. Transgenic expression of Vps16A restores starvation-induced LTR dot formation in 
Vps16A[d32] mutants (I). (K) Quantification of data shown in (A) and (B); n = 10/genotype. (L) Quantification of data 
shown in (F)–(J); n = 10/genotype. (M) Western blots reveal that Vps16A protein cannot be detected in lysates of 
starved Vps16A[d32] and Vps16A[d116] mutant larvae, and its level is strongly reduced in Vps16A[FUD] mutants. The 
autophagic cargo p62 and autophagosome-associated Atg8a-II accumulate to similar levels in all three mutants. 
Transgenic expression of Vps16A restores wild-type protein levels for Vps16A, p62, and Atg8a in all three mutant 
backgrounds. Scale bar in (A) = 20 μm for (A), (B), and (F)–(J); scale bars = 1 μm in (C) and (D). Error bars denote SE in 
(K) and (L); ns, not significant; ***, p < 0.001.
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FIGURE 2: Loss of HOPS complex function leads to impaired starvation-induced autophagy. (A) Expression of a 
transgenic RNAi construct targeting Vps16A in GFP-marked clones of fat body cells causes the accumulation of small, 
faint, perinuclear mCherry-Atg8a dots, which are very different from the bigger, brighter puncta observed in 
neighboring control cells. (B) Quantification of data shown in (A) and in Figure S1, A–E; n = 10/genotype. 
(C–E) Depletion of Vps16A in cell clones marked by Lamp1-GFP prevents punctate LTR staining (C), compared with 
neighboring controls cells. Similarly, no discernible LTR structures are seen in starved Vps11[LL] (D) or lt[11] (E) mutant 
fat cells. (F) Quantification of data shown in (C) and Figure S1, F–J; n = 9/genotype for (F); n = 10/genotype for others. 
(G) Quantification of data shown in (D), (E), and Figure 1F; n = 10/genotype. (H and I) The double-tagged mCherry-
GFP-Atg8a reporter is transported to autolysosomes, which are seen as mCherry-positive dots due to quenching of 
GFP in starved control cells (H). Silencing of Vps16A (I) results in a block of GFP quenching; thus dots appear yellow in 
merged images. (H′) and (I′) depict dot plots of intensity and colocalization profiles for the mCherry and GFP channels 
from (H) and (I). Numbers on top show Pearson correlation coefficients, indicating increased colocalization of GFP and 
mCherry in (I) compared with (H). Scale bar in (A) = 20 μm for (A), (C), (D), and (E); scale bar = 40 μm for (H) and (I). Error 
bars denote SE in (B), (F), and (G); ***, p < 0.001, **, p < 0.01, *, p < 0.05.
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Vps16A colocalizes with Syx17, Atg8a, and Lamp1-GFP
We and others have recently reported that Syx17, a Qa SNARE 
protein located on autophagosomes, is required for the fusion of 
these vesicles with late endosomes and lysosomes (Itakura et al., 
2012; Takats et al., 2013). Thus we reasoned that Syx17 may coop-
erate with HOPS for autophagosome clearance. In line with this 
hypothesis, the colocalization of endogenous Vps16A with endog-
enous Syx17 could clearly be demonstrated in fat body cells of 
both control and Vamp7 mutant larvae (Figure 5, A and B). Vps16A 
also localized to Atg8a-positive puncta in fat body cells of both 

seemed to originate from sequestered cytoplasmic material (Figure 
4, D, F, and H). While some of these structures likely represent aber-
rant autolysosomes, their size and morphology was profoundly dif-
ferent from autolysosomes observed in control cells, which also indi-
cates the inefficient fusion of autophagosomes with lysosomes. 
Autolysosomes in control cells are much bigger and often have an 
irregular shape due to multiple autophagosomal fusion events, 
which is also evident from the heterogenity of the contents reflect-
ing different stages of degradation within the same lytic organelle 
(Figure 4B).

FIGURE 3: The autophagic cargo p62 and Atg8a-positive autophagosomes accumulate in starved HOPS mutants. 
(A–F) Endogenous Atg8a-positive autophagosomes (A, C, and E) and endogenous p62 (B, D, and F) aggregates 
accumulate in Vps16A (A and B), car (C and D), or dor (E and F) null mutant cells, compared with surrounding control fat 
cells in starved mosaic larvae. Note that Vps16A mutant cells are marked by GFP in (A) and (B), whereas car or dor 
mutant cells can be recognized by the lack of GFP in (C)–(F). (G) Quantification of data shown in (A), (C), and (E); 
n = 10/genotype. (H) Quantification of data shown in (B), (D), and (F); n = 10/genotype. (I) Western blots show that p62 and 
Atg8a-II are up-regulated in starved Vps16A, Vps11, and lt mutants compared with wild-type controls. Atg7 mutants are 
used as an additional control. Scale bar in (A) = 20 μm for (A–F). Error bars denote SE in (G) and (H); ***, p < 0.001.
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FIGURE 4: Ultrastructural analysis of starved HOPS mutants. (A) Starvation leads to the formation of autophagosomes 
(arrowheads) and autolysosomes (AL) in fat body cells of control larvae. (B) This panel illustrates a representative 
autolysosome containing heterogenous material due to different stages of degradation. Note that distinct parts within 
this irregularly shaped organelle can be seen, corresponding to multiple autophagosome-lysosome fusion events. 
(C–H) Autophagosomes accumulate in large numbers in Vps16A (C), Vps11 (E), or lt (G) mutant cells. In addition, 
numerous dense organelles are seen, which are usually round and smaller than the autolysosomes observed in controls. 
High-magnification images reveal that a subset of these presumably lytic vesicles (marked by asterisks) in Vps16A (D), 
Vps11 (F), or lt (H) mutant cells contain recognizable remnants of cytoplasmic material, such as a mitochondrion (m) in 
(F). Scale bar in (A) = 1 μm for (A), (C), (E), and (G); scale bar in (B) = 1 μm for (B), (D), (F), and (H).
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tethering is important for the fusion of Atg8a- and Syx17-positive 
autophagosomes with lysosomes.

HOPS interacts with Syx17
The similar mutant phenotypes and our colocalization experiments 
suggested that HOPS may bind to Syx17. Indeed, hemagglutinin 
(HA)-Car, Myc-Dor, and HA-Vps16A were readily coimmunoprecipi-
tated with FLAG-Syx17 from cultured insect cells (Figure 6A). The 
strength of interactions seen between these overexpressed proteins 
was very similar, suggesting that the HOPS complex as a whole may 
interact with Syx17. We next tested whether the interaction of Syx17 
with HOPS is enhanced by starvation, because this treatment in-
duces autophagosome formation, and as a consequence, it also in-
creases the number of autophagosomal fusion events. In line with 
this model, the interaction of endogenous Syx17 with transiently 
expressed Myc-Dor appeared to increase in response to starvation 
in adult flies (Figure 6B). A previous report showed that in yeast, the 
Vps33-Vam3 interaction requires Vps18 (Sato et al., 2000), raising 

control and Vamp7 mutant larvae (Figure 5, C and D). Vps16A colo-
calization with Atg8a was almost never seen in Syx17 mutants and 
in Vamp7, Syx17 double mutants (Figure 5, E and F), raising the 
possibility that Syx17 may have a role in the association of Vps16A 
with autophagosomes. Syx17 still colocalized with Atg8a in Vps16A 
mutants (Figure 5G), similar to the situation described for wild-type 
cells (Takats et al., 2013). These data suggested that HOPS is dis-
pensable for Syx17 loading onto autophagosomes. HOPS is also 
involved in homotypic vacuole/lysosome fusion in yeast, and may 
fulfill its function during autophagosome-lysosome fusion while as-
sociated with the surface of lysosomes. This prompted us to carry 
out further localization experiments. Indeed, colocalization of 
Vps16A with the lysosome reporter Lamp1-GFP, and with the resi-
dent lysosomal hydrolase reporter cathepsin D-mCherry could be 
detected in both control and Syx17 RNAi or mutant cells (Figures 5, 
H and I, and S6, A and B). As expected, RNAi silencing of Vps39 
prevented the colocalization of endogenous Atg8a or Syx17 with 
Lamp1-GFP (Figure S6, C–F), indicating that HOPS-mediated 

FIGURE 5: Vps16A colocalizes with the autophagosomal SNARE Syx17, the autophagosome marker Atg8a, and the 
lysosome reporter Lamp1-GFP in fat body cells of starved larvae. (A and B) Endogenous Syx17 colocalizes with 
endogenous Vps16A in starved control (A) and Vamp7 mutant (B) fat body cells. (C–F) Vps16A localizes to endogenous 
Atg8a-positive structures in starved control (C) and Vamp7 mutant (D) fat body cells. Colocalization of Vps16A with 
Atg8a is not seen in Syx17 mutants (E) and Vamp7, Syx17 double mutants (F). (G) Syx17 colocalizes with Atg8a in 
Vps16A mutants. (H and I) Vps16A colocalizes with the lysosome marker Lamp1-GFP in both starved control (H) and 
Syx17 RNAi (I) fat body cells. Boxed areas are shown enlarged as indicated, with representative colocalizations 
highlighted by yellow arrowheads. M, merged; S17, Syx17; V16, Vps16A; A8, Atg8a; LG, Lamp1-GFP. Scale bar in 
(A) = 20 μm for (A)–(D) and (F)–(I); scale bar in (E) = 20 μm.
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Syx17-Vamp7 complex (Figure S6G). Furthermore, the interaction of 
endogenous Syx17 with endogenous usnp (ubisnap) was decreased 
in hypomorphic dor mutant adult flies (Figure S6H), suggesting that 
HOPS promotes proper assembly of the Syx17/usnp/Vamp7 trans-
SNARE complex.

In yeast, biochemical studies suggested that the Vps11, Vps16, 
and Vps18 subunits of HOPS in combination bind to the N-terminal 
region of Vam3, a Qa SNARE, whereas Vps33 was found to interact 
with the SNARE domains of Vam3 (Qa), Vam7 (Qc), and Nyv1 (R), 
but not with Vti1 (Qb) of the quaternary SNARE complex involved in 

the possibility that the HOPS complex as a whole may interact with 
its partner SNAREs. As Vps16 is the only subunit of HOPS that binds 
to Vps33 in yeast (Lobingier and Merz, 2012; Solinger and Spang, 
2013), we tested whether the binding of Car/Vps33A to Syx17 de-
pends on Vps16A in Drosophila. Endogenous Car coprecipitated 
with endogenous Syx17 in starved larvae, but this specific interac-
tion was abolished in Vps16A mutants (Figure 6C), supporting the 
hypothesis that multiple interactions between the assembled 
HOPS complex and Syx17 may be required for efficient binding. 
RNAi depletion of car in cultured cells appeared to destabilize the 

FIGURE 6: Multiple HOPS subunits interact with Syx17. (A) HA-Car, Myc-Dor, and HA-Vps16A coprecipitate with 
full-length FLAG-Syx17 in cultured Drosophila cells. (B) The interaction of transiently expressed Myc-Dor increases with 
endogenous Syx17 in response to starvation in immunoprecipitation experiments from adult flies. (C) Endogenous Car 
coprecipitates with endogenous Syx17 in starved control larvae, but not in starved Vps16A mutants. (D) An illustration 
of the truncated Syx17 fragments used in mapping experiments, together with the summary of their interactions with 
HOPS subunits based on experiments shown in (E), (F), and Figure S6, I and J. Abbreviations are as follows: 
NTR, N-terminal region; Q-SNARE, Q-SNARE domain; TM1 and 2, transmembrane domains 1 and 2, respectively; 
CTR, C-terminal region. Numbers refer to amino acid positions in full-length Syx17. (E and F) Immunoprecipitation 
analysis of HA-Car (E) and Myc-Dor (F) with FLAG-tagged Syx17 constructs shown in (D). Asterisks mark a higher-
molecular-weight isoform of endogenous Syx17 in (B) and (C), which likely represents a C-terminally extended 
346–amino acid protein isoform as a result of stop codon readthrough (Dunn et al., 2013). Note that a higher-molecular-
weight isoform (also marked by asterisks in A, E, and F) is seen in the case of tagged constructs expressing full-length 
and N-terminally truncated Syx17, both of which contain the full 3′ untranslated region of this gene, but not in the case 
of C-terminally truncated versions. IP, immunoprecipitate; IgG-L, immunoglobulin light chain.

               dc_840_14



Volume 25 April 15, 2014 HOPS-Syx17 interaction in autophagy | 1347 

for Vps16A had a light orange color similar to dor null mutant eyes 
(Figure 9, A–C), while the eye color of viable Syx17 null mutants 
were indistinguishable from wild-type eyes (Figure 9D). These data 
prompted us to further analyze the biogenesis of lysosomes in the 
absence of HOPS or Syx17. Lamp family proteins are heavily glyco-
sylated and protect the lysosomal membrane from digestion by resi-
dent acidic hydrolases. As a result, Lamp proteins are continuously 
turned over in lysosomes (Pulipparacharuvil et al., 2005). With a GFP 
insertion in the endogenous locus, accumulation of dLamp in West-
ern blots of Vps16A mutants was evident compared with control or 
Syx17 mutant larvae (Figure 9E). Cathepsin L is a resident lysosomal 
protease synthesized as an inactive proenzyme, and it is activated 
by limited proteolysis in lysosomes, during which an N-terminal por-
tion is cleaved and degraded. Endogenous pro–cathepsin L immu-
noreactivity was normally very low, and practically only the mature 
form could be seen in Western blots of control larvae, similar to 
Atg7, Syx17, or Vamp7 mutants (Figure 9F). In contrast, mutation of 
Vps16A or Vps11 resulted in large-scale accumulation of the proen-
zyme (Figure 9F). Taken together, these results suggest that the 
HOPS complex, but not Syx17, is required for proper trafficking to 
and biogenesis of lysosomes.

We have also tested the role of fob/Vps16B (encoding a subunit 
of an alternative HOPS complex) in biosynthetic and autophagic 
transport to lysosomes, using a recently published knockout line 
(Akbar et al., 2011). Western blots did not reveal any defects in the 
maturation of cathepsin L in these mutants (Figure S7A). Moreover, 
the levels of p62 and Atg8a-II were also similar to those of controls 
in lysates prepared from starved fob mutant larvae, suggesting 
proper autophagic degradation (Figure S7A).

Loss of UVRAG perturbs biosynthetic transport to 
lysosomes, but not autophagosome formation and fusion
It has been suggested that UVRAG, the mammalian homologue of 
Vps38, binds to the HOPS complex to promote both autophagy 
and heterophagy (Liang et al., 2008). Thus we decided to extend 
our analysis to its Drosophila homologue. UVRAG mutants have re-
cently been described in flies: UVRAG[GS], carrying a transposon 
insertion in the 5′ untranslated region of the gene; and two deletion 
alleles, UVRAG[B7], removing the first exon and a small part of the 
second one; and UVRAG[B21], removing the first exon and most of 
the second one (Lee et al., 2011). In addition, we identified another 
transposon-bearing line, UVRAG[LL], which is inserted at nucleotide 
66 of the protein-coding sequence downstream of the translation 
start site ATG. In our initial genetic characterization, UVRAG[B21] 
and UVRAG[LL] mutants died as L3-stage larvae in trans with a large 
deficiency for this region or when crossed to each other, suggesting 
these alleles represent genetic nulls (Figure S7B). Hemizygous 
UVRAG[B7] larvae also died in the L3 stage, while some of the ho-
mozygotes survived until puparium formation, and UVRAG[GS] mu-
tants died as pupae, indicating these alleles are strong hypomorphs 
(Figure S7B). UVRAG was recently reported to be required for endo-
cytic degradation of multiple receptors in developing eyes (Lee 
et al., 2011), which we also confirmed for Notch (Figure S7C). We 
then generated null mutant fat-cell clones for UVRAG[B21] and 
UVRAG[LL] and carried out standard tests for autophagy. No statisti-
cally significant alterations were detected in starvation-induced LTR 
or anti-Atg8a staining in these mutant cells compared with sur-
rounding wild-type tissue (Figures 10, A–D, and S7, D and E). In the 
case of p62, the number of aggregates was similar in mutant and 
control cells, while their size was increased in mutant cells (Figures 
10, E and F, and S7F). In line with these, Western blots showed that 
the level of lipidated Atg8a was slightly elevated in UVRAG mutants 

homotypic vacuole fusion (Lobingier and Merz, 2012). Given that 
metazoan cells rely on different SNAREs during autophagosome fu-
sion and that sequence similarity between the Qa SNAREs Vam3 
and Syx17 is limited to the SNARE domains, we attempted to map 
the region of Syx17 involved in binding to HOPS, using various trun-
cated fragments expressed in cultured cells (Figure 6D). In these 
coimmunoprecipitation experiments, full-length FLAG-Syx17 bound 
slightly more effectively to HA-Car than an N-terminally truncated 
protein (containing the Q SNARE domains, both transmembrane 
regions and the C-terminus; Figure 6, D and E). This is in line with 
the fact that Car belongs to the Sec1/Munc18-like protein family, 
whose members may bind to the N-terminal region of syntaxins as 
well (Akbar et al., 2009). Full-length and N-terminally truncated 
Syx17 appeared to bind equally well to Myc-Dor and HA-Vps16A, 
respectively (Figures 6, D and F, and S6I). Removing the C-terminal 
region of Syx17 seemed to slightly reduce its interaction with these 
HOPS subunits, whereas a C-terminally truncated fragment lacking 
both transmembrane domains showed strongly reduced binding to 
HA-Car, Myc-Dor, and HA-Vps16A (Figures 6, D–F, and S6I). Finally, 
we could not detect an obvious interaction between the N-terminal 
region of Syx17 and HA-Car, Myc-Dor, or HA-Vps16A (Figures 6D 
and S6J). These results raise the possibility that both the SNARE 
domain and membrane association of Syx17 may be required for 
effective interaction with HOPS.

We have recently shown that loss of Syx17 impairs starvation-in-
duced LysoTracker staining in larval fat body cells, results in the ac-
cumulation of p62 and lipidated Atg8a, and leads to climbing de-
fects indicating neuromuscular dysfunction in adult flies (Takats 
et al., 2013). In line with the above mapping data, transgenic ex-
pression of Syx17 lacking its extreme C-terminal region rescued 
these phenotypes of Syx17 mutants similar to full-length transgenes, 
unlike a Syx17 transgene missing the second transmembrane do-
main, which is required for its membrane association (Figure 7, A–J; 
Itakura et al., 2012).

HOPS, but not Syx17, is required for endocytic degradation
Mutations of the HOPS complex subunits car or dor have been 
shown to interfere with the degradation of multiple endocytic cargo 
molecules in vivo, including the transmembrane proteins Bride of 
sevenless (Boss) and Notch in developing eyes (Sevrioukov et al., 
1999; Akbar et al., 2009). Boss is produced by the R8 photoreceptor 
neuron and binds to Sevenless, a receptor tyrosine kinase located 
on the surface of a neighboring cell, to induce its differentiation into 
an R7 neuron. In control larvae, anti-Boss immunostaining shows 
pairs of large and small dots corresponding to the R8 apical surface 
and endosomes in R7 cells, respectively (Figure 8A; see also the 
schematic in Figure 8G). Vps16A and lt mutants accumulated large 
amounts of Boss, just like car and dor mutant eye disks (Figure 8, 
B–E). In contrast, Boss staining in Syx17 mutant eye disks was similar 
to controls (Figure 8F). Our immunolabeling experiments also re-
vealed large-scale accumulation of Notch in developing eyes lack-
ing Vps16A, lt, car, or dor, while Syx17 mutants were again similar to 
controls (Figure 8, H–M). These results suggest that Syx17 is dis-
pensable for endocytic down-regulation of Boss and Notch in vivo.

HOPS, but not Syx17, is involved in biosynthetic transport 
to lysosomes
Car, dor, and lt were named after the eye color phenotypes caused 
by hypomorphic mutations in these genes (Lloyd et al., 1998). In 
these mutants, the formation of lysosome-related eye pigment 
granules is defective compared with wild-type flies that have bright 
red eyes. We found that eyes composed of entirely null mutant cells 
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although its level was much lower than that observed in Vps16A null 
mutants (Figure 10G). Moreover, the lysosome reporter Lamp1-GFP 
accumulated in UVRAG mutant cells (Figures 10J and S7G). Finally, 
eyes composed entirely of UVRAG mutant tissue showed a color 
different from wild-type flies, although again it was not as severe as 
seen in cases of Vps16A or dor mutant eyes (Figure 10, K and L). The 
eye color defect of UVRAG[LL] mutants was even more obvious in 
the presence of a white[+mC] transgene in a white null mutant back-
ground, which creates a hypomorphic condition regarding eye color. 
In these experiments, the eye color of control flies was orange, and 
UVRAG mutants had a lighter eye color (Figure 10M). These results 
support a conclusion that UVRAG plays a role in heterophagy and 

compared with controls, and p62 was up-regulated (Figure 10G). 
Ultrastructural analyses showed no accumulation of autophago-
somes in UVRAG[LL] or UVRAG[B21] mutants (Figure 10, H and I). 
Autolysosomes were formed in these cells and had an irregular 
shape similar to those observed in control cells, indicating that mul-
tiple autophagosome-lysosome fusions have occurred. Interestingly, 
autolysosomal contents showed homogenous density, and more 
advanced stages of degradation were never seen in UVRAG mu-
tants after 3 h of starvation, unlike in control cells. On the basis of 
these morphological analyses, we hypothesized that lysosomal 
function may be perturbed by loss of UVRAG. Indeed, pro-cathep-
sin L could be readily detected in Western blots of larval lysates, 

FIGURE 7: Genetic rescue experiments using truncated Syx17 fragments. (A) An illustration of the various Syx17 
transgenes used in genetic rescue experiments. Please see Figure 6D for abbreviations. (B–G) LTR staining of fat body 
cells dissected from starved larvae. Punctate LTR staining seen in control cells (B) is missing from Syx17 mutants (C). 
Both untagged (D) and C-terminally FLAG-tagged (E) full-length transgenes restore LTR dot formation in Syx17 mutants, 
similar to a Syx17 fragment lacking the C-terminal region (F). A Syx17 construct lacking the second transmembrane 
region and C-terminus is unable to restore punctate LTR in Syx17 mutants (G). Please note that the C-terminus of this 
last construct is tagged with mCherry, but the expression of this transgene is under direct control of the Syx17 
promoter, similar to the other constructs. This results in a very low expression level; therefore its fluorescence does not 
interfere with LTR staining. (H) Quantification of data shown in (B)–(G); n = 10/genotype. (I) Western blots of well-fed 
adult flies also show that a Syx17 fragment lacking the C-terminal region fully rescues the p62 and Atg8a-II accumulation 
phenotypes of well-fed Syx17 mutant adult flies, similar to full-length transgenes. Truncating Syx17 after the first 
transmembrane domain prevents the rescue of these defects. (J) Negative geotaxis assays of adult flies reveal that both 
full-length transgenes and a Syx17 fragment lacking the C-terminal region fully rescue the climbing defects of Syx17 
mutant adult flies. Again, truncating the second transmembrane domain and C-terminus of Syx17 prevents rescue; 
n = 90 for all genotypes. Scale bar in (B) = 20 μm for (B)–(G). Error bars denote SE in (H) and (J); ns, not significant; 
***, p < 0.001.
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FIGURE 8: HOPS, but not Syx17, is required for endocytic down-regulation of Notch and Boss in developing eyes. 
(A–F) Anti-Boss staining reveals pairs of bigger and smaller dots corresponding to R8 and R7 photoreceptor neurons in 
the differentiating retina in control larvae (A), as indicated in the schematic (G). Accumulation of Boss is obvious in 
Vps16A (B) and lt (C) mutants, and also in developing eyes entirely composed of car (D) and dor (E) null mutant cells. 
Boss distribution in Syx17 mutants (F) is similar to controls. (H–M) Punctate anti-Notch immunolabeling reveals a regular 
pattern of developing ommatidia in eye disks of control larvae (H). Mutation of Vps16A (I), lt (J), car (K), or dor (L) leads 
to large-scale accumulation of Notch. The level and localization of Notch in Syx17 mutants (M) is similar to controls. 
Scale bar in (A) = 20 μm for (A)–(F); scale bar in (H) = 20 μm for (H)–(M).
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the vesicles, Syx17 is rapidly recycled from 
the autolysosome, as suggested by the low 
level of Syx17 localization to lysosomes in fly 
and mammalian cells (Itakura et al., 2012; 
Takats et al., 2013).

Supporting our results and conclusions, 
a study related to ours shows that small in-
terfering RNA (siRNA) silencing of Vps33A, 
Vps16, or Vps39 in cultured human cells re-
sults in the accumulation of autophago-
somes due to impaired fusion of these vesi-
cles with late endosomes and lysosomes. 
Subunits of the HOPS complex have also 
been found to interact with STX17, the 
mammalian homologue of Syx17 in that 
study, suggesting a similar HOPS-depen-
dent fusion mechanism facilitates the clear-
ance of autophagosomes in Drosophila and 
mammals.

Unlike HOPS, which is involved in homo- 
and heterotypic vacuole fusion, CORVET is 
thought to function at the level of early en-
dosomes in yeast, but the existence of this 
complex has not been verified in metazoans 
yet. The putative alternative HOPS complex 
found in animal cells, which contains Vps16B 
and Vps33B, has been speculated to play a 
role similar to that of CORVET (Balderhaar 
and Ungermann, 2013). Recently the 
Drosophila Vps16B homologue fob has 
been shown to be required for the matura-
tion of bacteria-containing phagosomes but 
not for general endocytosis or starvation-in-

duced LTR staining (Akbar et al., 2011). Accordingly, we found no 
defects in lysosomal processing of cathepsin L, or in the degrada-
tion of Atg8a and p62 during autophagy in fob mutants. These 
results further confirm the distinct and specific roles of a Vps16A- 
and Car-containing HOPS complex in heterophagy, autophagy, and 
lysosome biogenesis.

The role of UVRAG in autophagy has been controversial. The 
yeast homologue of this gene, VPS38, is classified as a member of 
the class A VPS group (Bowers and Stevens, 2005). Its mutation 
leads to secretion of CPY without affecting vacuolar morphology, 
suggesting that the effect on vacuolar protein sorting may be rela-
tively mild. Vps38/UVRAG is a subunit of a Vps34-containing lipid 
kinase complex both in yeast and mammals (Kihara et al., 2001; Ita-
kura et al., 2008; Matsunaga et al., 2009; Farre et al., 2010). These 
studies showed that the mutually exclusive presence of Atg14 or 
UVRAG in distinct Vps34 complexes specifies a role in autophago-
some formation or endocytosis, respectively. UVRAG has also been 
identified as a potential binding partner of HOPS, and based on 
overexpression experiments, it has been suggested as a promoter 
of both autophagic and endocytic degradation (Liang et al., 2008). 
Recently Drosophila UVRAG was found to be required for the deg-
radation of multiple receptors during eye development (Lee et al., 
2011), which we also confirmed. However, we found no defects in 
the formation of autophagosomes and their fusion with lysosomes 
in two independent cases of UVRAG null mutant alleles, based on 
multiple standard autophagy assays. The accumulation of both pro-
cathepsin L and the lysosomal membrane protein Lamp1, and de-
fective eye pigment granule formation in UVRAG mutants are simi-
lar to but weaker than the phenotypes observed with HOPS mutants. 

proper biogenesis of lysosomes. As a result, its loss likely causes a 
delay in autolysosomal degradation without affecting earlier steps 
of autophagy.

DISCUSSION
Our data presented here clearly show that all six subunits of the 
HOPS complex are important for the clearance of autophagosomes, 
acting in a cell-autonomous manner in Drosophila. HOPS likely pro-
motes the fusion of autophagosomes with late endosomes and lys-
osomes through its interaction with Syx17, the autophagosomal 
SNARE. The HOPS subunit Vps16A colocalizes with Syx17 in both 
control and Vamp7 mutant cells, suggesting the interaction of HOPS 
with Syx17 may not necessarily require formation of the Syx17-usnp-
Vamp7 trans-SNARE complex. Supporting this hypothesis, Vps16A 
colocalized with Atg8a not only in control cells but also in Vamp7 
mutants, in which the fusion of autophagosomes with lysosomes is 
inhibited (Takats et al., 2013). The presence of Vps16A on lysosomes 
appears to be independent of Syx17, consistent with the known 
roles of HOPS during homotypic fusion of vacuoles/lysosomes. Our 
data are compatible with the model in which HOPS is associated 
with the lysosome and tethers an autophagosome moving into 
proximity. Interestingly, HOPS was also shown to bind various phos-
pholipids with high affinity, including the autophagosome- and en-
dosome-specific phosphatidylinositol 3-phosphate (Stroupe et al., 
2006). This is in line with our results, which suggest that the mem-
brane association of Syx17 may increase its interaction with HOPS. 
Tethering is followed by formation of the trans-SNARE complex, 
which may be stabilized by HOPS during vacuole fusion in yeast as 
has been proposed by Starai et al. (2008). Finally, following fusion of 

FIGURE 9: HOPS, but not Syx17, is required for biosynthetic transport to lysosomes and 
pigment granules. (A–D) Eye pigment granules, a type of lysosome-related organelle, are 
responsible for the bright red color of wild-type eyes (A). Eye tissue homozygous for one 
chromosome arm can be generated with the GMR-Hid method by eliminating nonhomozygous 
tissue due to eye-specific expression of the proapoptotic gene Hid in mosaic eyes. The right 
side (A) shows the eyes of flies entirely homozygous for a chromosome arm bearing a GFP 
insertion, which serves as an additional control for mosaic eye experiments. Note that the 
GMR-Hid method results in a rough eye phenotype, but it does not affect eye color. Eyes 
composed of entirely mutant cells for Vps16A (B) or dor (C) have a much lighter, orange color. 
The eye color of homozygous, viable Syx17 mutants (D) is similar to that of wild-type flies. 
(E) Western blot using a GFP knock-in line of endogenous dLamp reveals that this lysosomal 
membrane protein accumulates in Vps16A mutant larvae, whereas no difference is seen 
between Syx17 mutant and control larvae. Asterisk indicates a nonspecific band that serves as 
an additional loading control. (F) The proform of the resident lysosomal hydrolase cathepsin L 
accumulates in Vps16A and Vps11 mutant larvae compared with controls, but not in Atg7, 
Syx17, or Vamp7 mutants.
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FRT82B, tub-QS[21]/TM6B, Tb (Potter et al., 2010). After crossing 
these two lines, we generated mosaic clones by heat shocking 
0- to 4-h-old embryos in a 37°C water bath, similar to generation of 
negatively marked (by lack of GFP or dsRed expression) mutant 
clones described previously (Rusten et al., 2007; Juhasz et al., 2008). 
Climbing tests were carried out on cohorts of six 2-d-old adult flies, 
as described previously (Juhasz et al., 2007; Takats et al., 2013).

Molecular cloning
The genomic rescue construct for Vps16A was made by cloning a 
10.5-kb Asp718-BglII fragment containing the Vps16A locus into 
Casper4. For tagged transgenes expressed by their endogenous 
promoters, we generated genCherry and gen3×FLAG cloning vec-
tors. First, a fragment containing UAS sequences, the minimal 
Hsp70 promoter, and multiple cloning site of UAST was removed 
by SphI-XbaI digestion and replaced with a PCR-amplified SphI-
NheI fragment in which SphI, NotI, AscI, XbaI, and Acc65I restric-
tion sites are upstream of an mCherry coding sequence and an 
EcoRI site is downstream of the stop codon of mCherry. Two PCR-
amplified genomic fragments (SphI-NheI) were cloned into SphI-
XbaI–digested genCherry vector: a 2001–base pair fragment for 
full-length cathepsin D containing the promoter, two exons, and 
the intron, and lacking the stop codon; and a 1649–base pair frag-
ment of the genomic region of Syx17 truncated after the first trans-
membrane domain. The gen3×FLAG vector was generated by 
replacing the Acc65I-EcoRI mCherry coding fragment of genCherry 
with 3×FLAG, using annealed synthetic oligos. A 1799–base pair 
fragment of the genomic region encoding full-length Syx17 lacking 
the stop codon and a 1706–base pair fragment encoding Syx17 
truncated after the second transmembrane domain were cloned as 
NotI-Acc65I fragments into gen3×FLAG digested with NotI-Acc65I. 
N-terminally tagged Syx17 expressing UAS constructs was gener-
ated by cloning PCR-amplified Syx17 coding sequences into UAS-
3×FLAG; and N-terminally HA-tagged Vps16A-, Car-, and Vamp7- 
expressing constructs were generated by cloning the PCR-amplified 
cDNA fragments encoding full-length proteins into UAS-3×HA.

Cell culture and immunoprecipitation
Transfections and immunoprecipitations were carried out in D.mel-2 
cells exactly as previously described (Takats et al., 2013), using the 
plasmids MT-Gal4, UAS-Syx17(1-223)-FLAG (Takats et al., 2013); 
UAS-Myc-Dor (Sevrioukov et al., 1999); and N-terminally FLAG-
tagged Syx17 and HA-tagged Vps16A, Car, and Vamp7 constructs 
described above. RNAi depletion of car was induced by adding 
10 μg dsRNA to cultured cells in one well of a six-well plate 3 d 
before transfection with tagged Syx17 and Vamp7 plasmids. The 
dsRNA was synthesized by PCR amplification of the same region 
that is used in car[12230R-1] with specific primers containing a T7 
promoter, and using the PCR fragment for in vitro transcription with 
the Megascript T7 kit (Life Technologies, Budapest, Hungary) 
followed by a clean-up reaction with the Megaclear kit (Life Tech-
nologies) and agarose gel electrophoresis to determine dsRNA in-
tegrity and quantity. Immunoprecipitations using guinea pig anti-
sera against endogenous Syx17 (or GFP) were carried out from larval 
or adult fly lysates as previously described (Takats et al., 2013).

Antibodies, immunolabeling, and Western blots
Indirect immunofluorescence labeling and Western blots were car-
ried out as described (Nagy et al., 2013; Takats et al., 2013), using 
dissected fed or starved L3 larvae for fat body experiments and 
wandering L3 animals for eye disk experiments. The following anti-
bodies were used: rabbit anti-Vps16A (IF [immunofluorescence] 

In fact, all the phenotypes of Drosophila UVRAG mutants may be 
explained by the role of this protein as a Vps34 lipid kinase subunit, 
which is important for endocytosis and biosynthetic transport to 
lysosomes (Juhasz et al., 2008). Our findings are consistent with 
yeast studies that documented vacuolar protein–sorting defects but 
found no perturbation of autophagosome formation or clearance in 
UVRAG mutants (Farre et al., 2010). Our data also suggest that the 
loss of UVRAG only influences a late step of autophagy by delaying 
the degradation of sequestered cargo in autolysosomes. Similarly, 
siRNA depletion of UVRAG blocked endocytic degradation of EGFR, 
but it did not affect autophagosome formation or fusion in cultured 
mammalian cells (Knaevelsrud et al., 2010; Jiang et al., 2014).

Taken together, our studies clearly establish the role of HOPS in 
facilitating the Syx17-dependent fusion of autophagosomes with 
endosomes and lysosomes in Drosophila, and clarify that the effect 
of UVRAG on autophagic degradation is likely due to perturbed 
biosynthetic transport of hydrolases to lysosomes.

MATERIALS AND METHODS
Drosophila genetics, treatments, and climbing tests
Flies were reared on standard yeast/cornmeal medium, and L3 stage 
larvae of the age 80–88 h after egg laying were transferred to a 20% 
sucrose solution for 3 h in starvation experiments. Drosophila mu-
tants and transgenics used in this study are l(3)S007902 bearing the 
Vps16A[FUD] allele (Szeged Stock Center, Hungary); Gal4-respon-
sive transgenic UAS-RNAi lines for Vps16A[GD13782], car[GD1397], 
dor[KK102176], and Vps39[GD12152], Vps11[KK102566] (all 
obtained from the Vienna Drosophila RNAi Center, Vienna, Austria); 
car[12230R-1] (referred to as RNAi/2, obtained from the National 
Institute of Genetics, Mishima, Japan); and lt[HMS00190] (obtained 
from the Bloomington Drosophila Stock Center [BDSC], Indiana 
University, Bloomington, IN; and generated by the Transgenic RNAi 
Project, Harvard Medical School, Boston, MA). Mosaic eyes com-
posed of entirely mutant tissue for car, dor,Vps16A, and UVRAG 
were generated with the help of GMR-Hid, FRT19A; ey-Gal4, 
UAS-Flp or GMR-Hid, FRT40A; ey-Gal4, UAS-Flp or ey-Gal4, 
UAS-Flp; FRT82B, GMR-Hid (BDSC), as previously described (Rusten 
et al., 2007; Juhasz et al., 2008). Mutant and deficiency lines used 
were car[d146] on FRT19A (Akbar et al., 2009); dor[4], dor[8] on 
FRT19A (Sevrioukov et al., 1999); lt[11] (Wakimoto and Hearn, 1990); 
Df(2L)lt45, Df(3L)Exel8098, Df(3R)BSC507, and Df(3R)ED5339 (all 
obtained from BDSC); Df(2L)ED784, UVRAG[GS17330] (Lee et al., 
2011); dLAMP[CPTI001775], Syx17[LL06330] on FRT2A (Takats et al., 
2013); Vps11[LL06553], UVRAG[LL03097] on FRT40A (Schuldiner 
et al., 2008) (all obtained from the Drosophila Genetic Resource 
Center [DGRC], Kyoto, Japan); Atg7[d77] (Juhasz et al., 2007); fob[1] 
(Akbar et al., 2011); and UVRAG[B7], UVRAG[B21] on FRT40A (Lee 
et al., 2011) (kindly provided by Sekyu Choi). Vps16A[d32] and 
Vps16A[d116] were generated by imprecise excision of 
Vps16A[GS5053] (obtained from DGRC) and recombined onto 
FRT82B for generation of mutant clones. New transgenic flies were 
generated by standard embryo injection technique (BestGene, 
Chino Hills, CA). Transgenic animals for full-length, untagged 
genomic Syx17 have been described (Takats et al., 2013). LTR and 
4′,6-diamidino-2-phenylindole staining, autophagy reporter lines, 
and the generation of mosaic animals were described previously 
(Rusten et al., 2004, 2007; Scott et al., 2004; Juhasz et al., 2007, 
2008; Erdi et al., 2012; Pircs et al., 2012; Takats et al., 2013), with the 
exception of positively marked (by expression of GFP) mutant clones. 
For these experiments, we recombined the Vps16A[d32] mutation 
onto an FRT82B chromosome, and also established a stock with the 
following genotype: hsFlp[22]; QUAS-mCD8-GFP[5J]; ET49-QF, 
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1:300; WB [Western blot] 1:2000; Pulipparacharuvil et al., 2005), rab-
bit anti-p62 (IF 1:2000; WB 1:5000; Pircs et al., 2012), rabbit anti-
Atg8a (IF: 1:500; Barth et al., 2011), rabbit anti-Atg8a (WB 1:5000), 
rat anti-Atg8a (IF: 1:300; Takats et al., 2013), mouse anti-tubulin (WB 
1:1000; DSHB [Developmental Studies Hybridoma Bank, Iowa City, 
IA] AA4.3-s), mouse anti-FLAG M2 (WB 1:2000; Sigma-Aldrich, St. 
Louis, MO), mouse anti-Myc (WB 1:2000; Sigma-Aldrich), rabbit anti-
HA (WB 1:2000, Sigma-Aldrich), rat anti-Syx17 (IF 1:300, WB 1:5000; 
Takats et al., 2013), rabbit anti-Car (WB 1:1000; Akbar et al., 2009), 
mouse anti-Notch (IF 1:50, DSHB C458.2H-c), rabbit anti-Boss (IF 
1:1000; Sevrioukov et al., 1999; Akbar et al., 2009), rat anti-mCherry 
(IF 1:300), rat anti-GFP (WB 1:5000; Pircs et al., 2012), chicken anti-
GFP (IF 1:1500; Invitrogen, Carlsbad, CA), and rabbit anti-cathepsin 
L (WB 1:500; ab58991; Abcam, Cambridge, MA). Secondary anti-
bodies were Alexa Fluor 488 goat anti-rabbit, Alexa Fluor 488 goat 
anti-chicken, Alexa Fluor 568 goat anti-rat, Alexa Fluor 647 goat 
anti-rabbit (all IF 1:1500; Invitrogen), and alkaline phosphatase–con-
jugated goat anti-rabbit, anti-rat and anti-mouse (both WB 1:5000; 
Millipore/Biocenter, Szeged, Hungary). Blots were developed using 
the NBT/BCIP colorimetric substrate (Sigma-Aldrich).

Microscopy and statistics
Images of dissected fat bodies were taken on an Axio Imager M2 
equipped with Apotome2 and AxioCam Mrm (Zeiss, Jena, Ger-
many), as before (Nagy et al., 2013; Takats et al., 2013). Autophagic 
structures were quantified from original, unmodified images in Im-
ageJ (National Institutes of Health), and statistical significance was 
calculated with an appropriate test in SPSS Statistics (IBM, Armonk, 
NY), as described in detail previously (Nagy et al., 2013; Takats et al., 
2013). Eyes of 2-d-old adults were photographed on a Lumar V12 
stereomicroscope equipped with AxioCam ICc camera (Zeiss). Sam-
ples were processed for ultrastructural analysis as previously de-
scribed (Erdi et al., 2012; Takats et al., 2013). Ultrathin sections from 
three individual larvae were evaluated per genotype.

FIGURE 10: Null mutation of UVRAG has no effect on autophagosome formation and fusion, while it perturbs 
biosynthetic transport to lysosomes. (A) Starvation-induced punctate LTR staining in UVRAG[LL] mutant fat cells (marked 
by the lack of GFP) is similar to neighboring heterozygous (marked by expression of one copy of GFP) and homozygous 
(marked by two copies of GFP) control cells. (B) Atg8a-positive autophagosome numbers are similar in UVRAG[LL] 
mutant and control cells of starved larvae. (C) Quantification of data shown in (A) and Figure S7D; n = 10/genotype. 
(D) Quantification of data shown in (B) and Figure S7E; n = 10/genotype. (E) The autophagic cargo p62 is up-regulated in 
UVRAG[LL] mutant cells compared with surrounding control cells. (F) Quantification of data shown in (E) and Figure S7F; 
n = 10/genotype. (G) Western blots show that the levels of Atg8a-II are slightly higher in the lysates of different UVRAG 
mutant larvae than those seen in controls but are much lower than the levels seen in Vps16A or Vps11 mutants. 
Similarly, p62 is up-regulated in UVRAG mutants relative to controls, but its levels do not reach those observed in 
Vps16A or Vps11 mutants. Pro-cathepsin L accumulates in UVRAG mutants. (H and I) Ultrastructural analysis reveals a 
regular number of autophagosomes and autolysosomes in UVRAG[LL] (H) and UVRAG[B21] (I) mutant larvae in response 
to starvation. Note that the contents and the irregular shape of autolysosomes indicate that several autophagosomal 
fusion events have occurred, whereas all autolysosomes appear to contain homogenously dark material, suggesting 
defects in autolysosomal degradation. (J) Turnover of Lamp1-GFP (expressed in all cells) is perturbed in UVRAG[LL] 
mutant cells (marked by lack of dsRed expression), which accumulate high levels of this lysosomal reporter. (K and L) 
Formation of the bright red eye color observed in control flies is perturbed in animals with eyes composed of entirely 
UVRAG[LL] (K) or UVRAG[B21] (L) mutant tissue. (M) The dark orange eye color of flies expressing lower levels of the 
pigment transporter white (w) is much lighter in UVRAG[LL] mutant eyes. Scale bar in (A) = 20 μm for (A), (B), (E), and (J); 
scale bar in (H) = 1 μm for (H) and (I). Error bars denote SE in (C), (D), and (F); ns, not significant; *, p < 0.05.

ACKNOWLEDGMENTS
We thank Sarolta Pálfia and Zsófia Kováts for excellent technical 
assistance and public repositories and Sekyu Choi for providing 
fly stocks and reagents. This work was supported by the National 
Institutes of Health (NIH EY10199 to H.K.), the Hungarian Scientific 
Research Fund (OTKA K83509 to G.J.), and the Wellcome Trust 
(087518/Z/08/Z to G.J.).

REFERENCES
Akbar MA, Ray S, Kramer H (2009). The SM protein Car/Vps33A regulates 

SNARE-mediated trafficking to lysosomes and lysosome-related organ-
elles. Mol Biol Cell 20, 1705–1714.

Akbar MA, Tracy C, Kahr WH, Kramer H (2011). The full-of-bacteria gene 
is required for phagosome maturation during immune defense in 
Drosophila. J Cell Biol 192, 383–390.

Balderhaar HJ, Ungermann C (2013). CORVET and HOPS tethering 
complexes—coordinators of endosome and lysosome fusion. J Cell Sci 
126, 1307–1316.

Bankaitis VA, Johnson LM, Emr SD (1986). Isolation of yeast mutants defec-
tive in protein targeting to the vacuole. Proc Natl Acad Sci USA 83, 
9075–9079.

Barth JM, Szabad J, Hafen E, Kohler K (2011). Autophagy in Drosophila 
ovaries is induced by starvation and is required for oogenesis. Cell 
Death Differ 18, 915–924.

Bartlett BJ et al. (2011). p62, Ref(2)P and ubiquitinated proteins are con-
served markers of neuronal aging, aggregate formation and progressive 
autophagic defects. Autophagy 7, 572–583.

Bowers K, Stevens TH (2005). Protein transport from the late Golgi to the 
vacuole in the yeast Saccharomyces cerevisiae. Biochim Biophys Acta 
1744, 438–454.

Csikos G, Lippai M, Lukacsovich T, Juhasz G, Henn L, Erdelyi M, Maroy P, 
Sass M (2009). A novel role for the Drosophila epsin (lqf): involvement in 
autophagy. Autophagy 5, 636–648.

Darsow T, Rieder SE, Emr SD (1997). A multispecificity syntaxin homologue, 
Vam3p, essential for autophagic and biosynthetic protein transport to 
the vacuole. J Cell Biol 138, 517–529.

Dunn JG, Foo CK, Belletier NG, Gavis ER, Weissman JS (2013). Ribosome 
profiling reveals pervasive and regulated stop codon readthrough in 
Drosophila melanogaster. Elife 2, e01179.

Erdi B, Nagy P, Zvara A, Varga A, Pircs K, Menesi D, Puskas LG, Juhasz G 
(2012). Loss of the starvation-induced gene Rack1 leads to glycogen de-
ficiency and impaired autophagic responses in Drosophila. Autophagy 
8, 1124–1135.

Farre JC, Mathewson RD, Manjithaya R, Subramani S (2010). Roles of Pichia 
pastoris Uvrag in vacuolar protein sorting and the phosphatidylinositol 
3-kinase complex in phagophore elongation in autophagy pathways. 
Autophagy 6, 86–99.

Filimonenko M, Stuffers S, Raiborg C, Yamamoto A, Malerod L, Fisher 
EM, Isaacs A, Brech A, Stenmark H, Simonsen A (2007). Functional 
multivesicular bodies are required for autophagic clearance of protein 
aggregates associated with neurodegenerative disease. J Cell Biol 179, 
485–500.

Ganley IG, Wong PM, Gammoh N, Jiang X (2011). Distinct autophago-
somal-lysosomal fusion mechanism revealed by thapsigargin-induced 
autophagy arrest. Mol Cell 42, 731–743.

Hong W (2005). SNAREs and traffic. Biochim Biophys Acta 1744, 493–517.
Itakura E, Kishi C, Inoue K, Mizushima N (2008). Beclin 1 forms two distinct 

phosphatidylinositol 3-kinase complexes with mammalian Atg14 and 
UVRAG. Mol Biol Cell 19, 5360–5372.

               dc_840_14



1354 | S. Takáts et al. Molecular Biology of the Cell

Potter CJ, Tasic B, Russler EV, Liang L, Luo L (2010). The Q system: a 
repressible binary system for transgene expression, lineage tracing, and 
mosaic analysis. Cell 141, 536–548.

Pulipparacharuvil S, Akbar MA, Ray S, Sevrioukov EA, Haberman AS, 
Rohrer J, Kramer H (2005). Drosophila Vps16A is required for traffick-
ing to lysosomes and biogenesis of pigment granules. J Cell Sci 118, 
3663–3673.

Rieder SE, Emr SD (1997). A novel RING finger protein complex essential 
for a late step in protein transport to the yeast vacuole. Mol Biol Cell 8, 
2307–2327.

Rothman JH, Stevens TH (1986). Protein sorting in yeast: mutants defective 
in vacuole biogenesis mislocalize vacuolar proteins into the late secre-
tory pathway. Cell 47, 1041–1051.

Rusten TE, Lindmo K, Juhasz G, Sass M, Seglen PO, Brech A, Stenmark H 
(2004). Programmed autophagy in the Drosophila fat body is induced 
by ecdysone through regulation of the PI3K pathway. Dev Cell 7, 
179–192.

Rusten TE et al. (2007). ESCRTs and Fab1 regulate distinct steps of au-
tophagy. Curr Biol 17, 1817–1825.

Sato TK, Rehling P, Peterson MR, Emr SD (2000). Class C Vps protein 
complex regulates vacuolar SNARE pairing and is required for vesicle 
docking/fusion. Mol Cell 6, 661–671.

Schuldiner O, Berdnik D, Levy JM, Wu JS, Luginbuhl D, Gontang AC, Luo 
L (2008). piggyBac-based mosaic screen identifies a postmitotic func-
tion for cohesin in regulating developmental axon pruning. Dev Cell 
14, 227–238.

Scott RC, Schuldiner O, Neufeld TP (2004). Role and regulation of 
starvation-induced autophagy in the Drosophila fat body. Dev Cell 7, 
167–178.

Sevrioukov EA, He JP, Moghrabi N, Sunio A, Kramer H (1999). A role for 
the deep orange and carnation eye color genes in lysosomal delivery in 
Drosophila. Mol Cell 4, 479–486.

Solinger JA, Spang A (2013). Tethering complexes in the endocytic path-
way: CORVET and HOPS. FEBS J 280, 2743–2757.

Starai VJ, Hickey CM, Wickner W (2008). HOPS proofreads the trans-SNARE 
complex for yeast vacuole fusion. Mol Biol Cell 19, 2500–2508.

Stenmark H (2009). Rab GTPases as coordinators of vesicle traffic. Nat Rev 
Mol Cell Biol 10, 513–525.

Stroupe C, Collins KM, Fratti RA, Wickner W (2006). Purification of active 
HOPS complex reveals its affinities for phosphoinositides and the 
SNARE Vam7p. EMBO J 25, 1579–1589.

Swetha MG, Sriram V, Krishnan KS, Oorschot VM, ten Brink C, Klumperman 
J, Mayor S (2011). Lysosomal membrane protein composition, acidic 
pH and sterol content are regulated via a light-dependent pathway in 
metazoan cells. Traffic 12, 1037–1055.

Takats S, Nagy P, Varga A, Pircs K, Karpati M, Varga K, Kovacs AL, Hegedus 
K, Juhasz G (2013). Autophagosomal Syntaxin17-dependent lysosomal 
degradation maintains neuronal function in Drosophila. J Cell Biol 201, 
531–539.

Wakimoto BT, Hearn MG (1990). The effects of chromosome rearrange-
ments on the expression of heterochromatic genes in chromosome 2L 
of Drosophila melanogaster. Genetics 125, 141–154.

Wang CW, Stromhaug PE, Shima J, Klionsky DJ (2002). The Ccz1-Mon1 
protein complex is required for the late step of multiple vacuole delivery 
pathways. J Biol Chem 277, 47917–47927.

Itakura E, Kishi-Itakura C, Mizushima N (2012). The hairpin-type tail-an-
chored SNARE syntaxin 17 targets to autophagosomes for fusion with 
endosomes/lysosomes. Cell 151, 1256–1269.

Jiang P, Nishimura T, Sakamaki Y, Itakura E, Hatta T, Natsume T, Mizushima 
N (2014). The HOPS complex mediates autophagosome–lysosome fu-
sion through interaction with syntaxin 17. Mol Biol Cell 25, 1327–1337.

Juhasz G, Erdi B, Sass M, Neufeld TP (2007). Atg7-dependent autophagy 
promotes neuronal health, stress tolerance, and longevity but is dispens-
able for metamorphosis in Drosophila. Genes Dev 21, 3061–3066.

Juhasz G, Hill JH, Yan Y, Sass M, Baehrecke EH, Backer JM, Neufeld TP 
(2008). The class III PI(3)K Vps34 promotes autophagy and endocytosis 
but not TOR signaling in Drosophila. J Cell Biol 181, 655–666.

Kihara A, Noda T, Ishihara N, Ohsumi Y (2001). Two distinct Vps34 phosphati-
dylinositol 3-kinase complexes function in autophagy and carboxypepti-
dase Y sorting in Saccharomyces cerevisiae. J Cell Biol 152, 519–530.

Kimura S, Noda T, Yoshimori T (2007). Dissection of the autophagosome 
maturation process by a novel reporter protein, tandem fluorescent-
tagged LC3. Autophagy 3, 452–460.

Knaevelsrud H, Ahlquist T, Merok MA, Nesbakken A, Stenmark H, Lothe 
RA, Simonsen A (2010). UVRAG mutations associated with microsat-
ellite unstable colon cancer do not affect autophagy. Autophagy 6, 
863–870.

Lee G, Liang C, Park G, Jang C, Jung JU, Chung J (2011). UVRAG is re-
quired for organ rotation by regulating Notch endocytosis in Drosophila. 
Dev Biol 356, 588–597.

Liang C et al. (2008). Beclin1-binding UVRAG targets the class C Vps 
complex to coordinate autophagosome maturation and endocytic traf-
ficking. Nat Cell Biol 10, 776–787.

Lindmo K, Simonsen A, Brech A, Finley K, Rusten TE, Stenmark H (2006). 
A dual function for Deep orange in programmed autophagy in the 
Drosophila melanogaster fat body. Exp Cell Res 312, 2018–2027.

Lippai M, Csikos G, Maroy P, Lukacsovich T, Juhasz G, Sass M (2008). 
SNF4Aγ, the Drosophila AMPK γ subunit is required for regulation of 
developmental and stress-induced autophagy. Autophagy 4, 476–486.

Lloyd V, Ramaswami M, Kramer H (1998). Not just pretty eyes: Drosophila 
eye-colour mutations and lysosomal delivery. Trends Cell Biol 8, 257–259.

Lobingier BT, Merz AJ (2012). Sec1/Munc18 protein Vps33 binds to 
SNARE domains and the quaternary SNARE complex. Mol Biol Cell 23, 
4611–4622.

Matsunaga K et al. (2009). Two Beclin 1-binding proteins, Atg14L and 
Rubicon, reciprocally regulate autophagy at different stages. Nat Cell 
Biol 11, 385–396.

Mizushima N, Levine B, Cuervo AM, Klionsky DJ (2008). Autophagy fights 
disease through cellular self-digestion. Nature 451, 1069–1075.

Nagy P, Varga A, Pircs K, Hegedus K, Juhasz G (2013). Myc-driven over-
growth requires unfolded protein response-mediated induction of 
autophagy and antioxidant responses in Drosophila melanogaster. PLoS 
Genetics 9, e1003664.

Peng C et al. (2012). Ablation of vacuole protein sorting 18 (Vps18) gene 
leads to neurodegeneration and impaired neuronal migration by dis-
rupting multiple vesicle transport pathways to lysosomes. J Biol Chem 
287, 32861–32873.

Pircs K, Nagy P, Varga A, Venkei Z, Erdi B, Hegedus K, Juhasz G (2012). 
Advantages and limitations of different p62-based assays for estimating 
autophagic activity in Drosophila. PLoS One 7, e44214.

               dc_840_14


	Hid can induce, but is not required for autophagy in polyploid �larval Drosophila tissues
	Introduction
	Materials and methods
	Fly strains
	Histology and transmission electron microscopy

	Results
	Hid, but not Grim, Sickle, Reaper, Dronc, or p53, induces autophagy in larval Drosophila tissues
	Hid-induced autophagy in fat body is independent of caspase activity
	Hid is not required for developmental autophagy
	Developmental autophagy is also caspase independent

	Discussion
	Acknowledgements
	References

	Direct Induction of Autophagy by Atg1 Inhibits Cell Growth and Induces Apoptotic Cell Death
	Introduction
	Results
	Overexpression of Atg1 Induces Autophagy
	Atg1-Dependent Autophagy Restricts Cell Growth
	High Levels of Autophagy Lead to Apoptotic Cell Death
	Atg1-Dependent Phenotypes Are Modulated by the TOR Pathway
	Atg1 Negatively Feeds Back on TOR Signaling
	The Kinase Domain of Atg1 Is Essential for Induction of Autophagy

	Discussion
	Regulation of Autophagy by Atg1
	Autophagy as a Negative Effector of Cell Growth
	Autophagy and Cell Death
	Concluding Remarks

	Experimental Procedures
	Supplemental Data
	Acknowledgments
	References

	Figure 1
	Figure 2
	Figure 3
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51
	Reference 52
	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Depletion of genes encoding various proteasome subunits leads to impaired proteasomal degradation in�vivo
	Proteasome impairment enhances starvation-induced and basal autophagy
	Proteasome RNAi leads to accumulation of cytoplasmic aggregates and enhances autophagic flux
	Activation of hypoxia signaling induces autophagy in Drosophila
	Proteasome inactivation-induced autophagy requires Atg genes and sima/HIF-1α

	Discussion
	Conclusions
	Methods
	Drosophila stocks and culture
	RT-PCR, western blots and immunostainings
	Genetics and treatments
	Histology and imaging
	Statistics

	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgements
	References
	Nucleocytosolic Depletion of the Energy Metabolite Acetyl-Coenzyme A Stimulates Autophagy and Prolongs Lifespan
	Introduction
	Results
	Knockdown of ACS2 Is Sufficient to Promote Autophagy during Aging
	Mitochondrial AcCoA Production Pathways Are Required for Age-Associated Autophagy
	Mitochondrial AcCoA Biosynthesis Pathways Are Required for Healthy Aging
	Deletion of MPC1 or ACH1 Causes Upregulation of the Nucleocytosolic, Acs2p-Mediated Pathway of AcCoA Production
	Episomal Overexpression of ACS2 Mimics the Effects of ACH1 Deletion
	Histone Hyperacetylation Is Associated with Impaired Transcription of Autophagy-Essential Genes
	ACS2 Depletion Reinstalls Histone Deacetylation and ATG7 Transcription in ach1 Mutants
	Depletion of ACS2, but Not Inhibition of Tor or Sch9 Signaling, Restores Autophagy in ach1 Mutants
	Reinstating Autophagy of Δach1 Partly Restores Lifespan in an Autophagy-Dependent Manner
	Knockdown of Acetyl-CoA Synthetase Extends Mean and Maximum Lifespan of Flies

	Discussion
	Experimental Procedures
	Yeast Strains, Molecular Biology, and Chronological Aging Experiments
	Immunoblotting and Quantification of Histone Acetylation
	Yeast Autophagy Measurements
	Determination of Acetyl-Proteome from SILAC Yeast Cultures
	Acetyl-CoA-Synthetase Activity
	Acetic Acid Detection
	Quantitative Reverse-Transcriptase PCR
	Drosophila Lifespan Analyses and Brain Immunofluorescence
	Statistical Analyses

	Supplemental Information
	Acknowledgments
	References

	Different effects of Atg2 and Atg18 mutations on Atg8a and Atg9  trafficking during starvation in Drosophila
	1 Introduction
	2 Materials and methods
	2.1 Molecular cloning, immunoprecipitation and antibody production
	2.2 Drosophila genetics
	2.3 Western blots and histology

	3 Results
	4 Discussion
	Acknowledgements
	Appendix A Supplementary data
	References


