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ADPR — ADP-rib6z
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AMPK - AMP-aktivalt kinaz
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ARH3 — ADP-ribozilhidrolaz-3

ART — ADP-riboziltranszferaz (ADP-
ribosyltransferase)

ARTD — Bakterialis diftériatoxin-tipusu ADP-
riboziltranszferaz (Bacterial diphtheria
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BAT — barna zsirszévet (brown adipose
tissue)

BRCT - BRCA1 C terminalis domén

Chow diet — Normal zsirtartalmu (kontroll)
taplaléek

ChREBP — szénhidrat valaszadd elemhez
kapcsolodo fehérje (carbohydrate
response element binding protein)

COX — citokrém c oxidaz

CPT1 — karnitin palmitoil transzferaz-1
(carnitin palmitoyl transferase-1)

CREB — cAMP valaszad6 elemhez két6do
fehérje (CAMP response element-
binding protein)

CRTC2 — CREBP regulalt transzkripcié
koaktivator-2 (CREB regulated
transcription coactivator-2)

CS — citrat szintaz

cyt ¢ — citokrom ¢

DAB - diamino benzamid

DBD — DNS-k6t6 domén (DNA binding
domain)

Dio2 — dejodinaz 2

DOX - doxorubicin

ECL — felerGsitett kemilumineszcencia
(enhanced chemiluminescence)

ER — 6sztrogén receptor (estrogen receptor)

ERRa — 6sztogén receptorhoz hasonld
receptor a (estrogen-related receptor
receptor a)

FCS — fétalis borju savé (fetal calf serum)
G6Pase — glukéz-6-foszfataz (glucose-6-
phosphatase)HA - hemagglutinin

GK - glikokinaz

HE — hematoxillin-eozin

HFD — magas zsirtartalmu diéta (high-fat
diet)

HIC1 — hypermethylated in cancer-1

Ins - inzulin

InsR — inzulin receptor
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ipGTT — intraperitonealis gliikéz tolerancia
teszt

ipITT - intraperitonealis inzulin tolerancia
teszt

ipPTT - intraperitonealis piruvat tolerancia
teszt

K19 — keratin 19

Kir6.2 — inward-rectifier potassium ion

channel 6.2
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1. Bevezetés
1.1 A poli(ADP-rib6z) polimeraz enzimek biokémiai jellemzése

A poli(ADP-rib6z) polimeraz (PARP) aktivitast Pierre Chambon és munkatarsai (Chambon és
mtsai, 1963) irtdk le 1963-ban, majd a PARP-1 enzimet, amely az aktivitads jelentbs részéért
felelés, 1967-ben Shimizu és munkatarsai jellemezték (Shimizu és mtsai, 1967). Homoldgia
modellezéssel Uj PARP enzimeket azonositottak a 2000-es évek elején (Ame és mtsai, 2004,
Otto és mtsai, 2005), igy jelenleg emberben 17, egérben 16 PARP enzimet ismertnk. 2010-ben
Michael Hottiger és munkatarsai (Hottiger és mtsai, 2010) — szerkezeti és biokémiai
hasonlésagokra hivatkozva - azt javasoltak, hogy minden ADP-ribozil csoport transzfert végz6
enzimet egy csaladba soroljanak, amelyeket ADP-ribozil transzferaz (ART) enzimeknek
neveznek, melyek kozott a PARP enzimek az bakteriadlis diftéria toxin-szerli ART-k (ARTD)
csoportba tartoznak. Az ART/ARTD elnevezés nem nyert egyel6re teret, ezért a jelen
értekezésben a PARP elnevezést hasznalom.

A PARP enzimek tdbb doménbél allé, multidomén fehérjék. Az értekezésben a PARP-1 és a
PARP-2 enzimekkel foglalkozom, szerkezetiket az elsé abra szemlélteti (1. abra). Mindkét
enzim N-terminalisan a DNS kotéséhez szlikséges szerkezeti elemeket talalunk: a PARP-1-ben
két cink ujj (a harmadik cink ujj motivum a dimerizacidhoz sziikséges), mig a PARP-2-ben egy
SAP domén segiti a DNS-sel torténé kolcsdnhatast (Huber és mtsai, 2004, Mazen és mtsai,
1989). Ezt mindkét enzim esetében fehérje—fehérje kolcsdnhatasok kialakitasara alkalmas
domének kovetik, mint a BRCT domén a PARP-1-ben (de Murcia és mtsai, 1994). PARP-2-ben
az analég szakaszon belil egyelére nem irtak le ismert szerkezetli domén(eke)t. A PARP-1 és
PARP-2 lokalizaciéjat nuklearis és nukleolaris lokalizacios szignal biztositja (Meder és mitsai,
2005, Schreiber és mtsai, 1992).
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1. dbra. A PARP-1 és PARP-2 enzimek vazlatos doménszerkezete
Az 4bran a szdmozas az egér fehérjék aminosav szekvencigjanak megfelel6 domén hatarokat
jelzi, illetve a nagybetlik a domének jelzésére szolgalnak. AM — automodifikacié, DBD — DNS-
koété motivum/domén, NLS — nukleéris lokalizaciés szignal, NoLS — nukleolaris lokalizacios
szignal, FI, Fll, Flll — cink ujjak, BRCT — BRCA1 C-terminalis domén.

A PARP-1 és a PARP-2 C-terminalisan talalhaté a PARP enzimekre jellemzé katalitikus
domén. Mindkét enzim NAD'-ot bont nikotinamidra (NAM) és ADP-ribozra (ADPR), majd a két
enzim az ADPR monomerekbdl elagazd polimereket épit kilénb6zé akceptor fehérjékre
(Altmeyer és mtsai, 2009, Alvarez-Gonzalez és Mendoza-Alvarez, 1995, Burzio és mtsai, 1979,
Ogata és mtsai, 1980). A PARP-1 és a PARP-2 &ltal Iétrehozott polimerek hosszuak lehetnek,
akar 200 ADPR egység is alkothatja (Hayashi és mtsai, 1983). A klasszikus elképzelés szerint a
PARP-1 és -2, DNS torésekhez koétédve aktivalodik (Ame és mtsai, 1999, Benjamin és Gill,
1980, Kun és mtsai, 2002, Langelier és mtsai, 2012). A PARP aktivitas nagy részéért (a sejt
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teljes alap és indukalt PARP aktivitdsanak 85-90%-a) a PARP-1, mig a maradékért gyakorlatilag
a PARP-2 felel6s (Schreiber és mtsai, 2002). Ennek megfeleléen az értekezésben amikor PARP
aktivaciordl van szd, akkor sejtek 6ssz-PARP aktivitasardl van sz6 (tulajdonképpen PARP-1 +
PARP-2), mig a PARP-1, vagy PARP-2 gatlds az adott gén megszakitasa soran a PARP
aktivitasban fellepd valtozasokra utal.

A PAR polimerek életciklusa rovid, a féléletidejét 1 perc koérllinek fogadja el az irodalom
(Goodwin és mtsai, 1978, Skidmore és mtsai, 1979). A PAR lebontasaért a poli(ADP-rib6z)
glikohidrolaz (PARG) és az ADP-ribozil liaz felelés (Kawaichi és mtsai, 1983, Ueda és mtsai,
1972). A fehérjéken maradé utols6 ADPR egységet az un. makro domén (illetve az ilyen
doménnel rendelkezd) fehérjék hasitjak le (Jankevicius és mtsai, 2013, Karras és mtsai, 2005,
Posavec és mtsai, 2013) A PAR épllhet a PARP-1, vagy a PARP-2 enzimre (autoPARIlacid),
illetve mas fehérjékre (transzPARIilacid). Az autoPARIlacié gatolja a PARP-1-et (Kawaichi és
mtsai, 1981, Zahradka és Ebisuzaki, 1982) és valdszinlleg a PARP-2-t is, igy visszacsatolasi
kort alakit ki, ami megakadalyozza a tulzott PARP aktivaciét. A transzPARIlacié a célfehérjék
bioldgiai, biokémiai aktivitasat befolyasolja.

A klasszikus DNS térés mellett poszttranszlacios modositasok és kiilonb6zé jelatviteli
utvonalak is befolyasoljak a sejtek PARP aktivitasat. A PARP-1 toébb helyen is foszforilalddik,
ami befolyasolja az enzim aktivitasat (Burkle és Virag, 2013, Cohen-Armon, 2007, Gagne és
mtsai, 2009, Hegedus és mtsai, 2008). A kés6bb bemutatasra kerllé adatok értelmezéséhez
nagyon fontos tudni, hogy a PARP-1 acetilalt fehérje (a p300/CBP-association factor (PCAF) és
a p300 acetilalja) és acetilalt formaban aktiv (Hassa és mtsai, 2005, Rajamohan és mtsai, 2009).
A PARP-1 enzimet a SIRT1 képes deacetilalni és ezaltal gatolni (Rajamohan és mtsai, 2009). A
PARP-2 is acetilalédik a PCAF és a GCN5L enzimek altal (Haenni és mtsai, 2008). Egy SUMO
ligadz, a PIASy kdlcsdnhat a PARP-1-gyel és SUMOilalja h6sokk esetén (Martin és mtsai, 2009),
illetve a PARP-3 és a SIRT6 mono-ADP-ribozilalja és aktivalja a PARP-1-et (Loseva és mtsai,
2010, Mao és mtsai, 2011). A PARP-1 aktivitas Osszefiiggést mutat a sejtek kalcium

homeosztazisaval (Bakondi és mtsai, 2003, Geistrikh és mtsai, 2011, Wyrsch és mtsai, 2012).

1.2 A PARP enzimek altal befolyasolt biolégiai folyamatok

Els6ként a PARP enzimek a PARP-1, majd késébb a PARP-2 és -3 DNS hibajavitasban
jatszott szerepét ismerték fel (Boehler és mtsai, 2011, Durkacz és mtsai, 1980, Purnell és
Whish, 1980, Schreiber és mtsai, 2002). Jelenlegi ismereteink szerint a PARP-1 és -2 enzimek
bar nem eszencialisak a DNS hibajavitas megindulasahoz (Allinson és mtsai, 2003, De Vos és

mtsai, 2012) genotoxikus stressz (pl. gyokok jelenléte, ionizaldé sugarzas, stb.) esetén

10
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szllkségesek a hatékony hibajavitashoz (Menissier-de Murcia és mtsai, 1997, Menissier-de
Murcia és mtsai, 2003, Wang és mtsai, 1995). A PAR polimerek kijeldlik a DNS karosodas
helyét és a DNS repair fehérjék szamara kapcsolodasi felszint biztositanak (Karras és mtsai,
2005, Mortusewicz és mtsai, 2007, Tartier és mtsai, 2003). A PARP-1 és a PARP-2 enzim
szerepét leirtak az egyszalu és kétszalu torések javitasaban, illetve a baziskihasitassal jard
javitasi folyamatokban (Dantzer és mtsai, 2000, Langelier és mtsai, 2012, Schreiber és mtsai,
2002, Yelamos és mtsai, 2008). Bar a PARP-1, vagy a PARP-2 hianyaban valéban csékken a
DNS hibajavitas hatékonysaga ez 6énmagaban ugy tlinik nem elég a tumoros transzformaciohoz,
ahhoz egyes tumorszupresszorok hianya is szikséges (Huber és mtsai, 2004, Menissier-de
Murcia és mtsai, 2003, Nicolas és mtsai, 2010, Tong és mtsai, 2001).

A PARP aktivacio mértéke befolyasolja a sejtek tovabbi sorsat. Amennyiben a DNS sériilése
javithaté a PARP aktivacié hozzajarul az hatékony DNS hibajavitashoz. Amennyiben a DNS
sériilés nagymertéki a tulzott PARP aktivacio elhasznalja a sejtek NAD" készletét és a NAD”
Ujraszintézise pedig az ATP készletet meriti ki (Berger, 1985). A sejtek energetikai
katasztréfajahoz hozzajarul, hogy lelassul a glikolizis (Ying és mtsai, 2002) és az alacsony ATP
szint miatt a mitokondridlis F1/FO ATPaz az ATP bontasaba kezd (Ha és Snyder, 1999). A
sejtekben megnyilnak a mitokondridlis tranzicids pérusok, amik tovabb erdsitik az energetikai
katasztréfat (Virag és mtsai, 1998). Mivel az apoptdzis sikeres végrehajtasahoz sziikséges a
sejtek normalis energiatoltdttsége, ezért az energetikai katasztrofa allapotaban 1évé sejtekben
az apoptdzis nem megy végbe, igy ezek a sejtek nekrozissal pusztulnak el (Virag és Szabo,
2002). A PARP aktivitas gatlasa megakadalyozza az energetikai krizis kialakulasat (Virag és
Szabo, 2002).

A PARP-1 és a PARP-2 enzim t6bb ponton is befolyasolja a génexpressziot (Frizzell és
mtsai, 2009, Kraus és Hottiger, 2013). A PAR polimerek modosithatjak a kromatinszerkezetet és
igy a DNS hozzaférhetéségét (Aubin és mtsai, 1983, de Murcia és mtsai, 1986, de Murcia és
mtsai, 1988). A PARP-1 és a PARP-2 transzkripcidés kofaktorként enhanszer, promoéter és
inzulator elemekhez kapcsoldédhatnak és Osszetett génexpresszidos valtozasokat okozhatnak
(Kraus, 2008). A PARP enzimek és a transzkripcid kapcsolataban tébb a megvalaszolatlan
kérdés. Nem ismert, hogy a PARP enzimek transzkripciés kofaktor funkcidjahoz szikséges-e
az enzimatikus aktivitas (Hassa és mtsai, 2001, Oliver és mtsai, 1999). Mindenesetre ugy
tinik, hogy a NAD" szint befolyasolja a PARP-1 miikodését a transzkripcios fokuszokban
(Berger és mtsai, 2007, Kim és mtsai, 2004, Zhang és mtsai, 2012).

Az el6bbiekben leirt folyamatok egyszerre jelennek meg kilénbdzé élettani és korélettani

folyamatokban (pl. gyulladasos folyamatok, vagy a gyok kozvetitette események) (Virag és
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Szabo, 2002). A PARP-1 delécidja vagy PARP inhibitor kezelés védelmet nyujt az oxidativ
stresszel jellemezhetd betegségek ellen (Pacher és mtsai, 2007, Virag és Szabo, 2002). A
PARP-2 deléciéja ezzel szemben csak részleges védelmet nyujt hasonlé koérképekben
ismeretlen hatasmechnizmuson keresztil (Kofler és mtsai, 2006, Popoff és mtsai, 2002). A
PARP-medialt citotoxicitassal jellemezhetd betegségek szama jelentés. Etioldgigjukat tekintve
vegyesek, gyakoriak koztlk a gyulladasos betegségek vagy egyes gyogyszerek (példaul
citosztatikumok) mellékhatasaként jelenik meg a PARP aktivacio. llyen citosztatikum példaul a
kisérleteinkben alkalmazott doxorubicin (DOX), amely egy antraciklin tipusu citosztatikum és
alkalmazasa gyakran okoz kardiovaszkularis karosodast (Singal és lliskovic, 1998). A
mitokondridlis elektrontranszport lanc a DOX-ot részlegesen szemikinonna redukalja. A
mitokondriumbal kikerllé szemikinon kinonna oxidalédik, az elektront a kérnyezetébe leadja és
igy szabad gydkoket general (Davies és Doroshow, 1986, Doroshow és Davies, 1986, Pacher
és mtsai, 2003). A szabad gydkok DNS szalak toéréséhez és a PARP-1 aktivaciéjahoz vezetnek
(Pacher és mtsai, 2002), ami tébb utvonalon (pl. a mitokondrialis funkcié karositasa) keresztll a
kardiomiocitak, az erek simaizmai, illetve az endotél sejtek diszfunkcidjat eredményezik (Bristow

és mtsai, 1981, Danz és mtsai, 2009, Dawer és mtsai, 1988, Taga és mtsai, 1987).

1.3. A poli(ADP-rib6z) polimeraz enzimek metabolikus szerepe
A PARP-1 és a PARP-2 enzimek metabolizmust szabalyzé szerepe, hasonléan, mint a fent
bemutatott folyamatokban, tébb elemi jelenségre vezethetd vissza, szerepet jatszik benne a

NAD" szint, specifikus fehérjék PARIilacioja, jelatviteli utak, illetve a génexpresszié médosulasa.

1.3.1 A PARP aktivacié akut metabolikus hatasai

Nagymeérték(, akut genotoxikus stressz a DNS-figgé PARP enzimek aktivalasan keresztil a
sejtek NAD® szintjének drasztikus csOkkenéséhez, és kovetkezményesen az ATP szint
csokkenéséhez vezet (Berger, 1985). Ezen feliil NAD™ hianyaban lelassul a glikolizis (Ying és
mtsai, 2002). A fokozott PARP aktivaciot kovetd glikolitikus fluxus csokkenést kimutattak
asztrocitakban, majban, vesékben és a kdzponti idegrendszerben (Devalaraja-Narashimha és
Padanilam, 2009, Erdelyi és mtsai, 2009, Lin és Yang, 2008, Mongan és mtsai, 2002, Mongan
és mtsai, 2003, Sharma és mtsai, 2005, Ying és mtsai, 2002, Ying és mtsai, 2003).

1.3.2 Mitokondrialis poli(ADP-ribozil)acié

A PARP-1 aktivacié rontja a mitokondrialis funkciot, bar jelenleg nem tudjuk pontosan

meghatarozni, hogy ez a NAD" szint cstkkenésébél, a glikolizis lassulasabdl, vagy a PARP-1
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valamilyen direkt hatasabol adédik. Canuelo és munkatarsai (Canuelo és mtsai, 2011)
kimutattak, hogy PARP-1 hianyos fibroblasztokban a mitokondrialis II, Il és IV komplex
aktivitasa megndvekszik. Klaidman és munkatarsainak (Klaidman és mtsai, 2003), illetve Zhou
és munkatarsainak (Zhou és mtsai, 2006) eredményei arra utalnak, hogy a PARP-1 aktivacié
blokkolja az |. komplexet. Niere és munkatarsai (Niere és mtsai, 2008) egy mesterséges,
roviditett PARP fehérjelancot és mitokondridlis lokalizacios szignalt tartalmazé konstrukt
segitségével kimutattak, hogy a PARP aktivitas névelése a mitokondriumban a mitokondrialis
funkcié zavarahoz vezetett, a glikolitikus fluxus valtozasa nélkil. Tobb csoport is kimutatott
PARIlalt mitokondridlis fehérjéket, vagy a PARP-1 enzimmel kdlcsénhatd proteineket (Du és
mtsai, 2003, Lai és mtsai, 2008), bar tébben vitatjak ezeket az eredményeket. A PARG bizonyos
izoformai és az ADP-ribozilhidrolaz-3 (ARH3) is jelen vannak a mitokondriumban (Niere és
mtsai, 2008, Oka és mtsai, 2006). Vagyis a teljes PARIlaciés ciklusbdl a PAR-t eltavolitd
enzimek megtaldlhatéak a mitokondriumban, azonban a PAR-t szintetizal6 enzim(ek)et nem
tudtak minden kétséget kizaré6 modon kimutatni a mitokondriumban (jelenleg is tébb csoport
dolgozik ezek azonositdsan). Az akceptor fehérjékre vonatkozé eredményekkel kapcsolatban
tobb kétely is felmertlt (a preparalas soran aktiv, magi PARP-okkal kerilhettek kapcsolatba a
mitokondridlis fehérjék). A mesterségesen indukalt mitokondrialis PARilacido csokkenti a
mitokondridlis aktivitast, vagyis ha létezik mitokondrialis PARIilacio, annak mindenképpen

jelentés hatasa van a mitokondrialis aktivitas szabalyzasara.

1.3.3. PARP enzimek és novekedési faktor receptor jelatviteli Gtvonalak kdlcsonhatasai

A PI3 kinaz-Akt atvonal kiemelt fontossagu az inzulin és a ndvekedési faktorok jelatviteli
folyamataiban. A PI3 kinaz a sejtmembranhoz asszocialt és kapcsolatban van tirozin kinaz
receptorokkal. A tirozin kindz receptorok aktivacija esetén a jel tovabbitdsaban koézponti
szerepe van a PI3 kinaznak és tble lefelé helyez6dd Akt aktivaciojanak. Az Akt aktivaciod
befolyasolja a sejtek tulélését stresszben, a gliikoz metabolizmust és a sejtek ndvekedését. Mint
azt az elébbiekben bemutattam, hogy a PARP gatlas védelmet nyujt az oxidativ stressz altal
kivaltott NAD" és ATP deplécio ellen. Simegi Balazs kutatocsoportja kimutatta, hogy a P13 kinaz
— Akt utvonal is részt vesz a PARP gatlas védd hatasanak kialakitasaban (Palfi és mtsai, 2005,
Radnai és mtsai, 2012, Tapodi és mtsai, 2005). Egyelére nem ismert, hogy a PARP inhibitor
kezelés soran bekdvetkezd PI3 kindz — Akt utvonal aktivitdlodasa milyen metabolikus
valtozasokat okoz.
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1.3.4. PARP enzimek és energia stressz utvonalak kélcsdonhatasai

A PARP-1 aktivitas Osszefliggést mutat az AMP-aktivalt kinaz (AMPK) és az mTOR
(mammalian Target Of Rapamycin) utvonallal. Az mTOR két, alegységeiben kiilénb6z6 komplex
formajaban van jelen: mMTORC1 és mTORC2 (Guertin és Sabatini, 2007). Az mTORC1 feladata
a kérnyezet tapanyaggal valo ellatottsaganak (aminosav és glikoz) érzékelése. Az mTORC1
aktivaciojahoz vezet, ha a kdérnyezetben magas az aminosavak és a glikéz mennyisége
(Guertin és Sabatini, 2007). A PARP aktivacio gatolja az mTORC1 aktivitast (Ethier és mtsai,
2012, Huang és Shen, 2009, Huang és mtsai, 2009, Munoz-Gamez és mtsai, 2009). Az
mTORC1 komplexet gatlé rapamicin alkalmazasa azonban gatolja a PARP aktivaciét, bar nem
kozvetlenll kapcsolodik a PARP-1-hez - nem kizart, hogy az mTORC1 aktivitasanak valtozasa
all a jelenség hatterében (Fahrer és mtsai, 2009).

Az AMPK egy tébb alegységbél allé kindz, amely képes a sejtek energiatoltottségének
érzékelésére. Az ATP/AMP arany csokkenése, azaz ndvekvé AMP koncentracié az AMPK
aktivaciojahoz vezet, ami fokozza a mitokondrialis biogenezist. A PARP-1 és az AMPK egyrészt
fizikai kdlcs6nhatasban van egymassal (Zhou és mtsai, 2012). Masrészt, a két enzim aktivitasa
egymast potencirozé hatast mutat - az AMPK aktivacio néveli a PARP-1 aktivitasat és forditva
(Walker és mtsai, 2006, Zhou és mtsai, 2012). Itt kell megemliteni, hogy az AMPK aktivacio
gatolja az mTORC1 komplex aktivitasat (Inoki és mtsai, 2012), vagyis a két utvonal mikdodése
Osszefligg, ami arra utal, hogy az energiaszenzor Utvonalak és a PARP enzimek kozotti

Osszefliggés sokkal bonyolultabb lehet, mint arra jelenlegi ismereteink utalnak.

1.3.5 A poli(ADP-rib6z) polimeraz enzimekkel kélcsénhaté metabolikus regulatorok: a
peroxiszéma proliferator aktivalt receptor-y (PPARYy)

A magreceptorok kozponti szerepet jatszanak a metabolikus és a hormonalis
szabalyzasban. A magreceptor dimerek az egyes gének promoétereiben talalhatdé specifikus
valaszadod szekvenciakhoz kapcsolddnak jellegzetes DNS-k6t6 doménjikon keresztll (Francis
és mtsai, 2003). A magreceptorokhoz nagyszamu kofaktor kapcsolddik, amelyek alapvetéen
meghatarozzak a magreceptorok aktivalt vagy represszalt allapotat (Feige és Auwerx, 2007,
Francis és mtsai, 2003). A komplex tagjai a magreceptorok ligandkotésétdl fliggben
kicserélhetéek. Altalanossagban elmondhaté, hogy a ligand hianyaban a magreceptorokhoz
represszorok kapcsolodnak, mig a ligand bekétédése a represszorok levalasat és koaktivator
molekulak bekétddését okozza. Mind a koaktivatorok, mind a korepresszorok elsésorban a
kromatinszerkezet modulalasaval fejtik ki a hatasukat. A korepresszorok zartabb, nehezebben

hozzaférhetd kromatinszerkezetet alakitanak ki, mig a koaktivatorok nyiltabba és
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hozzaférhet6bbé teszik a kromatint - epigenetikai hatas (Feige és Auwerx, 2007). A
magreceptorok  aktivitasaban  bekovetkez6  valtozas a  génexpresszids  mintazat
atrendez6déséhez vezet (Green és Chambon, 1988, Mangelsdorf és mtsai, 1995). A
magreceptorok ligandjai gyakran hormonok, a metabolizmus kozti termékei, vagy a taplalék
bizonyos &sszetevéi, vagyis a magreceptorok elésegitik a sejtek szdvetek alkalmazkodasat a
metabolizmus, vagy a taplalékbevitel valtozasaihoz.

A PARP-1 tdbb magreceptorral is kdlcsénhat (1. tablazat). Munkank soran a peroxiszoma
proliferator aktivalt receptor (PPAR)y-val foglalkoztunk. A PPARYy receptoron kivill a PPARa és a
PPARPB/® tartozik a PPAR-ok kdzé. Mindharom receptor dimert alkot a retinoid X-receptorral
(RXR). Bar mindharom receptor szerteagazé metabolikus szereppel bir, a PPARa elsésorban a
maj, a PPARB/® (a disszertacioban &-ként fogom jeldini) pedig a harantcsikolt izmok lipid
haztartasat (Francis és mtsai, 2003), mig a PPARy (NR1C3) fehér zsirszévet miikddését és
differencialodasat szabalyozza (Auwerx és mtsai, 2003, Brun és Spiegelman, 1997, Fajas és
mtsai, 1997). A PPARy fehérjének két izoformaja van, PPARy1, amely ubikviter, illetve a
PPARy2, amely a zsirszOvetre és a makrofagokra jellemzé. A két izoforma alternativ splicing
eredménye, a PPARy, 28 aminosavval hosszabb, mint a PPARy, (Fajas és mtsai, 1997). A
PPARy-t kisméretl lipofil ligandok aktivaljak, példaul a taplalékbdl, vagy metabolikus
utvonalakbdl szarmazoé zsirsavak, vagy az antidiabetikus tiazolidindionok (Auwerx és mtsai,
2003, Brun és Spiegelman, 1997, Fajas és mtsai, 1997). A PPARy-RXR dimer az energia, a lipid
és a glikéz homeosztazist befolyasold gének expresszidjat szabalyozza (Auwerx és mitsai,

2003, Brun és Spiegelman, 1997, Fajas és mtsai, 1997).
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1. tablazat. A PARP-1 enzimmel kdlcsé6nhaté magreceptorok

Magreceptor A PARP szerepe és/vagy a kélcsénhatas eredménye Hivatkozas
Osztrogén A PARP-1 aktivitdsa ahhoz sziikséges, hogy az ER aktivacié soran a | (Sripathy és mtsai, 2008)
receptor (ER) | topoizomeraz IIf altal kialakitott DNS térések hatékonyan javithatéak | (Ju és mtsai, 2006)
legyenek. Az Gsztrogén gatolja a PARP-1 aktivaciét. Az dsztrogén adasa | (Mabley és mtsai, 2005)
gatolja a PARP-1 aktivitast.
Progeszteron | A PR kdlcsénhat a PARP-1-gyel. A progeszteron aktivalja a PARP-1-et. (Burzio és Koide, 1977)
receptor (PR) (Sartorius és mtsai, 2000)
(Ghabreau és mtsai, 2004)
Reténsav A PARP-1 az RAR pozitiv kofaktora. (Pavri és mtsai, 2005)
receptor (RAR)
Retinoid X A PARP-1 masodik cink ujja (FIl) felelés az RXR-rel toérténd | (Miyamoto és mtsai, 1999)
receptor (RXR) | kélcsénhatasért.
Tiroid receptor | A PARP-1 a TR pozitiv kofaktora. A PARP-1 aktivitasa sziikséges a | (Pavri és mtsai, 2005)
(TR) TR/RXR dimer miikédéséhez, viszont a PARP-1 overexpresszidja gatolja a | (Miyamoto és mtsai, 1999)
dimer miikodését.
RXR/PPARy | A PARP-1 sziikséges a normalis PPARY fliggd transzkripcidohoz. (Erener és mtsai, 2012)
A PARP-1 tulaktivacidja gatolja az adiponektin transzkripciét a PPARy | (Huang és mtsai, 2009)
PARIlacidjan keresztl.
Neuron- A PARP-1 overexpresszio gatolja a NOR1 medialt transzkripciot. (Ohkura és mtsai, 2008)
derived orphan
receptor 1
(NOR1)
Androgén A PARP-1 az AR promoterének pozitiv regulatora. (Shi és mtsai, 2008)
receptor (AR)
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A magreceptorokkal valé kdlcsdnhatasban — az eddigi adatok szerint - a PARP-1 masodik
cink-ujjanak (Hossain és mtsai, 2009, Miyamoto és mtsai, 1999, Pavri és mtsai, 2005) és a
BRCT (Ohkura és mtsai, 2008) doménnek van szerepe. A PARP-1 aktivacié diverz médon hat
az egyes magreceptorokra. Mig a PPARy (Huang és mtsai, 2009) és a NOR-1 (Ohkura és
mtsai, 2008) esetében a PARP-1 aktivacidéja gatolja a magreceptorok aktivitasat, ezzel
ellentétben az ER-fliggd promoéterek esetében a PARP-1 aktivacio szikséges az ER-fliggd
transzkripcios aktivaciéhoz (Ju és mtsai, 2006). A PARP enzimek és a magreceptorok

molekularis kapcsolata és a kdlcsdnhatas fizioldgiai jelentésége javarészt feltaratlan terdlet.

1.3.6 A poli(ADP-rib6z) polimeraz enzimekkel kdlcsénhaté metabolikus regulatorok: a
SIRT1

A sirtuin (SIRT) enzimek csaladjaba 7 fehérje tartozik, kézulik a legjobban a SIRT1 enzimet
jellemezték. A SIRT1 egy NAD™ fiiggé, llI. tipusu deacetilaz enzim (Imai és mtsai, 2000), amely
a magreceptorok kofaktoraként miikadik.

Az acetil csoport lehasitasaval egyidében az enzim egy NAD" molekulat elhasit ADP-ribozra
és nikotinamidra, majd a lehasitott acetil csoportot az ADP-rib6zhoz kéti O-acetil-ADP-rib6zt
hozva létre (Imai és mtsai, 2000). SIRT1 NAD"-ra vonatkoztatott Km értéke a sejtek fizioldgias
NAD" szintiéhez kozel esik, vagyis valoszin(, hogy a sejtek NAD® szintjének valtozasa
szabalyozza a SIRT1 enzim aktivitasat (Chen és mtsai, 2008, Houtkooper és mtsai, 2010,
Rodgers és mtsai, 2005). A NAD" szint emelkedése az éhezésre jellemzd allapot. Ennek
megdfeleléen a SIRT1 enzim aktivacidja az éhezés, illetve az éhezésre hasonlitd allapotokra
jellemzé (Guarente, 2000, Imai és mtsai, 2000). A NAD" szint kbzponti szerepére utal a SIRT1
aktivitas szabalyzasaban az a megfigyelés is, hogy NAD® el6anyagok adasaval fokozhat6 a
SIRT1 aktivitdsa (Canto és Auwerx, 2012, Canto és mtsai, 2012).

A gyors szubsztratfliggd szabalyozason kivil a SIRT1 expresszidja is koveti a tapanyag
ellatottsagot. A SIRT1 promoéterének aktivitasat tobb transzkripciés faktor befolyasolja. Ehezés
soran a cAMP response element binding protein (CREB), PPAR-ok, vagy a FOXO-k fokozzak a
SIRT1 expressziét (Canto és Auwerx, 2012), mig a magas glikéz szint altal (megfelelé
taplaltsag) aktivalt faktorok, mint a carbohydrate response element binding protein (ChREBP) a
SIRT1 expresszié negativ regulatorai (Noriega és mtsai, 2011).
génexpresszio atalakitdsaval. A SIRT1 szdmos transzkripciés faktor deacetilaciojara képes (pl.
peroxisome proliferator activated receptor y coactivator (PGC)1a) PPAR-ok, sterol regulatory
element binding protein (SREBP)-1, liver X receptor (LXR), FOXO-k, CREB, CREB regulated
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transcription coactivator-2 (CRTC2) (Canto és Auwerx, 2012). Ezen transzkripciés faktorok
mikodésének megvaltozasa az energiaigényes felépitd folyamatok helyett a lebontd,
energiatermeld folyamatokat aktivalja. Az energiatermelés a zsirsavak és a szénhidratok
oxidaciéjahoz, illetve a mitokondridlis biogenezis aktivacidjahoz koétheté (Canto és Auwerx,
2012). A SIRT1 aktivacié a mitokondrialis biogenezis indukciéjat okozza tébb szervben: a
majban, a BAT-ban és a harantcsikolt izomban (Feige és mtsai, 2008, Lagouge és mtsai, 2006).
A harantcsikolt izomban a mitokondriumok szamanak és aktivitdsanak a fokozédasa egydutt jar
az un. izomrost izotipusvaltassal. Az izotipusvaltas soran a kontraktilis rendszer elemei is
megvaltoznak (pl. miozin nehéz lanc), illetve megemelkedik az oxigén széveti tarolasaban fontos
mioglobin expresszidja is (Feige és mtsai, 2008, Lagouge és mtsai, 2006). A SIRT1 aktivacié az
oxidativ I. tipusu (lassu), illetve lla tipusu rostok megjelenésének kedvez (Feige és mtsai, 2008,
Lagouge és mitsai, 2006). A pankreasz béta-sejtieiben a SIRT1 overexpresszidja a
mitokondrialis funkcié ugrasszer( javulasahoz és az inzulin szekrécié ndvekedéséhez vezet
(Moynihan és mtsai, 2005).

1.3.7. A PARP enzimek ismert metabolikus funkcioi

A legelsé megfigyeléseket, amelyek a PARP enzimeket metabolikus folyamatokhoz
kotottek, a fehér zsirszovet vizsgalata soran tették. Janssen és Hilz (Janssen és Hilz, 1989)
kimutatta, hogy 3T3-L1 preadipocitak differencialédas soran PAR keletkezik. Amikor Zhao-Qi
Wang és munkatarsai 1995-ben (Wang és mtsai, 1995) elkészitették az els6 PARP-1 knockout
egértorzset, azt talaltdk, hogy a PARP-1 delécidja a testsuly és a fehérzsir depok méretének

ndévekedését okozta. Smulson és munkatarsai (Smulson és mitsai, 1995) 3T3-L1 sejtek

A PARP-1 tulaktivacié és a mitokondrialis funkcié romlasa kozott az dsszefliggést Virag
Laszlo és munkatarsai tartak fel (Virag és mtsai, 1998), ez volt az elsé utalas arra, hogy a
PARP-1 és a mitokondrialis aktivitas kozott 6sszefliggés van. Azonban sokaig a PARP-1 és a
mitokondrium kapcsolatat egyiranyunak ismertik, ahol a PARP-1 aktivacio rontja a
mitokondrialis funkciot. A SIRT1 és a PARP-1 kapcsolatat - amelyet a disszertacidéban targyalni
fogok - el6sz6r Zhang vetette fel (Zhang, 2003), majd azt, hogy a PARP-1 — SIRT1 kapcsolatnak
lehet metabolikus vetllete el6szor Asher és munkatarsai (Asher és mtsai, 2010) mutattak ki.
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2. Célkitlizések

Mint azt az el6z6 fejezetben attekintettem, a PARP enzimek komplex mdédon kapcsolédnak
a metabolikus regulator halézatokhoz. Megfigyelések utalnak arra, hogy a tulzott PARP aktivacié
karositja a mitokondrialis funkciét (Virag és mtsai, 1998), illetve a PARP aktivitas szikséges
zsirsejtek (Janssen és Hilz, 1989, Smulson és mtsai, 1995)). Tovabba a PARP-1 tdbb
energiaszenzor utvonallal is kélcsonhat (Palfi és mtsai, 2005, Walker és mtsai, 2006).

A PARP enzimeket hagyomanyosan a DNS hibajavitas enzimeiként ismerik, transzkripcids
szereplket az elmult évtizedben kezdték részleteiben feltarni és megismerni, metabolikus
hatasaikat illetéen csak rész ismeretekkel rendelkeziink. Az eredmények egy része jelentés
ellenmondasokat hordoz (példaul: a PARP-1 sziikséges-e a zsirsejt differenciaciohoz, vagy
aktivacioja inkabb gatolja a folyamatot?). Célunk — ennek megfeleléen - annak a mélyebb
vizsgalata volt, hogy a PARP enzimek milyen médon vesznek részt a metabolikus regulaciéban,

amelyhez az alabbi kérdéseket kivantuk megvalaszolni.
1. APARP-1 enzim hogyan befolyasolja a metabolikus szervek, szovetek mikddését?

2. A PARP-2 enzim hogyan befolyasolja a metabolikus szervek, szévetek miikodését?

3. Képes védelmet nyujtani a PARP-2 delécidja oxidativ karosodas ellen?
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3. Kisérleti médszerek attekintése

3.1 In vivo kisérletek

3.1.1 Egerek

A kisérletekben hasznalt PARP-1"" és PARP-1"" (Menissier-de Murcia és mtsai, 1997), illetve a
PARP-2"* és PARP-2" (Menissier-de Murcia és mtsai, 2003) egerek heterozigéta
keresztezésekbdl szarmaztak. Kulén jeldltem, ahol C57BI6 him egereket hasznaltam
farmakoldgiai kisérletekben vagy sejtpreparalashoz. Az allathazban a napszakok 12 éranként
valtottak egymast, az allatoknak ad libitum hozzaférése volt a taplalékoz (chow vagy magas
zsirtartalmu taplalék, 60% hiperkalorikus diéta). Az egerek 87,5% C57/BI6J 12,5% SV126

hattéren voltak.

3.1.2 Metabolikus mérések

Az allatok taplalékfogyasztasat minden héten ugyanazon a napon mértuk.

Az oralis/intraperitonealis glikoztolerancia (ipGTT/OGTT), intraperitonealis inzulintolerancia
(ipITT), az intraperitonealis piruvat tolerancia (ipPTT), illetve a hidegtolerancia kisérleteket
Lagouge és mtsai szerint végeztik el (Lagouge és mtsai, 2006).

A PJ34 kezelés 12 6ranként tortént (7:00 és 19:00-kor) 10 mg/kg PJ34-et adtunk az allatoknak
intraperitonealis injekcié formajaban 6t egymast koveté napon.

Az O, fogyasztast, CO, termelést és a spontan lokomotor aktivitast (aktimetria) indirekt
kaloriméterben hataroztuk meg (Sabre systems, Las Vegas, NV, USA) 48 o6ras medfigyelés
soran. Az energia felszabadulast az O, fogyasbdl egy konstans (20.1 J/ml O,) segitségével
szamitottuk ki. Az aktimeria soran az infravordés nyaldb megszakitasokat 15 perces
id6intervallumokban dsszegeztiik, abrazoltuk az id6 fliggvényében és AUC-t szamoltunk.

Az euglikémias-hiperinzulinémias clamp kisérleteket Feige és mtsai (Feige és mtsai, 2008)
szerint végeztik el.

Az egerek kifaradasig tarto futtatasa (forced running) Cantdé és mtsai (Canto és mtsai, 2009)
eljarasa alapjan tortént.

A metabolikus kisérletekben az allatokat CO, inhalaciéval vagy cervikalis diszlokacioval 14:00-

kor oOltik le 6 6ra éhezés utan.
3.1.3. Akut doxorubicin modell

A kisérletben négy kohortot alakitottunk ki PARP-2"* és PARP-2" kontroll (CTL), illetve PARP-
2" &s PARP-2" doxorubicin (DOX) kezelt csoportokat. A DOX kezelt allatok i.p. 25 mg/kg DOX-
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ot kaptak, majd az aortakat a kezelést kdvetd 2. napon eltavolitottuk funkcionalis és biokémiai
vizsgalatok céljabdl.

Az aorta funkcionalis vizsgalata soran a kimetszett 4-5 mm-es aorta darabokat két fémdrot
segitségével egy erdatviteli rendszerhez (Helpern-Mulvany arteriograph, DMT510A system,
Danish Mpyotechnology, Aarhus, Dania) kapcsoltuk, majd normalizaltuk (azonos mértéki
feszllést hoztunk létre bennlk) és megvizsgaltuk, hogy az aortak életképesek-e (KCl kezelés).
A kontrakciot kivaltd anyagokat (szerotonin és norepinefrin) emelkedd higitasban adtuk a
rendszerhez. A relaxacié vizsgalatahoz az ereket norepinefrinnel eléfeszitettiik, majd az endotél
flggb relaxaciét acetilkolinnal, mig az endotélium figgetlen relaxaciot natrium-nitroprussziddal
valtottuk Ki.

3.2 Sejtes kisérletek

3.2.1. Sejtvonalak és azok kezelése

A primer embrionalis fibroblasztokat (MEF-eket) a Menissier-de Murcia és mtsai (Menissier-de
Murcia és mtsai, 2003) altal leirt médon preparaltuk és 10% FCS DMEM (1 g/L glukoz)
konfluenciaig novesztettilk, majd differenciacios médiumot tettlink a sejtekre (DMEM (1 g/L
glikéz) 10% NCS 5 pM troglitazone (TZD), 5 uyM dexamethasone (Dex), 500 uM IBMX and 10
pg/ml inzulin), mig a kontroll sejtek 10% FCS DMEM (1 g/L glukéz) 0,21% DMSO médiumot
kaptak. A médiumot két naponta cseréltik, a differenciacié nyolc napig tartott.

A 3T3-L1 preadipocitakat DMEM (1 g/L glikoz) 10% NCS médiumban tartottuk fenn.

A HEK293T sejteket DMEM (1 g/L glikéz) 10% FCS médiumban tartottuk fenn.

SIRT1” és SIRT1"* MEF sejteket Chua és mtsai (Chua és mtsai, 2005) irtak le, 10% FCS
DMEM (1 g/L glikéz)-ben tartottuk fenn.

A C2C12 mioblasztokat DMEM-ben (4,5 g/l glikéz, 10% FCS) tartottuk fenn, differenciacidjukat
a szérumszint csdkkentésével inditottuk be (2% 16 szérum). A sejteket két nappal a
differenciacid6 meginditasa utan kezeltik farmakologiai szerekkel. Létrehoztunk PARP-2
csendesitett C2C12 sejteket. C2C12 sejtekbe PARP-2 specifikus és egy nem specifikus
szekvenciat vittlink be lentivirdlis vektorok felhasznalasaval, majd a sejteket 2,5 pg/ml
puromicinnel szelektaltuk és a tulélé sejteket hasznaltuk a kisérleteinkben (ezeket a sejteket
fenntartottuk és differencialtattuk kisérleteinkben). A deplécié hatékonysagat RT-qPCR-ral,
illetve Western blottal ellenériztik.
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MOVAS artéria simaizom sejteket az ATCC-t6l szereztik be és DMEM-ben tartottuk fenn (4,5
g/L glikéz, 10% FCS, 0,2 mg/ml G418). A PARP-2 deplécidja a C2C12 sejtekhez hasonl6éan

tortént. A sejteken a méréseket 7 6raval a DOX kezelés utan végeztik el.

3.2.2. Transzfekcié
A transzfekcidokat a BES pufferelt s6 moddszerrel, vagy a JetPei reagenssel végeztik el
(Schreiber és mtsai, 2002).

3.3 Molekularis biolégiai és biokémiai modszerek

3.3.1 Konstruktok

A pGL3-(Juw)3TKluc riporter konstrukt, a pSG5-PPARYy,, pSG5-PPARa, pSG5-PPARS, pCMX-
ERB, a vitellogeninA2-ERE-TKLuc (ER-luc), pCMX-ERB, pCMV-BGal, a SIRT1 promoter riporter
konstruktok, a SIRT1 csendesitésére valé adenovirus alapu konstrukt, a PARP-1
csendesitésére vald konstrukt, a FLAG-HA-PGC1a ismert konstruktok, leirasuk megtalalhaté a
disszertacio alapjat képez6 kdzleményekben.

A pSuper-siPARP-2 és a pSuper-scrPARP2 konstruktok kétszalu oligonukleotidokat (melyek a
PARP-2 specifikus szekvenciat (pSuper-siPARP-2 esetében) vagy az aspecifikus szekvenciat (a
pSuper-scrPARP-2 esetében) tartalmaztak kétszer egymas utan egy hurokkal elvalasztva).

A pBabe-PARP2 vektor elkészitése soran a PARP-2 cDNS-ét a pBABEpuro vektor SnaBl

helyére klonoztuk.

3.3.2 Transzkripcioés faktor transzaktivacié tanulmanyozasa

A transzkripciés faktorok transzaktivaciéjanak meghatarozasara luciferaz riporter esszét
alkalmaztunk. Az alabbiakban a kisérletek altalanos menetét ismertetem, a 2. tablazat
tartalmazza az alkalmazott konstruktok koncentracidit, a sejtvonalakat és az inkubacios id6ket.

A sejteket hat lyukd lemezeken ndvesztettik. A HEK293T sejtekben a PARP-2-t vagy
depletaltuk, vagy overexpresszaltuk, melyhez harom napra volt sziikség. MOVAS esetében
PARP-2 csendesitett és PARP-2 expresszalé (kontroll) vonalakkal dolgoztunk. A 2. tablazatban
részletezett konstruktokkal a sejteket transzfektaltuk a mérés napjan, majd a jelzett inkubaciés
id6 letelte utan a sejteket felkapartuk és meghataroztuk a 3-galaktozidaz és a luciferaz aktivitast.
A luciferaz aktivitast a B-galaktozidaz aktivitasra normalizaltuk.

A PPAR receptorok aktivitdsnak a vizsgalata soran a sejtek zsirmentes FCS-t tartalmazoé
médiumban voltak, az egyes PPAR receptorok aktivalasara kilénb6zé ligandokat alkalmaztunk:
PPARa — fenofibrat (FF, 50 uM); PPARd - mono-etil-hexil-ftalat (MEHP, 100 uM) (Feige és
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mtsai, 2007); PPARy — troglitazon (TZD, 5 uM). Az 6sztrogén receptor B (ERB) aktivalasara [3-
Osztradiolt (10 uM) hasznaltunk.

23



dc_792 13

2. tablazat. A luciferaz riporter esszékben alkalmazott eljarasok részletei

Kisérlet Sejtvonal Konstruktok (név, mennyiség) Inkubacié
PARP-2 expresszi6 HEK293T 0,6 ug pSuper-siPARP-2/pSuper- 6 ora
hatasa PPARa scrPARP-2/pBabe/pBabe-PARP-2
transzaktivaciora 1 ug pSG-PPARa

1 pug pGL3-(Jwt)sTKluc

0,4 ug pCMV-Bgal
PARP-2 expresszio HEK293T 0,6 ug pSuper-siPARP-2/pSuper- 6 ora
hatasa PPARYy scrPARP-2/pBabe/pBabe-PARP-2
transzaktivaciora 1 ug pSG-PPARY

1 pug pGL3-(Jw)s TKluc

0,4 ug pCMV-Bgal
PARP-2 expresszi6 HEK293T 0,6 ug pSuper-siPARP-2/pSuper- 6 ora
hatasa PPAR® scrPARP-2/pBabe/pBabe-PARP-2
transzaktivaciora 1 ug pSG-PPARS

1 1g pGL3-(Jut)3TKluc

0,4 ug pCMV-Bgal
PARP-2 expresszi6 HEK293T 0,6 ug pSuper-siPARP-2/pSuper- 6 ora
hatasa ERB scrPARP-2/pBabe/pBabe-PARP-2
transzaktivaciora 1 ug pSG- ERB

1 ug vitellogeninA2-ERE-TKLuc

0,4 ug pCMV-Bgal
PARP-2 expresszi6 HEK293T 1 ug of pSuper-shPARP-2/pSuper- 10 6ra
hatasa a SIRT1 scrPARP-2/pBabe/pBabe-
promoterének PARP-2
mikodésére 1.6 ug SIRT1 promoter riporter

0,4 ug pCMV-Bgal
PARP-2 expresszi6 MOVAS 8 ug SIRT1 -91 promater riporter 48 o6ra
hatasa a SIRT1 4 ug pCMV-Bgal
promoterének
mikddésére
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3.3.3. Aramlasi citometria technikak

A differencialt MEF-eket nilusvords festékkel festettik (20 pg/ml, 5 perc), majd a sejteket
mostuk, tripszineztilk és aramlasi citometriai vizsgalatnak vetettik ala. A differenciaciot az
Osszes mért sejt szazalékaban adtuk meg és levontuk a nem differencialtatott kontroll sejtekben
meghatérozott differencialt sejtek szazalékat.

Hidroetidin festés - hidroetidin festést Bai és munkatarsai szerint végeztiik el (Bai és mtsai,
2001).

3.3.4. Fehérje azonositashoz hasznalt technikak

SDS-PAGE, Western blot - A sejteket, vagy szdveteket lizis pufferben (50 mM Tris, 100 mM
KCl, 1 mM EDTA, 1% NP40, 5 mM NAM, 1 mM Na-butirat, proteaz inhibitor koktél (Sigma, 100x
higitas) pH 7,4; illetve néhany esetben 50 mM Tris, 500 mM NaCl, 1 mM EDTA, 1% NP40, 1
mM PMSF, proteaz inhibitor koktél, pH 8.0 puffert alkalmaztunk) feltartuk, majd a fehérjéket
SDS-PAGE eljarassal elvalasztottuk és nitrocelluléz membranra blotoltuk. A membranok
blokkolasa utan az els6dleges, majd a hozza tartozé masodlagos antitestekkel kezeltik a
membranokat és a jelet ECL technikaval hivtuk el6. Az els6dleges antitestek gyartdja, illetve az
alkalmazott higitasa a vonatkozé kézleményben talalhaté. A blotokat Imaged szoftverrel is
kiértékeltlk.

Immunprecipitacio — A sejteket lizispufferben (50 mM Tris, 100 mM KCI, 1 mM EDTA, 1% NP40,
5 mM NAM, 1 mM Na-butirat, proteaz inhibitor koktél (Sigma, 100x higitas) pH 7,4) feltartuk,
majd a lizatumokbdl immunprecipitaltuk anti-PGC1a, anti-FOXO1, anti-tubulin és anti-Ndufa9
antitesttel. A precipitatumot két részre osztottuk, SDS-PAGE-et és Western blotot hajtottunk
végre, az egyik membrant anti-acetil-lizin antitesttel, mig a masikat az immunprecipitaciéhoz
hasznalt antitesttel hivtuk el (az immunprecipitalt fehérjére normalizalashoz). HEK293T
sejtekben a HA-PGC1a-t overexpresszaltunk, ebben az esetben az immunprecipitaciohoz anti-
HA antitestet hasznaltunk. C2C12 sejtekben FLAG-HA-PGC1a-t overexpresszaltunk
(adenovirus konstruktrol) és anti-FLAG antitesttel tértént az immunprecipitacié két nappal a

transzdukciét kdvetden. A blotokat Imaged szoftverrel is kiértékeltlk.

Sejtmag izolalas izomrostokbdl — A preparalast Edelman és munkatarsai (Edelman és mitsai,

1965) szerint végeztik el.
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3.3.4. RT-gPCR és qPCR

Az értekezésben az RT-gPCR az RNS mennyiség meghatarozasat, mig a qPCR a DNS
mennyiség meghatarozasat jelzi. A kvantitativ PCR reakciok SYBR green assay-k voltak, az
alkalmazott primerek szekvencidit nem részletezem, ezek a vonatkozé kdzleményekben
megtalalhatéak.

Sejtekbdl és szdvetekbdl teljes RNS-t Trizol reagenssel tisztitottunk, majd 2 uyg RNS-t reverz
transzkripciéval irtunk at cDNS-sé. A specifikus cDNS-ek mennyiségét higitas utan kvantitativ
PCR-ral (gPCR) hataroztuk meg.

Sejtekbdl és szovetekbdl teljes DNS-t (genomi és mitokondrialis DNS-t is tartalmazo
preparatum) proteinaz K emésztést kdvetd fenol-kloroformos extrakcioval tisztitottuk és gPCR-

ral vizsgaltuk.

3.3.5. Kromatin immunprecipitacié

A kromatin immunprecipitaciot Balint és munkatarsai (Balint és mtsai, 2005) szerint végeztik el.
A kromatin fixalasa és feltdrdelése utan a kromatin egyes részeit antitestekkel gydjtottik éssze.
Minden mintabdl vettink a teljes kromatin tartalmazé un. ,input’-ot A PARP-2 koétédésének
kimutatasara PARP-2 specifikus antitestet, a PPARy koétédésének kimutatasara PPARy
specifikus antitestet hasznaltunk, mig a nem specifikus kotédés meghatarozasara egy nem
specifikus antitestet (MMP9-re/MRE11-re/TNF-R1-re specifikus antitestet) és egy antitestet nem
tartalmazé mintat alkalmaztunk. Az 6sszegyjtott kromatin darabokat qPCR-ral vizsgaltuk, olyan
primerparokkal, amelyek specifikusak:

- a PPARYy vezérelt gének promoterére,

- a SIRT1 promoterére,

- Az UCP3 promoterére,

- a PDK4 promoterére, illetve

- a keratin 19 (K19) promoterére.

Az egyes antitestekkel kapott c; értékeket a input (total) értékekre normalizaltuk.

3.3.6. A PARP aktivitas meghatarozasa

A PARP aktivitas jellemzésére tdbb maddszert hasznaltunk. Egyrészt Western blot vagy
immunhisztokémiai technikaval mutattuk ki a PAR szinteket sejtekbdl, illetve szdvetekbdl.
Masrészt tricialt NAD" beépuilését hataroztuk meg és ezzel jellemeztiik a PARP aktivitast. A

modszer lényege, hogy a stimulalt sejteket egy digitonint és *H-NAD*-ot tartalmazé oldatba
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helyezziik tiz percre, majd TCA-val kicsapjuk a fehérjéket és a hozzakapcsolédé PAR
polimereket. A be nem épiilt *H-NAD*-ot elmostuk, majd a csapadékot feloldva a beépiilt *H

radioaktivitast szcintillacids szamlaléval meghataroztuk (Bai és mtsai, 2001).

3.3.7. Sejtek oxigénfogyasztasanak meghatarozasa

A sejtek oxigénfogyasztasat a Seahorse Biosciences XF24, vagy XF96 készilékével (Seahrose
Biosciences, North Billerica, MA, USA) mértik meg. A C2C12 sejteket a mérés el6tt 48 oraval
transzdukaltuk FLAG-HA-PGC1a vagy SIRT1 shRNS-sel. A fuzionalt C2C12 sejteket 1 uM
PJ34-gyel kezeltlik két napon at.

3.3.8. NAD" meghatarozas

A NAD" meghatarozasara vagy kolorimetrias eljarast, vagy témegspektrometriai (MS) médszert
hasznaltunk. Az utébbit Anthony Sauve laboratériumaban végeztik (Sauve és mtsai, 2005).
Sejtfrakcionalast végeztink a NAD® sejten belilli eloszlasanak vizsgalatara. A sejteket
felkapartuk és két részre osztottuk. A sejtek egyik részébél meghataroztuk az 6ssz-NAD'-ot, mig
a masik részét teflon-liveg homogenizatorral homogenizaltuk, majd a homogenizatumot 600
rom-mel centrifugaltuk. A képz6d6 csapadékot mag frakcidnak, majd egy tovabbi
centrifugalassal (7000 rpm) képz6d6 csapadékot a mitokondrialis frakcionak tekintettik. A

csapadékokat két részre osztottuk, az egyikbdl fehérjét, a masikbdl NAD™-ot hataroztunk meg.

3.3.7. Egyéb biokémiai eljarasok

A szabad zsirsav és a triglicerid szintek meghatarozasara kolorimetrias kiteket hasznaltunk.

Az inzulintartalmat ELISA modszerrel mértik (Mercodia).

A malondialdehid meghatarozasara (TBARS assay) soran a sejteket, vagy szoveteket 1,15%
KCI oldatban feltartuk és tiobarbitrusav jelenlétében melegitettiik (90°C, 45 perc), majd a
képz6d6 rézsaszinl terméket 532 nm-en hataroztuk meg fotometriasan. A lipid peroxidacio
mértékét a kontroll szazalékaban adtuk meg.

A m3j lipid tartalmanak meghatarozasara Floch-extrakciot végeztiink el Lagouge és munkatarsai

szerint (Lagouge és mtsai, 2006).
3.3.8 Szekvencia o6sszehasonlitas

Tdébb gerinces faj SIRT1 promodterének a szekvencigjat a Pubmed-rél gylijtottik éssze. Az elsé
300 bp-os szakaszt ("1 - "300) a ClustalW algoritmus segitségével hasonlitottuk 6ssze.
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3.4 Mikroszképia

Hematoxilin-eozin (HE) festés — A HE festést 7 um formalin fixalt metszeteken végeztik el.
Immunhisztokémia — Az immunhisztokémiai protokollt Géhl és mtsai (Gehl és mtsai, 2012)
szerint végeztuk el 7 pm formalin fixalt metszeteken anti-F4/80 antitest (Serotec, Raleigh, NC,
USA, 1:100, DAB el6hivas), anti-PAR (1:500, DAB el6hivas), simaizom aktin (SMA, Novocastra,
Newcastle upon Tyne, UK, 1:300, DAB), illetve inzulin DAKO primer antitestek felhasznalasaval.
Langerhans szigetek méretének meghatarozasa — Minden pankreaszbdl 3-11 reprezentativ
metszetet készitettiink, melyet inzulinra megfestettiink. Minden metszetet lefotéztunk és a
szigetszervek méretét Image J szoftverrel megmértuk.

Oil Red-O festés (ORO) — 1% ORO-val festettink formalin fixalt sejteket, majd PBS-sel
kimostunk a tébblet festéket.

TUNEL assay — A DNS toréseket terminalis deoxiribonukleotidil transzferaz enzim segitségével
digoxigenin kapcsolt dUTP-vel jeldltik, amit digoxigenin antitesttel mutattunk ki.

Szukcinat dehidrogenaz (SDH) festés — A lassu rostok kimutatasara hasznalt szdvetkémiai
modszer, amit Lagouge és mtsai szerint végeztink el (Lagouge és mtsai, 2006).

Transzmissziés elektronmikroszképia (TEM) — A vizsgalatok glutaraldehid fixalt preparatumokon

torténtek az ICS-ben (Strasbourg, Franciaorszag).

3.5 Statisztikai feldolgozas

Két csoport Osszehasonlitasara parositatlan kétszélii t-tesztet alkalmaztunk. Toébb csoport
Osszehasonlitdsara Anova tesztet hasznaltuk, ahol a szignifikanciat post-hoc tesztekkel
szamitottuk ki. A szignifikancia jelzésére *-ot és #-et hasznaltunk. A * a kontroll és
transzgén/csendesitett sejtek/allatok kozti szignifikans kllonbséget jeldli. A # azonos
genotipusu, farmakoldgiai szerekkel (pl. PPAR ligandok) kezelt csoportok kozoétti szignifikans
kildonbséget jelzi. Az egyes jelek a kovetkez6 szignifikancia szinteket jelzik: - *, vagy # p<0,05;

- ** vagy ## p<0,01; - ***, vagy ### p<0,001.
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4. Eredmények
4.1. Hogyan befolyasolja a PARP-1 enzim a metabolikus szervek, szovetek miikodését?
4.1.1. A PARP-1"" egerek metabolizmusanak és energiahaztartasanak jellemzése
Metabolikus vizsgalatainkat PARP-1  knockout egerek testtdmeg valtozasanak
megfigyelésével kezdtiik. A PARP-1" egerek a PARP-1"* allatokhoz képest kevésbé
gyarapodtak és a felnétt testsulyuk is kisebb volt (2A abra), ami mdgott metabolikus eltéréseket
gyanitottunk. A PARP-1"" egerek tapanyagfogyasztasa magasabb volt, mint vad tipusu tarsaiké
(2B abra). Ennek ellentmondé médon azonban a boncolas a zsirszovet csékkent mennyiségét
mutatta ki (2C abra), vagyis a magasabb tapanyagbevitel mellett alacsonyabb testtémege és
tapanyagtartaléka alacsonyabb volt a PARP-17 allatoknak, ami az energiaegyensuly zavarara
utalt.
Valéban, indirekt kalorimetriaval kimutattuk, hogy a PARP-17 allatok tébb oxigént

+/+

fogyasztanak az aktiv periodusokban a PARP-1"" egerekhez képest (2D &bra), illetve az RQ
ertékik magasabb, mint vad tipusu tarsaiké (2E abra), ami egyitt a bioldgiai oxidacio és a
gliikéz felhasznalds megemelkedésére utalt. Bar a PARP-17" egerek spontan helyvaltoztatasa
magasabb, mint vad tipusu tarsaiké (2F abra) tdbb mas metabolikus eltérés is a mitokondrialis
biogenezis javulasara utalt, amelyet a tovabbiakban részletezek. A PARP-1"" egerek hosszabb
ideig tudtak fenntartani a testh6mérsékletiiket, mikor taplalék nélkil 4 °C-on tartottuk az allatokat
(hideg shock, 2G abra). A PARP-1"* és PARP-1"" egerek gliikoz toleranciaja javult (2H abra). A
gliikoz eltavolitasaban elsésorban a harantcsikolt izmok voltak felelések (21 abra).

Az inzulinérzékenységet hiperinzulinémias-euglikémias clamp-ben vizsgalatuk, ahol az
euglikémiahoz szilkséges gliikéz inflzid sebessége bar kisebb volt a PARP-1" egerekben ez
nem volt szignifikans (2J abra). Amikor az allatokat 60%-0s hiperkalorikus magas zsirtartalmu
diétat (HFD-t) kaptak a PARP-1"" egerek kisebb mértékben hiztak el (2K abra) és a gliikoz
toleranciajuk (2L abra), illetve inzulin szenzitivitasuk (2M abra) is kevésbé karosodott a HFD
soran, mint a PARP-1""* egereknek. Ezen kivill a PARP-17" egerekben a HFD diéta végén
alacsonyabb volt a szérum szabad zsirsav szint (0,66 + 0.05 mEq/l versus 0.53 + 0.03 mEq/l; p
= 0.026). Mindezek a valtozasok kothetéek a mitokondrialis aktivitas ndvekedéséhez is, ezért
két fontos, az energia leadasban szerepet jatsz6 szervben (izom és barna zsirszdvet (BAT))

megvizsgaltuk a mitokondrialis aktivitds paramétereit.
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2. dbra. A PARP-1 egerek metabolikus fenotipizalasa

PARP-1"" és PARP-1" egerek (n=8/9) (A) teststlyvaltozasat és (B) taplalékfogyasztasat
vizsgaltuk. Ugyanezekben az egerekben a mérés végén meghataroztuk (C) a kilénb6zé
zsirdepok aranyat, az (D) oxigénfogyasztast, az (E) RQ-t és a (F) spontan helyvaltoztatast. (G)
PARP-1"" és PARP-1"" egereken (n=6/5) hideg shock kisérletet végeztiink el. PARP-1*"* és
PARP-1" egereket (n=9/9) (H) OGTT, illetve (I-J) hiperinzulinémias-euglikémias clamp
vizsgalatnak vetettiik ala. Ennek soran meghataroztuk (l) a glikéz felvételt és az (J) inzulin
érzékenységet (glikéz infuzié sebessége — GIR). (K-M) PARP-1"* és PARP-1" egereket
(n=10/10) HFD diétan tartottuk 6 héten at, ekdzben (K) vizsgalatuk a testsuly valtozasat, majd a
diéta utan meghataroztuk az egerek (L) glikéz (OGTT) és (M) inzulin (ipITT) érzékenységét.

A PARP-1" egerekben a BAT élénk piros szine és tdmegének ndvekedése (3A abra) utalt a
mitokondridlis aktivitas emelkedésére, amelyet elektronmikroszkopos eljarassal (3B abra) és a
mitokondrialis DNS mennyiségének (3C abra), illetve a mitokondrialis funkcidhoz kapcsol6do

gének és fehérjék expresszidjanak (3D és 3E abra) meghatarozasaval bizonyitottuk.
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3. dbra. Az egerek barna zsirszévetében (BAT-ban) lezajl6 valtozasok jellemzése
PARP-1*"* és PARP-1"" egerek (n=8/9) BAT-jat vizsgaltuk. (A) A boncolas soran megmértiik és
kiszamitottuk a BAT relativ tdmegét és lefotéoztuk a szervet. A szdvetmintakon (B)
elektronmikroszképiai vizsgalatot végeztink, majd megmértik (C) a mitokondridlis DNS
mennyiségét, illetve meghataroztuk tébb, a mitokondrialis funkciéhoz szikséges (D) mRNS és
(E) fehérje mennyiségét.

A harantcsikolt izomban (m. gastrocnemiusban) szukcinat dehidrogenaz hisztokémiai
eljarassal (4A abra), illetve a mitokondridlis funkcidohoz kapcsolédd gének és fehérjék
expresszidjanak (4B és 4C abra) meghatarozasaval mutattuk ki a mitokondrialis aktivitas
emelkedését. Az indukalodo gének kdzé tartozik a BAT-ban az uncoupling protein (UCP)1 és 3,
a dejodinaz-2 (Dio2) a kdzepes hosszusagu acil-KoA dehidrogenaz (MCAD), Ndufa2, Ndufb3,
Ndufb5, citokrom c (cyt c¢), citokrém ¢ oxidaz (COX)17, mig a m. gastrocnemiusban a |. tipusu
troponin (Tropl), I. tipusu miozin nehéz lanc | (MHCI), Ndufa2, Ndufb3, Ndufb5, cyt c, COX17. A

m. gastrocnemiusban leirt valtozasok izomrost izotipus valtasra utalnak.
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4. dbra. A m. gastrocnemiusban lezajlé valtozasok jellemzése

PARP-1*"* és PARP-1"" egerek (n=8/9) m. gastrocnemiusat vizsgaltuk. A szévetmintakon (A)
SDH hisztokémiai vizsgalatot végeztiink, majd meghataroztuk tébb, a mitokondrialis funkcidéhoz
szikséges (B) mRNS kifejezddését és (C) fehérjetermékének mennyiségét.

A NAD-fligg6 sirtuin fehérjék kiemelten fontosak a mitokondrialis aktivitas szabalyzasaban
és ezek kozul a SIRT1 és a PARP-1 kozotti kapcsolatot mar toébb szerzé is valoszinUsitette
(Pillai és mtsai, 2005, Rajamohan és mtsai, 2009, Zhang, 2003) ezért megvizsgaltuk, hogy a
PARP-1" egerekben magasabb-e a SIRT1 aktivitds a BAT-ban és a harantcsikolt izomban.
Mindkét szervben a PARP-1 delécidja csdkkentette a PARP aktivitast (5A abra), megndvelte a
NAD" szintet (5B abra) és megemelte a SIRT1 aktivitasat, amit a PGC1a és a FOXO1
deacetilacioja jelzett (5D és 5E abra). Emellett a SIRT1 fehérje mennyiségének jelentés
ndvekedését is tapasztaltuk (5D és SE abra). Ezekbdl a megfigyelésekbdl arra kdvetkeztettlink,
hogy a PARP-1 delécidja a NAD" szint megndvelésén keresztil a SIRT1 aktivitasat és/vagy

expresszidjat indukalja.
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5. abra. A PARP-1 deléci6ja megndveli a NAD" szintet és a SIRT1 aktivitast

(A) A PAR mennyiségét immunhisztokémiai modszerrel mutattuk ki BAT-ban és harantcsikolt
izomban (a fehér vonal 10 pm). (B) Ugyanezekben a szovetekben meghataroztuk MS
technikaval a NAD" mennyiségét, majd (C-D) immunprecipitacio és Western blot segitségével
jellemeztik a PARP-1 és SIRT1 fehérje mennyiségi ardnyait és a SIRT1 aktivitast.

4.1.2 A PARP-1 deléci6 hatasanak vizsgalata sejtes modellekben

A jelenség vizsgalatat sejtes modelleken folytattuk. HEK293T sejtekben sh/siRNS
segitségével depletaltuk a PARP-1-et (6A abra), ami a NAD" szint (6B abra) és a SIRT1
aktivitds (6C abra) emelkedésével jart hasonléan az egerekben tapasztalt valtozasokhoz.
Erdekes moédon azonban bar a SIRT1 mennyisége in vivo ndvekedett a PARP-1 deplécidja
kapcsan (5D és 5E abra), a HEK293T sejtekben nem tapasztaltunk kilénbséget (6C abra). Ezt a
medfigyelést tamasztja ala, hogy a PARP-1 deplécidja nem aktivalja a SIRT1 promoterét riporter
kisérletekben (ezeket az adatokat nem mutatom be). Ez arra utal, hogy valdszinlleg a NAD*
szint emelkedése az elsédleges oka a SIRT1 aktivitds ndvekedésének. Ugy tiinik, hogy ez a

modell hasonléan mikddik az egerekben tapasztaltakhoz, ezért megvizsgaltuk a mitokondrialis
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funkcié markereit. Azt tapasztaltuk, hogy a PARP-1 deplécié hatasara a mitokondrialis DNS
mennyisége (6D abra), egyes mitokondrialis gének expresszidja (karnitin palmitoil transzferaz-1
(LCPT-1), Medium-chain acyl-CoA dehydrogenase (MCAD), UCP3 és PPARa) (6E abra), illetve
a sejtek oxigénfogyasztasa (6F abra) megné. Ha a SIRT1-et is depletaltuk, akkor az el6bbi
fiziologias paraméterek valtozasa elmaradt (6D - 6F abra). Ez arra utal, hogy a PARP-1
delécidja altal kivaltott mitokondrialis biogenezis indukcidban kdzponti szerepe van a SIRT1
aktivitas emelkedésének.
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6. abra. A PARP-1 csendesitése a SIRT1 aktivitas és a mitokondrialis biogenezis
névekedéséhez vezet

(A-C) HEK293T sejteket PARP-1 shRNS-sel transzfektaltuk, illetve az immunprecipitacios
kisérletben ezen felil HA-PGC-1a expresszids kontsrukttal is, majd meghataroztuk (A) a PARP-
1 és a PAR szinteket, (B) kolorimetrias médszerrel a NAD™ szintet, illetve (C) a SIRT1 fehérje
mennyiségét és a SIRT1 aktivitast. A nyil a PARP-1 autoPARilaci¢jat mutatja. (D-F) HEK293T
sejteket siPARP-1, illetve siSIRT1 siRNS-ekkel transzfektaltuk, majd meghataroztuk (D) a
mitokondrialis DNS mennyiségét, (E) tébb mitokondrialis gén expresszidjat, illetve (F) az oxigén
fogyasztast.

Ugyanezeket a paramétereket megvizsgaltuk primer PARP-1** és PARP-1" MEF
sejtekben. A PARP-1" sejtekben nétt a mitokondrialis aktivitds markergénjeinek (PGC1a,
nduf5a, cyt ¢, COX17 UCP2, mCPT1 és acil-KoA oxidaz (ACQO)) expresszidja (7A abra), ami
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magasabb mitokondrialis DNS mennyiséggel (7B abra) és oxigénfogyasztassal jart egyitt (7C
abra). Ezek az adatok a SIRT1 aktivitas ndvekedésére utaltak, ami a sejtekben egybeesett a

SIRT1 fehérje mennyiségének megndvekedésével (7D abra).
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7. abra. A SIRT1 aktivalodik a PARP-1"" primer MEF-ekben

PARP-1*"* és PARP-1" primer MEF sejtekben (n=3/3) meghataroztuk (A) néhany mitokondrialis
biogenezishez sziikséges gén expresszidjat, (B) a mitokondrialis DNS mennyiségét, (C) a sejtek
oxigén fogyasztasat, illetve (D) a PARP-1 és SIRT1 fehérje expresszidjat.

4.1.3. A PARP gatlas metabolikus hatasai

Az eddigi eredmények arra utalnak, hogy a PARP-1 deplécidja a NAD" szint
emelkedéséhez és a SIRT1 indukcidjahoz vezet, ami a mitokondrialis biogenezist aktivalja. A
PARP-1 felelés a sejtek PARP aktivitasanak 85-90%-ért (Schreiber és mtsai, 2002), illetve a
PARP-1 gyors és hatékony NAD" fogyasztd (Ame és mtsai, 1999) ezért aktivitasanak gatlasa
megemelheti a NAD" szintet (,NAD" sporolas”). Logikusan adddik a kérdés, hogy PARP inhibitor
adasa hasonl6 fenotipust alakit-e ki, mint a PARP-1 delécidja.

Izomrostokka differencialt C2C12 mioblasztokat kezeltink 1 yM PJ34 PARP inhibitorral
(Soriano és mtsai, 2001). A PARP-1 aktivacidja H,O,-vel gatolja a SIRT1 aktivitast és csokkenti
a NAD" szintet (8A-C abra), ami ellen a PJ34 kezelés védelmet nyuijt.
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8. abra. Az oxidativ stressz PARP fliggé médon gatolja a SIRT1 aktivaciot
C2C12 sejteket H,0,-vel kezeltik PJ34 elSkezelés mellett, vagy anélkil, majd meghataroztuk
(A) a PARP-1 és PAR szinteket, (B) a NAD" mennyiségét, illetve (C) a SIRT1 aktivitast.

A PJ34 gatolta a PARP-1 aktivitast (9A abra), ezzel parhuzamosan id6- (9B abra) és
doézisfiiggs (9C abra) modon a NAD™ szint emelkedését okozta, illetve aktivalta a SIRT1 enzimet
(9D abra), azaz hasonloan miikodott, mint a PARP-1 genetikai inaktivalasa. A SIRT1 expresszio
nem valtozott PJ34 kezelés hatasara (9D és 9E abra). A SIRT1 delécidja, vagy csendesitése
felfliggesztette a PJ34 hatasat (9D és 9E abra). Ezek az adatok arra utalnak, hogy a PARP
aktivitas gatlasa is a PARP-1 delécidjahoz hasonldéan a NAD" szint emelésén keresztll a SIRT1
aktivaciojat okozzak. Ezzel parhuzamosan kizartuk annak a lehet6ségét, hogy a SIRT1
PARIlacidja okozza a SIRT1 aktivitasban kimutatott valtozast (9F abra). A PJ34 a SIRT1
aktivacion keresztil tehat a mitokondrialis biogenezis indukciéjahoz vezet, amit a mitokondrialis
gének (Ndufa2, Ndufa3, MCAD és PDK4) expressziojanak és a sejtek oxigénfogyasztasanak
emelkedése jellemzett (9G és 9H abra).

SIRT1 shRNS és a SIRT1 knockout MEF-ek segitségével bizonyitottuk, hogy a metabolikus
valtozasok SIRT1 fiuggéek (9D, 9F-H abra), bar vannak SIRT1 figgetlen hatasok is, mint az
UCP3 indukcié (9G abra). A SIRT1 aktivaciéo hatasara az utvonal SIRT1-t6l lefelé helyez6d6
elemei is aktivalédnak. Példaul jelentésen megné a PGC1a koétédése a SIRT1 flggd
promoterekhez (pl. PDK4 promotere) (91 abra). Ezzel ellentétben a HA antitest jele (i.e. a
PGC1a jelenléte) nem valtozott az UCP3 promoéterén, amely SIRT1-flggetlen mddon
indukalédott (91 abra).
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9. abra. A PARP-1 farmakolégiai gatlasa a SIRT1 aktivitas emelkedéséhez vezet C2C12
sejtekben

C2C12 sejteket PJ34-gyel (1 uM) kezeltik, majd meghataroztuk (A) a PARP-1 és a PAR
szintjét, (B) a NAD" mennyiségének idébeli valtozasat, illetve (C) a NAD* mennyiségének és a
SIRT1 aktivitasanak valtozasat a PJ34 koncentracidjanak fliggvényében. (D) SIRT1"" és
SIRT1" MEF sejtekben, illetve (E) SIRT1 csendesitett C2C12 sejtekben meghataroztuk a SIRT1
fehérje mennyiségét és a SIRT1 aktivitasat. (F) FLAG-HA-PGC-1a-t overexpresszalé C2C12
sejtek lizatumabdl az abran megjeldlt antitestekkel immunprecipitaciot végeztink el, majd anti-
PAR antitesttel vizsgaltuk az abran megjeldlt fehérjék PARIlaciojat. (G-1) PJ34 kezelt C2C12
sejteket kontroll (nem specifikus), vagy SIRT1 specifikus shRNS-sel kezeltliink, majd
meghataroztuk (G) tébb, a mitokondrialis biogenezishez sziikséges gén expressziojat és (H) a
sejtek oxigén fogyasztasat. (I) PJ34 kezelt C2C12 sejtek felhasznalasaval ChIP kisérletekben
jellemeztik a PGC-1a jelenlétét a PDK4 (PARP-1 fiiggé promoter) és az UCP3 (PARP-1
flggetlen promoter) promaoterein.

C57/BlI6J him egereket PJ34-gyel (10 mg/kg BID 5 napig), vagy fiziologias sodoldattal
kezeltink, majd a m. gastrocnemiusban megvizsgaltuk, hogy a PARP gatlas hatasat. A PJ34
kezelés hatékonyan gatolta a m. gastrocnemiusban a PARP aktivitast (10A abra), ami a NAD*
szint és a SIRT1 aktivitas novekedésével jart egyutt (10B abra), ugyanugy, mint PARP-1
delécidja, vagy a C2C12 sejtek PJ34-gyel torténd kezelése esetében. A SIRT1 fehérje

mennyisége nem ndvekedett (10A abra). A PJ34 kezelt allatokban a szérum triglicerid (1.21 %
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0.08 mM vehikulum vs. 1.11 £ 0.04 mM PJ34; p = 0.08) és szabad zsirsav (1.59 + 0.06 mEq/l
vehikulum vs. 1.44 + 0.03 mEq/l PJ34; p = 0.03) szintje lecsdkkent. Ezek a valtozasok egyutt
jartak a m. gastrocnemius expressziés mintazatanak a valtozasaval. A mioglobin, az UCP2, az
UCP3 és az ndufa2 expresszidjanak szignifikans emelkedését tapasztaltuk, mig a PGC1a és az
Ndufa5 expresszié valtozasa hasonlé trendet mutatott (10C abra), ami az izmokban a PJ34

kezelés hatasara megnovekvé mitokondrialis biogenezisre utal.
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10. abra A PJ34 kezelés a mitokondridlis biogenezis megemelkedéséhez vezet C57/BI16J
egerek harantcsikolt izmaiban.

C57/BI6J egereket 6t napon at i.p. 10 mg/kg PJ34—gyel oldottuk kétszer naponta, majd a m.
gastrocnemiusbdél meghataroztuk (A) a PARP-1 autoPARIlacidjat, a SIRT1 expresszidjat, (B) az

szllkséges gén expresszidjat.

Felvetédik, hogy létezik-e olyan metabolikus hatas, ami befolyasolja a PARP aktivaciot.
Vizsgaltuk a PARP aktivitas valtozasat a taplaltsag fliggvényében. Meghataroztuk a PARP
aktivitast C57/BI6J egerek m. gastrocnemiusaban 24 6ras éhezés, illetve 12 hetes HFD diéta
(hiperkalorikus, 60% zsirtartalom) utan. Az éhezés hatasara a PARP aktivitas lecsokkent, mig a
kalorikus terhelés hatasara a PARP aktivitas és a PARP-1 szintje megné (11. abra), vagyis ugy

tiinik a PARP-1 valamilyen mdodon képes reagalni a tapanyag ellatottsagra is.
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etetett éheztetett chow HFD

11. abra. A PARP aktivitas és expresszio valtozik a taplaltsag fiiggvényében

C57/BI6J egerek m. gastrocnemiusaban 24 o6ras éhezést, vagy 3 hoénap HFD-t kdvetben
Western blottal meghataroztuk a PARP-1 fehérje expressziot és a PARP aktivitast a PARP-1
autoPARIlaciojan keresztil.

Felvet6ddtt, hogy mas sirtuinok, a citoplazmatikus SIRT2 és a mitokondrialis SIRT3
aktivitasa megvaltozik-e a PARP-1 delécidja hatasara. Jellegzetes szubsztratjaik (SIRT2 —
tubulin, SIRT3 — Ndufa9) acetilaltsaga azonban nem mutatott eltérést a két genotipus koézott
egyik modell esetében sem (12A-C abra). Ez arra utal, hogy a SIRT2 és a SIRT3 aktivitasat nem
befolyasolja a PARP-1 hianya. Hasonldképpen felvetédott, hogy a SIRT1 aktivitds megvaltozasa
befolyasolhatia az AMPK aktivitdsat. Bizonyos kisérleti koriilmények kozétt (PARP-1"* vs.
PARP-1" MEF sejtek, MEF-ek, C2C12 sejtek PJ34 kezelése — 12D-E abra) a pACC jel csokkent
a PARP gatlas hatasara, mig a Bl6 egerek PJ34 kezelése soran nem volt nyilvanvalo valtozas a
pACC szintben (12F abra).

39



dc_792 13

Tubuiin [
PARP-1 PARP-1 N N
++ -~ & &
& &
C & &
. % kDa Ac-Lys
IB:Ac-Lys E 50—
E. 35 E
g s e
18: Nauta9 [ S e o7 kP
Ndufas — é
PARP-1 PARP-1 4 i F
++ - S >
& %‘8

12. abra A PARP-1 delécidja, vagy gatlasa nem befolyasolja a SIRT2
gatolja az AMPK aktivitast.

p-ACC

Tubulin

PARP-1+/*

PARP-1""

—— e - -

Veh PJ34
Control shRNA

Tubulin [ ———— -

PACT | o ot e ot ot 8t vt s |
Saline PJ34

és SIRT3, azonban

(A-B) A tubulin és az Ndufa9 acetilaciéjat Western blot technikaval hataroztuk meg (A) PARP-
1" &s PARP-1" egerek m. gastrocnemiuséban, illetve (B-C) PARP-1 csendesitett HEK293T
sejtekben. (D-F) A pACC szintet Western blot technikaval hataroztuk meg (D) MEF sejtekben,

(E) C2C12 sejtekben és C57/BI6J egerek m. gastrocnemiusaban.

Végll megvizsgaltuk, hogy a majban okoz-e metabolikus eltérést a PARP-1 delécidja.

PARP-1** és PARP-1" egerek tdbb metabolikus gén expresszidjat hasonlitottuk dssze, de nem

tapasztaltunk szignifikans kildnbséget a két genotipus koézott (13A. &bra). Ugy tlinik, hogy a

PARP-1-nek elhanyagolhaté metabolikus hatasa van a majban, ami valdszinlileg arra vezethet6

vissza, hogy expresszidja nagyon alacsony ebben a szervben (13B. abra).
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13. abra A PARP-1 delécidja nem okoz metabolikus valtozast a majban.

(A) PARP-1""* és PARP-1"" egerek (n=8/9) majaban megvizsgaltuk tdbb metabolikus fehérjét
kédold gén expresszidjat. (B) C57/BI6J egerek (n=3) szerveiben dsszehasonlitottuk a PARP-1
expresszidjat RT-qPCR technikaval.
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4.2. Hogyan befolyasolja a PARP-2 enzim a metabolikus szervek, szovetek miikodését?
4.2.1. A PARP-2" egerek metabolikus fenotipizalasa

A PARP-2 enzim, mint a bevezetdben is emlitettem, szerkezetében és tébb funkcidjaban
hasonlit a PARP-1-re, ezért hasonl6 metabolikus fenotipizalast végeztink el a PARP-2 t6rzs6n
is. A PARP-2" egerek alacsonyabb teststlydak vad tipusl tarsaiknal (14A &bra) azonos
taplalékfelvétel (14B abra) és kisebb mértékii spontan mozgas (14C abra) ellenére. A PARP-2"

+/+

egerek oxigénfogyasztasa nem volt szignifikdnsan magasabb, mint a PARP-2"" allatoké, bar
tendenciajaban névekedést mutatott (14D abra). A s6tét (aktiv) periddusban a PARP-27 allatok
RQ értéke a vad tipusu egerekhez képest csokkent, ami emelkedett zsirsav oxidaciora utalt
(14E abra), azonban a varakozasunkkal ellentétben a szérum glikoz értéke mind a taplalt, mind

az éheztetett allapotban magasabb volt a PARP-2 knockout allatokban (14F abra).
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14. abra A PARP-2 knockout egerek metabolikus fenotipizalasa.

(A-B) PARP-2"" és PARP-2" egerek (n=6/6) (A) teststlyanak valtozasat, illetve (B)
taplalékfogyasztasat vizsgaltuk az abran jeldlt idétartamban. (C-F) A vizsgalat végén jellemeztik
(C) az egerek spontan mozgasat, (D) meghataroztuk oxigén fogyasztasukat, (E) RQ értékiket,
illetve (F) a szérum glikéz koncentraciot.

4.2.2 A PARP-2 delécio hatasa a fehér zsirszovet funkcidjara
Vizsgaltuk azokat a metabolikus szerveket is, amelyek felel6sek lehetnek a fenti fiziolégiai

eltérésekért. A kisebb testsuly egyik kézenfekvé oka lehet, hogy csdkken a szervezetben a tarolt
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zsir mennyisége. Ezt a feltételezést ellendrizendé megmértik PARP-2"* és PARP-2" egerek
zsirdepdinak a teststlyra normalizalt sulyat: a vizsgalt depok kisebbek voltak a PARP-27", mint a
PARP-2""* egerekben (15A abra), sét a modellként kivalasztott epididimalis zsirszévetben a
zsirsejtek mérete is kisebb volt (15B abra), ami az adipocitak diszfunkcidjara utal. A zsirszévet
talan legfontosabb transzkripciés regulatora a PPARYy, ezért megvizsgaltuk a PPARYy izoformak
és a PPARYy altal vezérelt gének expressziojat. A PPARYy izoformak expresszidja nem valtozott,
azonban a PPARy fliggé gének expresszidja jelentésen lecsokkent (15C abra). Sejtes
modellben is vizsgaltuk a PARP-2 hianyanak hatasat a zsirsejt iranyu differenciaciora. PARP-
2" &s PARP-2"- MEF-eket differencialtattunk zsirsejtekké és azt tapasztaltuk, hogy a PARP-2
hianyaban a differenciacio mértéke lecsokken, mint azt az Qil-Red O festés, a FACS mérés, a

lipid tartalom, vagy PPARY fligg6 gének expresszidjanak meghatarozasa mutatja (15D-F abra).
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15. abra. Lipodisztofia és csokkent zsirsejt iranyu differenciacié a PARP-2" egerekben
(A-C) PARP-2"" és PARP-2" egerekben (n=6/7) (A) meghataroztuk tdbb zsirdepd aranyat a
testtdmeghez viszonyitva, (B) megvizsgaltuk a zsirszOvet szerkezetét HE festés utan, illetve (C)
meghataroztuk tébb PPARYy fliggé gén expressziojat. A (C) panelen az y tengelyen a relativ
expressziot tiintettiik fel tetszéleges egységekben. PARP-2"* és PARP-2 MEF-eket (n=6/7)
differencialtattunk zsirsejtekké. (D-E) A terminalisan differencialt zsirsejteket (E) ORO festéssel
tettik lathatéva, illetve (F) Nilusvoros festés utdn FACS méréssel jellemeztik. (F)
Meghataroztuk ugyanezen sejtek triglicerid tartalmat is.
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Az eddigi eredmények a PPARYy rendszer csOkkent mértéklii mikddésere utaltak, tovabbi
kisérleteinkben bizonyitékot kerestlink arra, hogy valéban a PPARYy rendszer defektiv mikodése
all a feltart jelenség mogott. Riporter assay-ket végeztiink PPAR-specifikus riporter konstrukttal
HEK293T sejtekben, amelyekben shRNS-sel depletaltuk a PARP-2-t. A PARP-2 deplécio
drasztikusan csodkkentette a PPARYy specifikus transzaktivaciot, s6t a PPARy specifikus
aktivatora a TZD sem képes a PARP-2 nélkul hatékonyan aktivalni a PPARy-t (16A abra). A
PARP-2 overexpresszidja megemeli a PPARy alapaktivitdsat, azonban a maximalis aktivitast
nem befolyasolja (16A abra). Megvizsgaltuk, hogy sziikséges-e a PARP-2 mas magreceptorok
miikddéséhez is. Erdekes médon a PPARa és a PAPRP/S fiiggd transzaktivaciot a PARP-2 a
PPARy-hoz képest ellentétesen befolyasolta (16B és 16C abra). Azonban az &sztrogén
receptor-B (ERB) esetében sem a PARP-2 deplécidja, sem az overexpresszidja nem

befolyasolta a receptor transzaktivaciot (16D abra).
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16. abra. A PARP-2 delécié és overexpresszié hatasa egyes magreceptorok aktivitasara
HEK293T sejtekben a PARP-2-t shRNS segitségével csendesitettik, illetve a pBabe-PARP-2
konstrukt segitségével overexpresszaltuk. Ezekben a sejtekben luciferaz riporter kisérletekben
meghataroztuk a (A) PPARYy, (B) PPARaq, (C) PPARPB/S és az (D) ERp aktivitasat.

A riporter assay-k eredményei arra utalnak, hogy a PARP-2 szamos mas fehérjéhez
hasonléan a PPARy transzkripcios rendszer tagja és mivel rendelkezik DNS-koté doménnal
valoszinileg kdézvetlenil a DNS-hez kapcsolodik kdézel a PPARy-RXR dimerhez. Ennek
ellenbérzésére kromatin immunprecipitaciét végeztink el a PARP-2-re, PPARYy-ra, illetve
kontrollként a nem magi matrix metalloproteinaz 9 (MMP9) specifikus antitestekkel és antitest
nélkil is. Két PPARYy fliggb gén (CD36 és aP2), illetve egy ERp fliggd gén (keratin 19 (K19))
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promoterét vizsgaltuk meg. Az a-PARP-2 és az a-PPARYy antitest magasabb jelet adott az aP2
és a CD36 promoterén (17A abra). Tovabbi kontrollként megvizsgaltuk a PARP-2 és a PPARy
jelenlétét az aP2 promodterén és a kodolé szekvencidjaban és azt talaltuk, hogy az aP2
promoteren magasabb jelet ad mindkét antitest, mint a kédol6 régiéban (17B abra). Mindezek
arra utalnak, hogy a PARP-2 a PPARy-val egyitt foglalja el a fenti prométereket, vagyis a
PARP-2 a PPARy kofaktora és a PARP-2 hidnydban az RXR-PPARy dimer aktivitdsa

lecsOkken, ami a zsirszovet diszfunkciéjahoz vezet.
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17. abra. A PARP-2 a PPARYy fiiggé prométerekhez kapcsolodik

(A-B) 3T3-L1 sejtekben ChIP kisérleteket végeztink el az abran jelzett antitestekkel. A
kisérletekben 0Osszegydjtott kromatin darabokat qPCR technikaval erGsitettik az abran
feltintetett DNS szakaszokra specifikus primerek kozott. A kapott értékeket el6szor a kisérlet
Linput” mintajara normalizaltuk, majd a kisérletben a legmagasabb jelet adé mintara.

4.2.3. Az energialeadas szerveinek (barna zsirszévet, harantcsikolt izom) vizsgalata

A kisebb testsuly adédhat a szervezet energia leadasanak a megemelkedésébdl is, ennek
megfeleléen megvizsgaltuk az energia leadasban szerepet jatszo szerveket, mint a BAT, a
harantcsikolt izom és a maj. Bar a PARP-1 knockout egerekben, illetve a PARP inhibitor kezelés
hatasara a BAT aktivitasa megemelkedik, azonban a PARP-2 — annak ellenére, hogy delécioja a
SIRT1 fehérje mennyiségének névekedéséhez vezet (18A abra) - ugy tlnik, nem befolyasolja a

BAT miikddését (18B-C abra).
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18. abra. A PARP-2 delécié nem vezet a BAT miikodés névekedéséhez

PARP-2"" és PARP-2" egerek (n=6/6) BAT-jaban meghataroztuk (A) Western blot technikaval a
SIRT1 fehérje mennyiségét, (B) tobb mitokondrium és BAT-specifikus gén expressziojat RT-
gPCR technikaval. (C) Az egerek BAT funkcidjat hideg stressz kisérletben jellemeztiik.

Jellegzetes energia leadasra alkalmas szdvet a harantcsikolt izom, amely vizsgalatara
PARP-2"" és PARP-2" egerek m. gastrocnemius izméat, illetve PARP-2 csendesitett (shPARP-
2) és kontroll (scPARP-2) C2C12 sejteket hasznaltunk. A PARP-2 deplécidja a harantcsikolt
izmokban az izotipusvaltas jeleit mutatja, megjelennek az I. tipusu, mitokondriumokban gazdag,
lassu rostok, amit a génexpresszié atrendezédése (19A &bra), az mtDNS mennyiségének
novekedése (19B abra), az elektronmikroszépos és az SDH hisztokémiai vizsgalatok jeleznek
(19C és 19D abra). Ezt megerdsiti, hogy az egerek kifaradasig tarté futtatasa (forced running)
soran a PARP-2" egerek hosszabb tavot tesznek meg, mint vad tipust tarsaik (19E abra). A
sejtes modellben hasonld fenotipus valtozast okozott a PARP-2 csendesitése: SIRT1 fliggé
modon megnétt a sejtek oxigénfogyasztasa (19F abra) és tdébb, a mitokondrialis funkciohoz

kéthetd gén (MCAD, Ndufa2, cyt ¢ — 19G abra) expresszidja is fokozodott.
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19. abra. A PARP-2 delécidja a mitokondrialis aktivitas novekedéséhez vezet harantcsikolt
izomban és C2C12 sejtekben

PARP-2"* é&s PARP-2" egerek (n=6/6) m. gastrocnemiusaban meghataroztuk (A) a
mitokondriadlis funkcié kulcsgénjeinek expresszidjat, (B) a mitokondrialis DNS mennyiségét,
illetve (C) elektronmikroszkopos vizsgalattal és (D) SDH hisztokémiai vizsgalattal a
mitokondriumok mennyiségét jellemeztik. (E) Az egereket kifaradasig futtattuk. (F-G) C2C12
sejtekben csendesitettik a PARP-2 és a SIRT1 expressziot és meghataroztuk a sejtek (F)
oxigénfogyasztasat és (G) tobb mitokondrium-specifikus gén expressziojat.

A PARP-2 delécidja nem valtoztatja meg jelentésen az izomrostok 6ssz-PARP aktivitasat
(20A abra), a NAD" szint, a SIRT1 expresszié és a SIRT1 aktivitas fokozodik (20B-E abra). Ez
arra utal, hogy a PARP-2 delécidja, a PARP-1 deléciotdl eltér6 modon képes a SIRT1
aktivalasara. Elvégeztik az el6bbiekben részletezett méréseket PARP-2 csendesitett C2C12
sejtekben is. Ebben a modellben nem vezetett a PARP-2 deplécidja sem a PARP aktivitas (20F
abra), sem a NAD" szint névekedéséhez (sem a teljes, sem a mitokondridlis poolban) (20G
abra). Az egerekben tapasztaltakhoz hasonléan a PARP-2 deplécidja a SIRT1 mRNS és
fehérjeszint és a SIRT1 aktivitas ndvekedéséhez vezetett (20H abra), ami arra utalt, hogy a

PARP-2 val6szinilleg a SIRT1 expressziot szabalyozza.
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20. abra. A PARP-2 delécidja a SIRT1 expresszids és aktivitds novekedéséhez vezet

PARP-2*"* és PARP-2"" egerek (n=6/6) m. gastrocnemiuséban meghataroztuk (A) a PARP
aktivitast, (B) a NAD" koncentraciét, (C) a SIRT1 mRNS és fehérje szintjét, illetve (D-E) a SIRT1
aktivitast. PARP-2 csendesitett C2C12 sejtekben meghataroztuk a (F) PARP aktivitast, (G) a
total és a mitokondrialis NAD™ koncentraciojat és (H) a SIRT1 fehérje expressziojat és a SIRT1

aktivitast.

Riporter kisérletekben kimutattuk, hogy a PARP-2 deplécidja indukalja a SIRT1 promoterét
(21A abra). A legrovidebb konstrukt ("1-91 régiot tartalmazo) a hosszabbakkal azonos médon
vélaszol, ami arra utal, hogy ebbe a régidoba kotédik a PARP-2. Ezzel a feltételezéssel
Osszhangban kromatin immunprecipitaciéval kimutattuk, hogy a PARP-2 valdban fizikailag
kétédik a human SIRT1 "1-91 régidjaba (21B abra). Az NCBI honlapjan
(http://www.ncbi.nim.nih.gov/gene) elérheté SIRT1 promoéter szekvenciakat 6sszehasonlitva azt
tapasztaltuk, hogy a SIRT1 promoter transzkripcios origdbhoz kozel esé része nagymértékben
konzervalt az eml&sdk kdzott, kismértékl homologiat még a Xenopus esetében is talaltunk (21C
abra). Immunprecipitacios kisérletek nem utaltak a PARP-2 és a SIRT1 kozvetlen fizikai

kélcsbnhatasara (21D abra).
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21. abra A PARP-2 a SIRT1 promoéter represszora.
(A) HEK293T sejtekben depletaltuk a PARP-2-t, majd megvizsgaltuk a SIRT1 promoter
kulénb6zd deléciés mutansainak (a szamok a promoter szakaszok hosszat jelzik “1-t6l kezdve)
aktivitasat luciferaz riporter kisérletekben. (B) ChIP kisérletekben a jelzett antitestekkel kromatin
darabokat gy(jtéttiink 0ssze és a SIRT1 promoéter 1-91 részére specifikus primerek kdzotti
szakaszt feler8sitettiik gPCR reakcioban, majd a kapott értéket az input-ra normalizaltuk. (C) Az
NCBI-ban fellelheté SIRT1 prométer szekvencidk elsé 300 bazisanak szekvenciajat a ClustalW
program segitségével dsszehasonlitottuk. (D) C2C12 sejtekb8l immunprecipitaciot végeztink el
a megjelodlt antitestekkel és az 6sszegyjtott fehérjéket az abran jelzett antitestekkel vizsgaltuk.

4.2.4. A PARP-2 delécidja utan a majban végbemend biokémiai valtozasok

A majban is megvizsgaltuk indukalédik-e a mitokondridlis biogenezis. Elektronmikroszképos
vizsgalattal és a mitokondrialis DNS mennyiségének meghatarozasaval kimutattuk, hogy a
mitokondridlis altivitas megné a PARP-2” egerekben a PARP-2"* allatokhoz képest (22 A és
22B abra). A majban azt tapasztaltuk, hogy a SIRT1 fehérjemennyisége és ennek megfeleléen a
SIRT1 aktivitasa is megné (22C abra). A PARP-2"" egerek majaban alacsonyabb tarolt triglicerid
szintet talaltunk, ami megemelkedd energia leadasra utal (22D és 22E abra). Ezt alatamasztja,
hogy a majban megnétt az oxidativ metabolizmusra jellemz6 gének expresszidja (22F abra).
Ugy tiinik tehat, hogy a PARP-2 delécidja kdvetkeztében fellépd energialeadas célszerve a

harantcsikolt izom és a maj.
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22. abra. A PARP-2" egerek majaban megné a mitokondrialis aktivitas

(A-B) PARP-2"* és PARP-2" egerek (n=16/13) majaban a mitokondriumok szamanak
valtozasat (A) elektronmikroszkopos vizsgalattal és (B) a mitokondridlis DNS mennyiségének a
véltozasaval jellemeztik. Ugyanezen egerek majaban immunprecipitaciés és Western blot
kisérletekben meghataroztuk a SIRT1 fehérjemennyiségét és a SIRT1 aktivitasat. (D-E) A maj
triglicerid tartalmat (D) Floch-extrakciot kovetben kolorimetridas modszerrel, illetve ORO festéssel
hataroztuk meg. (F) Ugyanezen egerek majaban meghataroztuk tdbb mRNS expresszidjat RT-
gPCR technikaval.

4.2.5. A PARP-2"" egerek magas zsirtartalmu diétara adott valaszanak vizsgalata

A PARP-2 delécidja a metabolikus profil javulasahoz vezetett, amib6l adodott a kérdés,
hogy a metabolikus kihivasokra, mint a magas zsirtartalmi diéta, adott valaszt milyen
mértékben befolyasolja a PARP-2 hianya. Az allatokat magas zsirtartalmu diétaval (HFD, 60%
hiperkalorikus diéta) etettiik kilenc héten at, majd tébb metabolikus paramétert megvizsgaltunk.
A PARP-2" allatok testtdmege vad tipusu tarsaikhoz képest kevésbé nétt a kezelés soran (23A
abra), ami a fehérzsir depok aranyosan kisebb méretével magyarazhaté (23B abra). A fehér zsir
depok kisebb mérete azonban nem vezetett a majban fokozott lipid lerakdédashoz (23C és 23D
abra), ami a magasabb energia leadasra (23E abra) vezethet6 vissza. Ezzel parhuzamosan a
harantcsikolt izomban t6bb, az energia leadashoz vezetd gén expresszidja magasabb volt, mint
a vad tipusu allatokban (23F abra), ami azt valészinisiti, hogy ez a szévet — nagy tdomege miatt
- elsédleges szerepet jatszik a szervezet energia leadasban. Ezzel parhuzamosan javult az
allatok inzulin szenzitivitdsa (23G &bra), ami szintén a metabolizmus oxidativ irdnyba

tolédasaval magyarazhato.
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23. abra. A PARP-2 delécidja védelmet nyujt a fokozott taplalékbevitel indukalta elhizas és
inzulin rezisztencia ellen

PARP-2"* és PARP-2" egereket (n=7/9) HFD-vel taplaltuk az (A) panelen jelzett idétartamban.
(A) Az egerek testsulyat minden héten megmértik, majd (B) meghataroztuk tébb fehérzsir
zsirdepd méretét, illetve a maj triglicerid tartalmat egyrészt (C) Floch-extrakciét kovetéen
kolorimetrias médszerrel, masrészt (D) szévettani médszerrel ORO festést kdvetden. (E) Indirekt
kalorimetriaval meértik az egerek oxigén fogyasztasat. (F) RT-qPCR technikaval megmertik
tdbb, a mitokondridlis funkcidhoz szilkséges gén expresszidjat a m. gastrocnemiusban, illetve
(G) az inzulin szenzitivitasra jellemzé ipITT vizsgalatot végeztiink el.

4.2.6. Az endokrin pankreasz miikodésének vizsgalata PARP-2" egerekben

Bar a PARP-2” egerek inzulinérzékenysége javuléd tendenciat mutatott, a gliikéz
érzékenység azonban meglepd modon romlott (24A abra), ami a glikoéz-indukalt inzulin
felszabadulas zavarara volt visszavezethetd (24B abra). A PARP-27 egerek pankreaszaban
normal (chow) tapon nem tapasztaltunk valtozast, azonban HFD adasa esetében a PARP-2"
egerek béta-sejtiei nem voltak képesek hiperplaziaval kompenzalni az emelkedé inzulin iranti

igényt. Vagyis a PARP-2" egerek szigetszerve HFD adasa esetén nem nétt meg, amire a
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pankreasz sulyanak valtozasabol, szovettani és biokémiai vizsgalatokbdl kovetkezettiink (24C-G

abra). Fontos megjegyezni, hogy a PARP-1 delécidja nem okozott hasonlé valtozasokat a
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24. abra A PARP-2 delécidja az endokrin pankreasz diszfunkciéjat okozza.

(A-B) PARP-2"" és PARP-2" egereken (n=7/9) (A) a gliikoz érzékenység jellemzésére OGTT
vizsgalatot végeztlink el, ekdzben (B) vért gyljtottink, amibél szérum inzulin szintet hataroztunk
meg. Meghataroztuk az egerek pankreaszanak (C) sulyat, (D-E) inzulin immunfestéssel a
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pankreasz inzulin tartalmat és (G) az inzulin szekrécid kulcsgénjeinek az expresszidjat. (H-I)
PARP-1"" és PARP-1"" egerek (n=3/3) pankreaszaban (H) inzulin immunfestést végeztiink (a
vonal 50 ym-t jelez), illetve (1) savas extrakcié utan meghataroztuk az inzulin tartalmat.
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25. dbra. A PARP-2 delécidja a pankreaszban a SIRT1 fehérje mennyiségének és a SIRT1
aktivitasanak emelkedéséhez vezet

Mivel a feltart fenotipus abbdl adodik, hogy a pankreasz béta-sejtiei nem képesek a
proliferaciora, ugy gondoltuk, hogy egy, a béta-sejtek proliferacidjahoz sziikséges transzkripcios
faktor diszfunkcidja lehet a fenotipus oka. A pankreatikus-duodenalis homeobox-1 (PDX1)
acetilalt allapotban miikodd fehérje, amelynek megfelelé6 mikoédése elengedhetetlen a béta-sejt
proliferaciohoz. A PARP-2" egerek pancreasaban a PDX1 expresszija alacsonyabb volt, mint
vad tipusu tarsaikban (24G abra), mig a SIRT1 mRNS mennyisége és fehérje expresszidja
magasabb volt (25 abra). A SIRT1 deacetildlja és aktivalja a FOXO1 enzimet, ami a PDX1
expresszid csOkkenéséhez és a hiperplasztikus valasz elmaradasahoz vezet (Kitamura és
mtsai, 2002), ami esetlinkben is lehetséges magyarazat.

A PARP-1 knockout egereken végzett kisérletsorozathoz hasonldéan megvizsgaltuk a SIRT2
és SIRT3 aktivitasanak valtozasat a PARP-2 delécidja esetén is. Sem a harantcsikolt izomban
(26A abra), sem a majban (26B abra) nem valtozott a SIRT2 és SIRT3 célfehérjék acetilaltsaga.
Itt szeretném kiemelni, hogy az alkalmazott metabolikus modellekben nem tapasztaltuk a DNS

delécidja sem vezetett a DNS torések szamanak ndvekedéséhez (nem kozolt eredmény).
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26. abra. A PARP-2 delécidja nem befolyasolja a SIRT2 és a SIRT3 aktivitasat, illetve nem
vezet a DNS hibak akkumulaciéjahoz
(A-B) Az (A) m. gastrocnemiusban és a (B) majban immunprecipitaciés kisérletekben
vizsgalatuk a SIRT2 szubsztrat tubulin és a SIRT3 szubsztrat Ndufa9 acetilaltsagat. (C) A m.
gastrocnemiusban TUNEL assay-vel vizsgaltuk a DNS torések jelenlétét.
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4.3 Képes védelmet nyujtani a PARP-2 delécidja oxidativ karosodas ellen?

A mitokondridlis funkcido karosodasa gyakori kisérdjelensége az oxidativ stresszel
jellemezhetd betegségeknek (Liaudet és mtsai, 2000, Pacher és mtsai, 2007). Tébb csoport is
kimutatta, hogy a mitokondrialis funkcid javitasa el6segiti a tulélést az oxidativ stresszel kapcsolt
betegségekben (Danz és mtsai, 2009, Hasinoff és mtsai, 2003, Tao és mtsai, 2007, Xu és
Ashraf, 2002, Yen és mtsai, 1996). J&I ismert jelenség, hogy a PARP-1 delécidja, vagy
farmakoldgiai gatlasa véd az oxidativ stresszel jellemezheté patoldgias allapotok ellen (Virag és
Szabo, 2002). Az el6z6ekben bemutatott eredményeink arra utaltak, hogy a PARP-2 delécidja,
vagy deplécidja felszabaditja a SIRT1 prométerét a represszio alél és a megemelked6é SIRT1
aktivitds a mitokondriadlis biogenezis indukciojahoz vezet — vagyis a PARP-2 delécidja védelmet
nyujthat az oxidativ stressz-indukalt sejtelhalas ellen.

Ezt az elméletet akut doxorubicin (DOX)-indukalt vaszkularis karosodas modellben
probaltuk ki. A doxorubicin egy ciklikus kinon-szemikinon atalakulason keresztlil gyokdk
képz6déséhez vezet, amelyek karositjak — tdbbek k6zott — a kardiovaszkularis rendszert (Davies
és Doroshow, 1986, Doroshow és Davies, 1986). A modellben az egerek egyszeri 25 mg/kg
doxorubicin dézist kapnak, ami utan par nappal megjelennek a kardiovaszkularis rendszer
karosodasat jelz6 markerek (Bai és mtsai, 2004, Pacher és mtsai, 2003). Ismert, hogy a
doxorubicin kezelés a szivben PARP aktivaciét okoz és a PARP-1 delécidja kardioprotektiv
hatasu (Pacher és mtsai, 2002).

PARP-2"" és PARP-2" egereket kezeltiink 25 mg/kg DOX-szal, vagy vehikulummal (VEH,
fiziologias sooldat) és a kezelés utan két nappal megvizsgaltuk az aortak kontraktilitasat
norepinefrin, 5-hidroxi-triptamin (szerotonin) és KCI hatasara. Bar a vehikulum kezelt PARP-2""*
és PARP-2" egerek ereinek kontraktilitisa kdzott nem talaltunk kiildnbséget, a DOX kezelés
mindharom vazokonstriktor anyag hatasat rontotta, ami ellen a PARP-2” egerek részleges
védelmet élveztek (27A-C abra). Nem befolyasolta az acetilkolin vagy kilsé NO donor altal
indukalt vazorelaxaciét a PARP-2 delécidja (27D-E abra). A KCI koncentracio valtoztatasa a
simaizom sejtek depolarizalasan keresztiil okoz érésszehlizddast, vagyis a PARP-2"" egerek
részleges védettsége (27C abra) a simaizom sejtek érintettségére utal. Ezt ellen6rzendd
simaizom aktinra (SMA) specifikus antitesttel, ami a simaizom sejtek markere, megfestettiik a
kisérletben részt vevl allatok aortajat (27F abra) és azt tapasztaltuk, hogy a simaizom marker
jele lecsdkken a PARP-2"* egerek aortajaban, ami az el6zé eredményekkel dsszhangban a
simaizom sejtek pusztulasara utal két napos DOX kezelés utan, amit a PARP-2 hianya
részlegesen kivéd.
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27. abra. A PARP-2 delécidja védelmet nyujt a DOX vaszkulaturat karosito hatasa ellen
PARP-2*"* és PARP-2" egereket kezeltiink vehikulummal, vagy DOX-szal (PARP-2"* CTL
n=10, PARP-2" CTL n=7, PARP-2"* DOX n=8, PARP-2" DOX n=8), majd az allatok aortait
vizsgaltuk két nappal a kezelés utan. Az érgylrik kontraktilis valaszat (A) norepinefrin, (B) 5-
hidroxi-triptamin és (C) KCI kumulativ adasaval izometrikus kontraktilis eréméré apparatus
segitségével hataroztuk meg. A dilattativ valasz vizsgalatahoz az érgyUriket norepinefrinnel
eléfeszitettiik, majd emelkedd koncentracioban (D) acetilkolinnal és (E) natrium-nitroprussziddal
kezeltik. (F) Az aortdkon formalinos fixalast és paraffinba torténé beagyazast kdvetéen SMA
festést végeztiink. Lu —érlumen

A DOX altal termelt gyokok DNS téréseket hoznak Iétre, ami PARP aktivacidohoz vezet és a
sejtek NAD" és ATP készletét elhasznalva sejthalalt indukal (Bartha és mtsai, 2011, Mizutani és
mtsai, 2005). A PARP-1 delécioja vagy a PARP gatlas a NAD" és ATP készlet elhasznalasat
akadalyozza meg (Virag és Szabo, 2002). A PARP-2 delécié esetében is felmeril, hogy hasonlé
maédon fejti ki véd6 hatasat. A tovabbi kisérleteinket PARP-2*"* és PARP-2" egereken, illetve
MOVAS (egér aorta simaizom) sejteken végeztik el. A MOVAS sejtekben shRNS technikaval
stabilan csendesitettik a PARP-2-t (shPARP-2 sejtvonal) és létrehoztunk egy transzdukalt,
azonban normalis PARP-2 szinttel rendelkezé sejtvonalat is (scPARP-2). Mind az aortakban,
mind a sejtekben a DOX kezelés gydktermelést okozott (28A-B abra), ami DNS térésekhez
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(28C-D abra), PARP aktivaciohoz (28E-F abra) és a NAD" szint radikalis csokkenéséhez
vezetett (28G abra). A PARP-2 hianya nem okozott jelentés kilonbséget egyik vizsgalt
paraméterben sem: az alap vagy az indukalt (DOX és H,0,) PARP aktivitas (28E és 2F abra),
és a NAD" szintek nem valtoztak (28G abra), ami arra utal, hogy a védelem mechanizmusa eltér

a PARP-1 deléciojaval elérhets védelemtél.
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28. abra A PARP-2 delécidja nem befolyasolja érdemben a sejtek 6ssz-PARP aktivitasat
és nem a NAD" szint csokkenésének megakadalyozasan keresztiil fejti ki védé hatasat.

(A) PARP-2*"* és PARP-2" egerek (n=10/7/8/8) aortaiban TBARS assay-vel jellemeztiik a
szabadgyok termelést. (B) scPARP-2 és shPARP-2 MOVAS sejtekben (n=3/3) hidroetidin
festéssel hataroztuk meg a DOX altal indukalt szuperoxid gydk termelést. (C-D) A DNS
toréseket TUNEL assay-vel mutattuk ki (C) PARP-2*"* és PARP-2" egerekben, illetve (D)
scPARP-2 és shPARP-2 MOVAS sejtekben. (E) PARP-2*"* és PARP-2" egerek aortaiban a
PARP aktivitast anti-PAR immunhisztokémiaval mutattuk ki. (F-G) scPARP-2 és shPARP-2
MOVAS sejtekben (n=3/3) (F) *H-NAD" beépiilésével hataroztuk meg az 6ssz-PARP aktivitast,
illetve (G) kolorimetrias assay-vel a NAD" koncentraciét. Lu — érlumen.

Feltételeztik, hogy a PARP-2 delécidja az elé6zbekben leirtakhoz hasonléan a SIRT1
indukcidjdhoz vezet és ezen keresztil a mitokondridlis funkcid stabilizadlasahoz. Mind az
aortaban, mind a MOVAS sejtekben a PARP-2 delécidja a SIRT1 mennyiségének névekedést
eredményezett (29A és 29B abra) hasonléan az eddig vizsgalt modellekhez. A SIRT1
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aktivitast mutatott, mint a kontroll scPARP-2 MOVAS sejtekben (29C abra). ChIP technika
segitségével kimutattuk a PARP-2 jelenlétét a SIRT1 promodterén (29D abra).
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29. abra A PARP-2 delécidja a simaizomban is a SIRT1 expresszié emelkedését okozza.
(A) scPARP-2 és shPARP-2 MOVAS sejtekben (n=3/3) RT-gPCR technikaval meghataroztuk a
SIRT1 expressziot. (B) PARP-2"* és PARP-2" egerek (n=10/7/8/8) aortajaban Western blot
segitségével hataroztuk meg a SIRT1 fehérje mennyiségét. (C) A SIRT1 promoéterének "1 - 91
darabjat tartalmazo luciferaz riporter konstrukt felhasznalasaval megmértik scPARP-2 és
shPARP-2 MOVAS sejtekben a PARP-2 deléciéjanak hatdsat a promoter aktivitdsara. (D) ChIP
kisérletekben jellemeztiik a PARP-2 jelenlétét a SIRT1 promoéter "1-91 szakaszan scPARP-2 és
shPARP-2 MOVAS sejtek (n=3/3) felhasznalasaval.

A SIRT1 expresszié fokozddasa mas szervekben (pl. harantcsikolt izom, maj) a
mitokondrialis biogenezis fokozodasaval jart, ezért megvizsgaltuk az aortaban is a mitokondrialis
aktivitas mértékét. Az aortaban fokozédott a mitokondrialis DNS mennyisége (30A abra) és tobb,
a mitokondrialis oxidaciéhoz szikséges gén (FOXO1, ATP5g1, ndufa2, ndufb5) expresszidja is
(30B abra). Fontos megjegyezni, hogy bar DOX kezelés hatasara csdkken a fenti mitokondrialis
markerek (FOXO1, ATP5g1, ndufa2, ndufb5) expresszidja, a PARP-2 delécidja esetén ezeknek
a géneknek az expresszidja magasabb maradt, mint a DOX kezelt kontroll allatokban mért érték.
Hasonl6 valtozasokat tapasztaltunk a sejtes modellben is: a PARP-2 csendesités hatasara a

mitokondrialis DNS mennyisége és a sejtek oxigénfogyasztdsa (a mitokondridlis aktivitas egyik
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jellemzé markere) megnétt (30C és 30D abra). Az allatmodellben tapasztaltakkal megegyezéen
a PARP-2 delécio altal indukalt mitokondrialis aktivitas DOX kezelés mellett is magasabb volt,

mint a kontroll sejtekben.
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30. abra. A PARP-2 delécidja védi a mitokondriumot a DOX kivaltotta karosodassal
szemben

(A-B) PARP-2""* és PARP-2"" egerek aortajaban (n=10/7/8/8) meghataroztuk (A) a mitokondrilis
DNS tartalmat, illetve (B) tébb, a mitokondridlis funkciéhoz szikséges gén expresszidjat. (C-D)
sCcPARP-2 és shPARP-2 MOVAS sejtekben (C) megmértiik a mitokondrialis DNS mennyiségét
(n=3/3), mig (D) az XF96 készilék segitségével meghataroztuk a sejtek oxigén fogyasztasat
(n=46/46).
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5. Megbeszélés és perspektivak
5.1. APARP-1 és PARP-2 metabolikus szerepének molekularis mechanizmusa

Munkam soran a PARP-1 és PARP-2 enzimek metabolikus szerepét vizsgaltuk. A PARP-1
hianya elényts metabolikus fenotipust hoz létre, amit a harantcsikolt izomban és a BAT-ban
megndvekv® energialeadas jellemez. Eredményeink arra utalnak, hogy PARP-1 hianyaban a
SIRT1 aktivitasa megemelkedik. A SIRT1 tébb fontos transzkripcios faktor deacetilalasaval
atrendezi a génexpressziét és tdbb mitokondrialis gén, mint a mitokondrialis oxidacié vagy a
zsirsav oxidacio génjei, expressziojat indukalja (Feige és mtsai, 2008, Lagouge és mtsai, 2006).
Ezért a SIRT1 diszfunkcidja karositja a mitokondrium miikédését, amiben kdézponti szerepe van
a mitokondrialis fehérjék csdkkent expresszidjanak is. A folyamat soran a mitokondrialis fehérjék
sejten bellli aranya lecsokken és tobb stressz utvonal indukalodik, tobbek kozott a
mitokondriumbdl kiindulé, fel nem tekeredett, vagy rosszul feltekeredett fehérjékre adott
stresszvélasz (mitochondrial unfolded protein response) (Houtkooper és mtsai, 2013,
Mouchiroud és mtsai, 2013).

Ertekezésemben bemutatott egér és sejtes modellekben a PARP-1 delécidja, vagy PARP
gatloszer adasa esetében a NAD® szint emelkedését tapasztaltuk. Erre a legelfogadhatdbb
magyarazatnak az tiinik, hogy a PARP-1 aktivitas (még stimulalatlan allapotban is!) jelentés
mértékben hasznalja a sejtek NAD® készletét ezért a PARP-1 gatlasa jelentés NAD®
megtakaritassal jar. A PARP-1 affinitasa a NAD" irant magas (Km = 20-60 yM (Ame és mtsai,
1999)), ami majd egy nagysagrenddel alacsonyabb a sejtek nyugalmi NAD" szintjénél (200-500
uM) (Houtkooper és mtsai, 2010). Ez arra utal, hogy a NAD" szint fiziologias fluktuacioja, sét a
PARP-1 aktivacio altal elsidézett NAD® szint csokkenés sem képes jelentés mértékben
csokkenteni a PARP-1 aktivitasat. Konnyen elképzelhet6 tehat, hogy a PARP-1 aktivitas kiesése
jelentés mértékben csokkenti a NAD" lebontasat, ami a NAD" szint emelkedéséhez vezet. A
PARP-1 felel6s a sejtek, szovetek 6ssz-PARP aktivitasanak 85-90%-ért (Schreiber és mitsai,
2002), amit MOVAS és C2C12 sejtekben végzett kisérleteink igazoltak is, igy érthet6, hogy a
PARP gatloszerek alkalmazasa a PARP-1 delécidra jellemzé fenotipust hoz Iétre.

A megemelkedd NAD" szint aktivalija a SIRT1-et, mivel a SIRT1 érzékeny a NAD" szint
valtozasaira, Km értéke (150-200 uM) kozel all a nyugalmi NAD" szinthez, azaz a NAD" szint
fluktuaciéja befolyasolhatja a SIRT1 aktivitasat is. Ez arra is utal, hogy a PARP-1 és a SIRT1
kozott a molekularis kapocs a NAD™ szint valtozasa. A nagyobb affinitasi és hatékonyabb
PARP-1-gyel versenyzik a kisebb affinitdsu SIRT1 a k6z6s szubsztratért, amit alatamaszt az is,
hogy minden alkalmazott modellben a NAD" szint emelkedését tapasztaltuk fliggetlentl attol,

hogy hogyan gatoltuk a PARP-1-et (molekularis bioldgiai, vagy farmakoldgiai moédszerekkel).
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Ha megvizsgaljuk, hogy a SIRT1 reciprok modon képes-e befolyasolni a PARP-1
mikodését, azt tapasztaljuk, hogy a SIRT1 - az el6bbiekben emlitett kinetikai jellemz&i miatt -
nem képes hatékonyan gatolni a PARP-1 aktivitasat a NAD" szintek befolyasolasaval. Mahesh
Gupta csoportja azonban kimutatta, hogy a SIRT1 aktivacio valdban gatolja a PARP-1 aktivitast
(és ezen keresztiil védelmet nyujt a DOX kardiotoxicitas ellen), de nem a NAD" szubsztrat
limitalasaval, hanem a PARP-1 deacetilalasaval éri el gatldé hatasat (Pillai és mtsai, 2005,
Rajamohan és mtsai, 2009). Belathatd, hogy a SIRT1 és a PARP-1 kdlcsdndsen szabalyozza
egymas mikodését (31. abra). Fontos kiemelni, hogy a fiziolégias/patofizioldgias hatasok,
amelyeket a PARP-1 aktivaciohoz koéthetéek javarészt atfednek a SIRT1 gatlasahoz, vagy
hianyahoz kothetd fiziologias/patofiziologias folyamatokkal, ami arra utal, hogy a két enzim

aktivitasa kozti ,egyensuly” megbomlasa tobb betegség kialakulasaban is szerepet jatszhat.
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PARP inhibitorok (PJ34, 3AB, DPQ) splitomycin
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31. abra. A PARP-1 és a SIRT1 kozotti kapcsolat

A PARP-2 a PARP-1-hez hasonloan NAD®-fliggé enzim, igy joggal vet6dott fel, hogy
azonos mechanizmus szerint a PARP-2 delécidja a NAD" szinteket képes novelni és ezen
keresztiil aktivalja a SIRT1-et. A PARP-2"" egerek szdveteiben és sejtes modellekben a NAD*
szintet meghatarozva azonban diverz képet kaptunk. Ellentétben a PARP-1 aktivitas
modulalasaval nem minden modellben emelkedett a NAD™ szint a PARP-2 delécidja esetében,
ami a NAD" szint valtozasatol eltéré mechanizmusra utalt. A PARP-2 kinetikai jellemzéi
hasonlitanak a SIRT1-re: NAD"-ra vonatkoztatott Kmparp.1 > Kmparp.2 ~ Kmgrr1 (Ame és mtsai,
1999, Houtkooper és mtsai, 2010), ezért valdszin(itlen, hogy PARP-2 aktivacio megfeleld
mértékben csokkenti a NAD" szubsztratot a SIRT1 elél, ezért feltehetd, hogy a PARP-1 delécio
hatasatol eltéré molekularis mechanizmussal allunk szemben.

Minden alkalmazott modellben a PARP-2 delécidja esetén a SIRT1 expresszié ndvekedését

tapasztaltuk és kimutattuk, hogy a PARP-2 a SIRT1 prométer represszora. Hianyaban a
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promoéter aktivalodik és a SIRT1 fehérje mennyiségének ndvekedése vezet a SIRT1 aktivitas
indukcidjahoz. A SIRT1 promoéterét szabalyzé transzkripcids faktorok kézil tdébbet ismerink,
mint azt a Bevezet6ben targyaltuk. A tapanyag ellatottsagot integraljak a PPAR-ok (Han és
mtsai, 2010), a CREB, a ChREBP (Noriega és mtsai, 2011), a p53 és a FOXO-k (Nemoto és
mtsai, 2004), mig a redox kdrnyezet jeleit a cMyc (Yuan és mtsai, 2009) és a HIC1
(hypermethylated in cancer-1 (Chen és mtsai, 2005, Zhang és mtsai, 2007)) (32. abra). A PARP-
2 jelenlétét és transzkripcidos aktivitdsat modulalé hatasok egyelére nem ismertek.
Feltételezhetd, hogy hasonldéan a Myc-hez és a HIC1-hez, a kérnyezet redox allapotat kozvetiti.
A SIRT1 expresszidja, illetve a egyes SNP-k a SIRT1 génben dsszefiiggést mutatnak az
energialeadas, az inzulin szenzitivitas (Rutanen és mtsai, 2010), az inzulin szekrécié (Dong és
mtsai, 2011) és az elhizasra vald hajlam mértékével emberben (Clark és mtsai, 2012, Zillikens
és mtsai, 2009, Zillikens és mtsai, 2009), vagyis a SIRT1 prométerének aktivitdsa ugy tlnik
fontos faktora a metabolikus adaptacionak, amiben a promoétert szabalyz6 transzkripcids

faktoroknak kdzponti szerepe lehet.

Stimulus edox sagnalo) ( tapanyag ellatottsag ) @merettea

CtBP+HIC1+SIRT1

ChREBP PARP-2
FAKTOR
Vi

SIRT1 promoter |F’F’AR :I:]F’PAva \/
-1405 -1246 -766 -664

U Aktivator ﬁ Represszor

32. abra. A SIRT1 promoéter szerkezete a transzkripciéos faktorok kotédési helyének
megjelenitésével

A szamok a human SIRT1 prométer nukleotid sorrendjének megfelel6 helyeket jelzik. Azokat a
transzkripcids faktorokat, amelyek kapcsoldédasi helye nem ismert Gagy abrazoltam, hogy ne
kapcsolédjon a DNS szalhoz. Az ismert miikddd konszenzus szekvenciakat vilagos téglalapok
jeldlik a DNS szalban.

CREB

A PARP-2 mas metabolikus transzkripcios faktorok mikodésébe is beavatkozik, a fehér
zsirszbvetben a PARP-2 hianyaban az RXR-PPARy dimer diszfunkcidjat tapasztaltuk, ami
lipodisztrofiahoz vezetett. A PPARy az RXR receptorral heterodimerként kapcsolodik a DNS-hez

és igy fejti ki a hatasat (Fajas és mtsai, 1997). Eredményeink alapjan nem lehet egyértelmiien
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megitélni, hogy a PARP-2 csak a PPARy-hoz, csak az RXR-hez, vagy a dimer mindkét tagjahoz
kacsolddva fejti-e ki a hatasat. Ugy tiinik, hogy a PARP-2 az RXR-PPARYy pozitiv kofaktora, a
PARP-2 jelenléte sziikséges mind a PPARYy alapaktivitasahoz és ligandfiggd aktivaciéjahoz. A
rendelkezése all6 eredmények azt valésziniUsitik, hogy a PARP-2 alland6 kofaktora a RXR-
PPARy dimer koérnyezetében kialakulé fehérjekomplexnek. Bar a PARP-2 nem minden
magreceptorral képes kdlcsdnhatasba lépni (pl. az ERB receptor aktivitasat nem befolyasolja a
PARP-2 expresszi6 valtozasa, mig a PPAR-ok, vagy az ERa aktivitasat igen), varhatéan mas
magreceptorok mikodésébe is beleszélhat a PARP-2, ennek megismerése, azonban tovabbi
vizsgalatokat igényel.

A PARP-1 tdébb magreceptorral is kolcsonhat, amit a Bevezetés 1. tablazataban
Osszesitettlink. A PARP-1-en beliil tdbb magreceptorokkal kélcsénhatéd régiét is leirtak, mint a
masodik cink ujj motivumot (Miyamoto és mtsai, 1999, Pavri és mtsai, 2005) és a BRCT domeént
(Pavri és mtsai, 2005). A PARP-2 fehérjében talalhaté egy nagymértékben konzervalt
magreceptor aktivaciés motivum (LIQLL szekvencia az E doménben). Feltételezhet6, hogy a
PARP-2 — magreceptor koélcsdnhatds soran ennek a motivumnak a jelenléte elsédleges
fontossagu.

Milyen molekularis mechanizmuson keresztil aktivalja az RXR-PPARy dimert a PARP-2? A
kromatin immunprecipitacios kisérletek arra utalnak, hogy a PARP-2 transzkripciés események
soran a DNS-hez kotédik. A PARP-2 tébb abnormalis DNS szerkezethez is kétédhet (Kutuzov
és mtsai, 2013), amelyek kozil tdbb megjelenik a transzkripcié soran, mint a DNS kétszalu
torése (Ju és mtsai, 2006). Az ER aktivacioja soran a topoizomeraz Il mikodése kettds szalu
DNS toréseket hoz létre a topologiai stressz feloldasa soran (Ju és mtsai, 2006), amelyek
javitasa szikséges a hatékony transzkripciohoz. A kettés torések javitasanak meginditasaban
kézponti szerepe van a PARP-1 altal katalizalt PARilacionak (Ju és mtsai, 2006, Le May és
mtsai, 2012). Mivel a PARP-1 és a PARP-2 is szerepet jatszik a kettészald DNS torések
javitasaban (Huber és mtsai, 2004, Langelier és mtsai, 2012, Schreiber és mtsai, 2002, Yelamos
és mtsai, 2008) feltételezheté, hogy a PARP-1-hez hasonlé mechanizmussal vesz részt a
PARP-2 magreceptorok miikédésének regulaciojaban. Ezen fellil a PARP-2 a transzkripcios
esemeények beinditasahoz valdszinilileg az epigenetikai faktorok megvaltoztatasan keresztil is
hozzajarul. Erre utal, hogy a hiszton PARIlacid6 megvaltozik a magreceptor aktivacio soran, ami
befolyasolja a kérnyezetének hiszton metilaciés mintazatat is (Fujiki és mtsai, 2013, Quenet és
mtsai, 2009).

A PARP-2 altal kozvetitett represszid molekularis mechanizmusa valamivel jobban

tisztazott, mint az aktivaci6 mechanizmusa. Quenet és munkatarsai (Quenet és mtsai, 2008)
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kimutattak, hogy a PARP-2 a kormatin szerkezet zartabba valasat, a heterokromatin
megjelenését segqiti eld. Liang és munkatarsai (Liang és mtsai, 2013) kimutattak, hogy a PARP-2
az altala represszalt prométereken az HDACS és HDACTY hiszton-deacetilazok, illetve a G9a
hiszton metiltranszferaz akkumulaciojahoz vezet és a represszalt kromatinra jellemzé acetilacios
és metilaciéos mintazatot hoz létre. Ugyanez a munkacsoport (Liang és mtsai, 2013) kimutatta
tovabba, hogy ezen hiszton modosité enzimek akkumulacidja fuggetlen a PARP-2 enzimatikus
aktivitasatol. Hozza kell tennem, hogy a PARP-2 hianyaban nagyfoki génexpresszids
atrendezddést irtak le Farres és munkatarsai (Farres és mtsai, 2013). Sajat, kozlés alatt [évé,
microarray kisérleteinkben a PARP-2 deplécidja utan tdébb, mint 600 gén expresszidjanak
valtozasat tapasztaltuk. Kozulik ~450 gén expresszidja csokkent, mig ~150 gén expresszidja
nétt. Ismert, hogy a PARP-1 nagyon sokrétlien avatkozik be a transzkripcios folyamatokba (Kim
és mtsai, 2004, Kraus, 2008, Kraus és Hottiger, 2013, Krishnakumar és mtsai, 2008) és a
PARP-2-vel fennall6 szerkezeti és funkcionalis analdgia, illetve az, hogy a PARP-2 delécioja
széleskor(i génexpresszidés valtozasokat okoz arra utal, hogy a PARP-2-r6l a PARP-1-hez

hasonlé, szerteagazé transzkripciés tulajdonsagokat fognak leirni a jévében.

5.2. PARP-1 és a PARP-2 enzimek szerepe metabolikus szévetekben

A PARP-1, vagy a PARP-2 deplécidja a harantcsikolt izomban izomrost izotipus valtast
okozott, az I. tipus (lassu), oxidativ rostok aranya megnétt a SIRT1 aktivacio kdvetkeztében.
Ezek a valtozasok hasonldak a SIRT1 farmakolégiai aktivalasahoz (Feige és mtsai, 2008,
Lagouge és mtsai, 2006). Itt kell, hogy ramutassak, egyedil a harantcsikolt izomban azonos a
két enzim delécidja altal kialakitott fenotipus.

A BAT-ban a PARP-1 delécidja — a SIRT1 farmakolégiai szerekkel torténé aktivacidjahoz
hasonléan — megemelte a mitokondridlis biogenezist. A BAT, a harantcsikolt izomhoz
hasonléan, az energialeadas igen fontos szerve (Seale és mtsai, 2009). A BAT-ra jellemzé
magas mitokondrialis aktivitas jelentés szabadgyok képzédéssel jar (Barja de, 1992), ami magas
PARP aktivitast feltételez ebben a szdvetben. igy nem meglepd, hogy a PARP-1 gatlasa
jelentds NAD* szint emelkedéssel jar, ami a SIRT1 aktivacidjahoz vezet. Erdekes médon a
PARP-2 delécidéja nem fokozza a mitokondridlis biogenezist a BAT-ban, ami arra utal, hogy
tovabbi szbvetspecifikus transzkripcids faktorok szabalyozzak a SIRT1 expresszidjat.

A majban a PARP-2 delécidja a mitokondrialis biogenezis indukciéjahoz vezetett és védett a
lipid lerakédas ellen mind normal, mind HFD diétan. A PARP-1 deléci6ja ezzel szemben nem
okoz SIRT1 aktivaciét a majban, s6t PARP-1 knockout egerekben hepatosteatosis lép fel

kalorikus terhelés esetén (Erener és mtsai, 2012) valdszinlileg azért, mert a nem indukalodik a
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PARP-2 delécidjdhoz hasonlé mitokondridlis védekezési mechanizmus. Ennek az oka
valészinlleg az, hogy a PARP-1 expresszid igen alacsony a majban (~5%-a a harantcsikolt
izomnak, vagy a herének), ami arra utal, hogy a majban a PARP-1 aktivitasa kisebb mértékben
befolyasolja a NAD" szintet, mint az emlitett szervekben. Vagyis a PARP-1 delécio éltal okozott
NAD" szint valtozas tul kicsi ahhoz, hogy jelentésebben novelje a SIRT1 aktivitasat. Mas jellegd,
hosszu tavu hepatotoxikus hatasok ellen (mint a tiroid statusz (Cesarone és mtsai, 1994,
Cesarone és mtsai, 2000, Merlo és mtsai, 1998, Scarabelli és mtsai, 1998), az
alkoholfogyasztas (Nomura és mtsai, 2001, Yang és mtsai, 2004) vagy a diabétesz (Pang és
mtsai, 2011)) a PARP-1 hianya véd, aminek feltételezhetéen nem metabolikus hattere van,
hanem a sejtpusztulas vagy a gyulladas meértéknek a csdkkentésén keresztul éri el a PARP-1
delécidja a védd hatasat.

A PARP-2 delécidja a fehér zsirszévet csdkkent mikddéséhez vezet az RXR-PPARYy dimer
funkciojanak a redukcidja miatt. Ugyanakkor ez nem vezet a szérum TG és FFA szint
emelkedéséhez valdszinlleg a harantcsikolt izomban toérténd lipid oxidacid meértékének
névekedése miatt.

A PARP-1 fehér zsirszOvetben betoltdtt szerepe tdbb kérddjelet vet fel. Tobb szerzb is a
Hilz, 1989, Smulson és mtsai, 1995), sajat eredményeink arra utalnak, hogy kalorikus terhelés
esetén a PARP-1" egerekben kevesebb zsir halmozddik fel. Az altalunk alkalmazott knockout
egérmodelltdl eltér6 modon létrehozott és SV129 hattéren tartott PARP-1 knockout egértorzset
magas zsirtartalmu diétan tartva azok elhiztak (Devalaraja-Narashimha és Padanilam, 2010,
Wang és mtsai, 1995). A kuldnbség oka valdszinlleg a genetikai hattér (Champy és mtsai,
2008), ami arra figyelmeztet, hogy a PARP enzimek metabolikus szerepét egyelére feltaratlan
genetikai faktorok is befolyasoljak.

A pankreasz béta-sejtjei esetében a PARP-1 és a PARP-2 antagonisztikus hatasuak. A
PARP-1 hianya véd az oxidativ stresszel jellemezhetd allapotokban bekdvetkezé béta-sejt
pusztulas ellen, mint a streptozotocin indukalt diabétesz (Burkart és mtsai, 1999) vagy a
részleges pankreasz eltavolitas (Yonemura és mtsai, 1984, Yonemura és mtsai, 1988). S6t a
PARP-1 gatlasa javitja az inzulin promoter aktivitasat is (Ye és mtsai, 2006). Sajat adataink arra
utalnak, hogy a kalorikus stressz nem befolyasolja a PARP-1" egerek béta-sejtieinek
miikodését, vagyis a PARP-1 elssorban oxidativ stressz ellen véd.

A PARP-2 delécidja csdkkentette a béta-sejtek proliferativ kapacitasat, ezért elmaradt a
HFD altal indukalt kompenzatérikus béta-sejt hiperplazia, ami a pankreasz csékkent endokrin

funkcidjahoz vezetett. A tapasztalt hatasokat a SIRT1 expresszié emelkedését koveté FOXO1
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aktivacio és a kovetkezményes PDX1 expresszid csOkkenéshez kotottik (Kitamura és mtsai,
2002). Mindenképpen varatlan a pankreasz hipofunkcié a PARP-27 egerekben, mivel a SIRT1
overexpresszid a mitokondridlis funkcié javulasan keresztil a pankreaszban az inzulin
szekréciét fokozza (Bordone és mtsai, 2006, Moynihan és mtsai, 2005). Magyarazat lehet az
ellentmondasra, hogy a két hatas ered6je (PDX1 gatlas és a mitokondridlis biogenezis
indukcidja) szabja meg a béta-sejtek viselkedését, amelyek eltér6 aranyban vannak jelen a két
modellben. A PARP-2 delécidjat kovetd kismértékl SIRT1 overexpresszid kdvetkeztében fellépd
FOXO1 deacetilacié (és kovetkezményes PDX1 gatlas) tulsulya miatt a proliferacié gatlas valik
dominanssa. Ezzel szemben nagymértékii SIRT1 overexpresszid esetén (a két megjelolt
tanulmanyban az expresszié ~30-szoros novekedését tapasztaltak) kifejezettebbé valik a
mitokondridlis funkcié javulasa. Természetesen nem zarhaté ki, hogy ismeretlen, PARP-2

specifikus Utvonalak jatszanak szerepet a két egymastoé eltéré hatas kialakitasaban.

5.3. A farmakolégiai PARP gatlas kovetkezményei

A rovid tavu PARP inhibitor kezelés elényés metabolikus valtozasokat okozott, ami felveti a
PARP inhibitorok ilyen iranyu alkalmazhatdsagat, azonban kérdésként vetddik fel, hogy milyen
mértékben okozunk ezzel genomi instabilitast. Széles kdrben elfogadott tény, hogy a PARP-1 és
a PARP-2 aktivitasa sziikséges a hatékony DNS hibajavitashoz stressz esetén (Huber és mtsai,
2004, Schreiber és mtsai, 2006), azonban ugy tlnik, hogy a sejtek normal allapotaban (kilsé
stresszhatas nélkil) a hatékony DNS hibajavitashoz nem sziikséges a két enzim mikodése
(Allinson és mtsai, 2003). Az &ltalunk alkalmazott modellekben nem tapasztaltunk DNS hiba
akkumulaciét. A metabolikus betegségek azonban megemelkedett oxidativ stresszel
jellemezhetéek. Ezért a metabolikus betegségekben a hosszu tavu PARP inhibitor kezelés
biztonsagossagat kilén vizsgalni kell.

A jelenleg ismert, illetve kereskedelmi forgalomban Iévé PARP inhibitorok nem szelektivek
az egyes PARP izoformakra (Wahlberg és mtsai, 2012). Emiatt a PARP inhibitorok hosszu tavu
alkalmazasa soran szamithatunk a szovetspecifikus hatasok kevert megjelenésére annak
ellenére, hogy az altalunk elvégzett révid tavu PARP inhibitor kezelés soran ezeket nem

tapasztaltuk (pl. nem karosodott az endokrin pankreasz).

5.4. A PARP enzimek és energiaszenzor utvonalak kdlcsénhatasai

PARP-1 az irodalmi adatok alapjan olyan jelatviteli utvonalakkal alakit ki kdlcsénhatast (33.
abra), amelyek részt vesznek a mitokondrialis biogenezis szabalyzasaban. Jelen munkaban a
PARP-1 és az AMPK kdzotti kapcsolatot vizsgaltuk. Mint a Bevezetdben targyaltuk, a PARP-1
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és az AMPK egymassal fizikailag kdlcsénhat és képesek egymast kdlcsdndsen aktivalni (Walker
és mtsai, 2006, Zhou és mtsai, 2012). Ennek megfeleléen a PARP-1 delécid, illetve a PARP
enzimek farmakoldgiai gatlasa esetén tdbb esetben az AMPK aktivitds enyhe csdkkenését
tapasztaltuk. A tovabbiakban vizsgalni kell, hogy milyen kérilmények kdzott kovetkezik be az
AMPK aktivitas csokkenése, mivel egyrészt nem tapasztaltuk minden esetben, masrészt Gongol
és munkatarsai (Gongol és mtsai, 2013) kimutattak forditott aranyossagot is az AMPK és a
PARP-1 aktivitds k6z6tt. A PARP-1 gatlas altal indukalt AMPK aktivitds valtozasok metabolikus

kovetkezményei ismeretlenek.

oxidativ stressz
nitrozativ stressz
alkilatorok

PARP-7

PARP-2

NAD* a mitokondrialis
\/ aktivitas induktorai
taplalkozassal kapcsolatos

stressz SIRT1

—_
deacetilacio
A NAD*

HIF-1a

HIF-2a \
mitokondrialis - PARP-1 NRF1
PARIilacio

NAD* é’sATP ‘/i/‘/ Ti \/

deplécio
PI3K-Akt-GSK3p
'— AMPK

mTORC1

a mitokondrialis
aktivitas inhibitorai

33. abra. A PARP enzimek és az energiaszenzor utvonalak kolcsonhatasai
A nyilak pozitiv, a tompa végek gatlo hatast jeleznek. A szaggatott vonal feltételezett hatast
jelez.

5.5 A PARP enzimek és a metabolikus betegségek kozti 6sszefiiggések

Az altalunk leirt biokémiai valtozasok tobb fiziologiai folyamatba vagy betegségek
patomechanizmusaba is beavatkoznak. Ha az egész egyed szintjén vizsgaljuk a PARP enzimek
energiaforgalomra gyakorolt hatasat, azt figyelhetjik meg, hogy a PARP-1 vagy a PARP-2
eltavolitasa eltolja az energiaegyensulyt a leadas iranyaba, ami a mitokondridlis biogenezis

indukcidjahoz kotheté. Masrészt a PARP-1 delécidja megndvelte a taplalékfelvételt, ami a
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hipotalamusz érintettségére utal. Ismert, hogy a PARP-1 delécidja esetén szétkapcsol a szervek
sajat cirkadian ritmusa az allat kdrnyezetének cirkadian ritmusatol (Asher és mtsai, 2010). A
cirkadian ritmus szabalyzasaban a NAD® szintek és ezen keresztil a SIRT1 aktivitas
modulalasaval térténik a metabolikus jelek integralasa (Nakahata és mtsai, 2008, Nakahata és
mtsai, 2009). A NAD" szintek befolyasolasan keresztlil a PARP-1-nek jelents szerepe lehet a
hipotalamusz metabolikus integrator funkcidjanak szabalyzasaban, illetve mas periferialis szovet
belsé cirkadian ritmus a finomhangoldsaban. A PARP-2 delécié esetében nem tapasztaltunk
valtozasokat a cirkadian ritmus szabalyzasaban, illetve a taplalékfelvételben.

A PARP-1 és a PARP-2 hianya csokkenti a fehér zsirszévetben, illetve a PARP-2 hianya
csokkenti a majban torténd lipid raktarozast. Ennek megfeleléen magas zsirtartalmu diétan ezen
szOvetekben kisebb mértékben ndvekszik a lipidek mennyisége a knockout egértdrzsekben a
vad tipushoz képest. A nem raktarozott lipidek azonban nem dusulnak fel a szérumban. A
szérum triglicerid és szabad zsirsav tartalma a PARP-1"" és a PARP inhibitor kezelt egerekben
alacsonyabb, mint vad tipusu, illetve vehikulum kezelt tarsaikban. A PARP-2 delécidja esetén
nem talalunk emelkedést a szérum triglicerid és szabad zsirsav tartalmaban. A triglicerid és a
zsirsav szint emelkedésének elmaradasa valészinlleg annak tulajdonithatdé, hogy a
mitokondridlis biogenezis indukcidja miatt a zsirsavak oxidacioja emelkedik. Ezt tamasztja ala,
hogy a PARP-2 delécidja az RQ érték csdkkenéséhez vezet.

A lipid haztartas egy masik agat, a koleszterin homeosztazist nem vizsgaltuk. Hamid
Boulares kutatocsoportja kimutatta, hogy a PARP-1 delécidja, illetve a hosszu tavia PARP
gatlészer kezelés csdkkenti a szérum koleszterin, illetve az LDL szintjét és emeli a HDL szintet
atherosclerosis modellekben (Hans és mtsai, 2008, Hans és mtsai, 2009, Hans és mtsai, 2009).
A jelenség pontos mechanizmusa nem ismert, azonban eredményeink valdszinilsitenek egy
utvonalat. A SIRT1 — ami a PARP-1 delécidja, vagy gatlasa esetén aktivalodik — csdkkenti a
koleszterol szintézisét (Defour és mtsai, 2012, Ponugoti és mtsai, 2010, Walker és mtsai, 2010).
A SIRT1 deacetilalja és ezzel inaktivalja a koleszterin de novo bioszintézisét és transzportjat
regulalé SREBP fehérjéket csdkkentve a koleszterin szintézisét.

A glikéz metabolizmusra kifejtett hatasban jelentés eltérés van a PARP-1 és a PARP-2
kozott. Az inzulin szenzitivitas javul a PARP-1 vagy a PARP-2 delécidja esetében, ami szintén a
harantcsikolt izomban bekovetkezd mitokondridlis biogenezis indukciéhoz kéthetd. A PARP-1
knockout egerek szérum gliikézszintje alacsonyabb és az RQ értéke magasabb, mint a vad
tipusu allatokban, ami fokozott glik6éz oxidaciora utal. A glikéz eltavolitasaért elsésorban a
harantcsikolt izmok felelések. Ezzel szemben a PARP-2” egerekben a szérum gliikézszint

emelkedik. A PARP-2 delécidja eredmeényeink szerint csOkkenti a pankreasz béta-sejtjeinek a
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magas zsirtartalmu diétara adott hiperplasztikus valaszat, ami a glukéz-indukalt inzulin
felszabadulds csdkkenéséhez vezet. Emiatt a PARP-2"" egerek magasabb szérum gliikdz
koncentracioval jellemezhetbek.

A PARP-1 delécidja és a rovid tavd PARP inhibitor kezelés javulé6 metabolikus profilt
eredményez ami védelmet nyujt a hiperkalorikus taplalékbevitel altal indukalt elhizas és az
ennek a talajan kialakuld 1. tipusu diabétesz ellen. Fontos kiemelni, hogy a PARP-1 delécid,
vagy a PARP gatlas a diabétesz vaszkularis diszfunkciohoz kétheté komplikacioi (endotelidlis
diszfunkcio, neuropatia, nefropatia és retinopatia) ellen is védelmet nyujt (Minchenko és mtsai,
2003, Obrosova és mtsai, 2004, Soriano és mtsai, 2001, Virag és Szabo, 2002). A PARP-1
delécid vagy a PARP gatlészerek alkalmazasa anti-aterogén hatasu, ami a PARP-1 gatlas anti-
inflammatorikus hatasan kiviil metabolikus valtozasokhoz is kéthetd (Xu és mtsai, 2013). ApoE™
koérnyezetben aterogén diéta mellett PARP-1 gatlas hatasara csdokken az LDL és n6 a HDL szint
(Hans és mtsai, 2008, Hans és mtsai, 2009, Hans és mtsai, 2009).

A mitokondrialis biogenezis csdOkkenése jellemzi az Oregedést (Braidy és mtsai, 2011,
Massudi és mtsai, 2012). Az atlagoshoz képest magasabb PARP-1 aktivitas jellemzi az id&s
embereket (Burkle és mtsai, 1994, Muiras és mtsai, 1998), ami az életkorral megemelkedd
mértékii DNS karosodashoz koétheté (Braidy és mitsai, 2011, Massudi és mtsai, 2012). A
magasabb PARP-1 aktivitds csokkenti szdovetek a NAD® szintjét, ami a SIRT1 aktivitas
csokkenéséhez vezet (Braidy és mtsai, 2011, Massudi és mtsai, 2012). Felvetédik, hogy a
PARP-1 — SIRT1 — NAD" tengely egyensulyanak az eltolodasa szerepet jatszhat mitokondrialis
aktivitas id6éskori cs6kkenésében és ezen keresztll hozzajarulhat toébb, az idéskorra jellemzé
betegség kialakulasahoz (pl. diabétesz). Ezt a feltételezést megerdsiti a PARP-1 knock-in
egértdrzs vizsgalata (Mangerich és mtsai, 2010). A PARP-1 extra kopiaja bar javitotta a DNS
javitas hatékonysagat, azonban emelte a mitokondrialis diszfunkcidval jellemezhet betegségek
(pl. diabétesz) incidenciajat (Mangerich és mtsai, 2010). Ezek az eredmények arra utalnak, hogy
a PARP-1 — SIRT1 — NAD" tengely egyensulyanak visszaallitisa alkalmas lehet az
egészségben eltoltott iddé ndvelésére, illetve az életmindség javitasara (Canto és Auwerx, 2011).
A PARP-1 — SIRT1 arany befolyasolasa talan a legperspektivikusabb az idéskori mitokondrialis
diszfunkcid javitasara, mivel id6s korban a DNS javitas deficienciaval 6sszefliggé malignitasok
megjelenése és proliferacioja joval lassubb, mint fiatalkorban, vagyis a PARP inhibitoroknak
varhatéan kevesebb mellékhatasa lehet.

A PARP-1 fontos proinflammatérikus fehérje. Els6ként a PARP-1 és az NFkB kozti
kolcsdnhatast irtak le (Oliver és mtsai, 1999). A kézleményben leirt folyamat azt sugallta, hogy a
PARP-1 PARIlalja az NFkB-t, ami feltétele a gyulladasos citokinek NFkB-n keresztll torténé
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atirasnak, azonban ezt cafoltak (Hassa és Hottiger, 1999). Hosszu id6én at volt a terllet
megoldatlan ellentmondasa, hogy bar a PARP-1 in vitro kisérletekben nem maodositja az NFkB-t,
a PARP inhibitor kezelés azonban gyulladascsokkenté hatasu. Kauppinen és munkatarsai
(Kauppinen és mtsai, 2013) kimutattak, hogy a PARP-1 gatlas a NAD" szint emelésével a SIRT1
aktivitas emelkedéséhez vezet, a SIRT1 pedig az NFkB p65 alegységének deacetilalasaval
inaktivalja az NFkB dimert. Ez az egyetlen ismert példaja annak, amikor a SIRT1 és PARP-1
kolcsdnhatasa kozvetlenll szabalyoz gyulladasos folyamatot, varhatéan mas, hasonld
Utvonalakat is felismerhetnek a kozeljovében — erre utal, hogy a SIRT1 (anti-inflammatérikus
hatasu) és a PARP-1 (proinflammatorikus hatasu) antagonisztikus a gyulladas szabalyzasaban
(Bai és Virag, 2012, Winnik és mtsai, 2012, Xie és mtsai, 2013).

5.6. A PARP enzimek és a sirtuin enzimek kélcsonhatasa oxidativ stresszre adott valasz
soran

Az oxidativ stresszre adott valaszban szintén megfigyelheté a PARP-1 és a SIRT1 kozti
kblcsbnhatas. A PARP-1-et aktivalja az oxidativ stressz, s6t a PARP-1 aktivacié — tobb
utvonalon keresztll — az oxidativ stressz fokozédasahoz is vezet (Virag és Szabo, 2002). Ezen
felil a PARP-1 aktivacio — mint azt a Bevetésben attekintettlik — sejthalal folyamatokat indit be.
A SIRT1 aktivacio antagonisztikus hatasu a PARP-1 aktivaciohoz képest, mert (1) a sejtciklus
megallasa esetén apoptoézist indukal (Brunet és mtsai, 2004, Han és mtsai, 2008, Luo és mtsai,
2001); (2) fokozza tobb antioxidans enzimek expresszidjat mint a mangan szuperoxid diszmutaz
(Danz és mtsai, 2009) vagy a katalaz (Hasegawa és mtsai, 2008); (3) visszaallitia az oxidativ
stressz altal karositott mitokondridlis aktivitdst (Danz és mtsai, 2009); (4) illetve autofagiat
indukal (Alcendor és mtsai, 2007). Ezen felll a SIRT1 redox szenzitiv enzim.

A SIRT1 karbonilacioja, illetve a tiol-csoportok redox allapotanak a megvaltozasa gatolja a
SIRT1 enzimet (Caito és mtsai, 2010, Caito és mtsai, 2010). Szamos esetben tapasztalhaté a
SIRT1 és a PARP-1 kélcsbnhatasa magas oxidativ stresszel jellemezheté patoldgias
allapotokban, amelyet az 3. tablazatban foglaltam 6ssze. Ki szeretném emelni, hogy a SIRT1
aktivitas emelése, vagy a PARP aktivitas gatlasa tobb — egyébként nehezen befolyasolhaté —
neuroldgiai kérképben (pl. Huntington, Alzheimer vagy Parkinson betegség) javitotta a kisérleti
allatok allapotat (Abbott és mtsai, 2003, Chong és mtsai, 2012, Cui és mtsai, 2006, Donmez és
Outeiro, 2013, Karuppagounder és mtsai, 2009, Kim és mtsai, 2007, Liu és mtsai, 2009, Virag
és Szabo, 2002, Weydt és mtsai, 2006, Zhang és mtsai, 2012), ami ezekben az id6s6dé
tarsadalmakat egyre jobban érinté betegségcsoportban j6 kezelési alternativat kinal.
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3. tablazat. A PARP-1 és a SIRT1 egyensulyanak megbomlasaval jellemezhet6 betegségek

Szervrendszer Betegség Kolcsonhatas a SIRT1 és a PARP-1 ko6zott Ref.
Kardiovaszkularis | Angiotenzin llI-indukalt kardialis A PARP-1 aktivacio gatolja a SIRT1-et a NAD" depléciojaval, és (Pillai és
rendszer hipertréfia ezen keresztll hozzajarul a kardiomiocitak angiotenzin-Il indukalt | mtsai, 2006)
elhalasahoz.
Szivelégtelenség (aorta lekotési A PARP-1 a NAD" szint csdkkenésén keresztiil gatolja a SIRT1-et | (Pillai és
modell) és hozzajarul a kardiomiocitak elhaldsahoz. mtsai, 2005)
Endotél sejteken fellépd nyirasi Az endotél sejteken hato nyiréerdk hatasara csékken a NAD+ (Qin és mtsai,
stressz szint és a SIRT1 aktivitas, amit a PARP-1 csendesitése vagy 2012)
gatlasa kived.
Koézponti Szérum megvonas A PARP-1 aktivacio gatolja a SIRT1-et a NAD" mennyiségének (Sheline és
idegrendszer csOkkentésével és igy hozzajarul a kialakuld neurotoxicitashoz. mtsai, 2010)
Szerzett epilepszia modell, Mg? megvonas PARP-1 aktivaciot okoz, ami csdkkenti a NAD* (Wang és
hippokampalis primer neuron koncentraciét és gatolja a SIRT1 aktivitast. mtsai, 2013)
sejtkultura
NMDA neurotoxicitas Az NMDA receptor aktivacioé gatolja a SIRT1 aktivitast, (Liu és mtsai,
valoszinlleg a PARP aktivacion és a NAD+ koncentracio 2008)
csOkkenésen keresztul. (Liu és mtsai,
2009)
Emésztd Glukoéz toxicitas hepatocitakon A PARP-1 aktivacio gatolja a SIRT1 aktivitasat valészinileg a (Pang és
szervrendszer NAD" elhasznalasaval. mtsai, 2011,
Pang és
mtsai, 2013)
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A PARP-2 az oxidativ stresszre adott valaszban a PARP-1-hez hasonldan viselkedik, delécidja
azonban csak parcialis védelmet nyujt oxidativ stresszel jellemezhetd betegségekben, mint a
cerebralis iszkémia (Kofler és mtsai, 2006, Li és mtsai, 2010) vagy a kolitisz (Popoff és mtsai,
2002). Valdszinitlen, hogy a PARP-1 delécidhoz (Pacher és mtsai, 2002) hasonldé lenne a
PARP-2 deléciéhoz kdthetd védelem, mivel az irodalmi adatokkal 6sszhangban azt tapasztaltuk,
hogy szinte nagysagrendi kiildnbség van a PARP-1 és a PARP-2 aktivitasa k6zott akar stimulalt,
akar stimulalatlan kérilmények kozott (Schreiber és mtsai, 2002, Shieh és mtsai, 1998), illetve
doxorubicin kezelés utan nem talaltunk kilénbséget a kontroll és PARP-2 csendesitett MOVAS
sejtek NAD™ szintjében. A legvaldsziniibb magyarazat, hogy a SIRT1 expresszio ndvekedése a
PARP-2 deléciojat kovetben javitia a DOX altal indukalt mitokondridlis diszfunkciét. Ez a
felismerés megmagyarazhatja miért nyujt a PARP-2 delécié csak parcialis védelmet amint azt
mas modellekben is megfigyelték (Kofler és mtsai, 2006, Li és mtsai, 2010, Popoff és mtsai,
2002). A SIRT1 promoterében talalhatd egyes SNP-k 6sszefliggést mutatnak az oxidativ
stresszel jellemezhetd Parkinson kor megjelenésének esélyével emberben (Zhang és mitsai,
2012), ami arra utal, hogy az oxidativ stresszel jellemezhetd korképek kialakuldsaban szerepet
jatszhat a SIRT1 prométer diszfunkcidja, illetve a SIRT1 expresszié modulalasa.

Jelenleg tébb PARP inhibitor van a klinikai kiprobalas kilonb6z6 fazisaban. Kilénb6zé
tumorok kemo- és radioterapiajaban keriilnek ezek a szerek bevezetésre, mint kemo- és
radioszenzitizalé szerek (Curtin és Szabo, 2013). Nem célom itt a klinikai vizsgalatok
eredményeinek és az egyes tumorfajtaknak az attekintése, azonban szeretnék egy érdekes
koncepciét bemutatni az inhibitorok kemoszenzitizalé tulajdonsagaval kapcsolatban. A
tumorsejteket jellegzetes metabolikus atrendezédések jellemzik, amelyet Warburg hatasként
ismerink (Warburg és mtsai, 1927). A tumorsejtek energiatermelésikben a glikolizisre
tamaszkodnak, mig a mitokondridlis oxidacid limitalt, a mitokondriumok tébb, a tumorsejtek
osztddasahoz elengedhetetlen intermedier szintézisét végzik (Bayley és Devilee, 2012). A
mitokondrialis oxidacio induktorai (pl. AMPK) csdkkentik a mitokondriumokban zajlé metabolitok
szintézisét ezaltal leallitiak a sejtciklust és csokkentik a mitotikus potencialt (Colombo és mtsai,
2011, Faubert és mtsai, 2013, Icard és Lincet, 2012). Eredményeink arra utalnak, hogy a PARP
inhibitoroknak is lehet anti-Warburg hatasa, mivel indukaljak a mitokondrialis biogenezist. A
PARP inhibitorok anti-Warburg hatadsa uj tamadaspontot (a metabolizmus befolyasolasa)

jelenthet, ami hozzaadddhat a kemo- és radioptencirozé hatasokhoz.
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5.7 Tovabbi kdlcsdnhatasok sirtuin és PARP enzimek k6z6tt

Feltehetjik azt a kérdést, hogy a SIRT1 enzimen kivil mas sirtuin enzimek is Iépesek-e
kélcsbnhatasba lépni a PARP-1 vagy a PARP-2 enzimmel. Kimutattuk, hogy a PARP-1 delécio,
vagy a PARP inhibitor addsa nem valtoztatta meg a citoplazmatikus SIRT2 és a mitokondrialis
SIRT3 aktivitasat. Valdszinlleg azért nem tapasztaltunk valtozast, mert a PARP-1 aktivitas
gatlasa altal okozott NAD™ szint emelkedés a magi NAD" kompartmentre korlatozddott és nem
befolyasolta az izolaltnak tekintett citoplazmatikus vagy a mitokondrialis kompartmentek NAD"
koncentracidjat. A PARP-2 hatasa szintén a SIRT1-re korlatozédott, ami a transzkripcios
valtozasok specificitasara vezethetéek vissza.

A PARP csaldad mas enzimeinek is szerepe lehet a metabolikus szabalyzasban. Az ismert

metabolikus szereppel bir6 PARP enzimeket az 4. tablazatban foglaltam Ossze.
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4. tablazat. A metabolikus, vagy feltételezheté szereppel bir6 PARP enzimek

PARP Modell Metabolizmusra gyakorolt hatas Ref.
enzim
PARP5a | 3T3-L1 sejtek - A TNK1 koélcsdnhat a Glut4 tartalmu (Chi és Lodish,
(TNK1) Knockout egerek vezikulumokkal az IRAP fehérjén 2000, Sbodio és
keresztll. mtsai, 2002, Yeh
- A TNK1 delécioja megemeli a és mtsai, 2007,
harantcsikolt izmokban az Yeh és mtsai,
energialeadast, a majban a ketogenezist, | 2009)
a zsirsav oxidaciot és a pankreasz
hiperfunkcidjat okozza a béta-sejtek
proliferacidjanak emelésével.
PARP5b | 3T3-L1 sejtek A TNK2 befolyasolja a Glut4 pozitiv (Chi és Lodish,
(TNK2) vezikulumok transzlokaciojat. 2000, Sbodio és
mtsai, 2002)
PARP-7 | Csirke embriébdl A PARP-7 aktivacitja csokkenti a NAD* (Diani-Moore és
(TIPARP) | szarmazo koncentraciot, ami valészinileg a SIRT1 | mtsai, 2010)
hepatocitak aktivaciojan keresztiil a PGC1a
hiperacetilacidjahoz vezet.
PARP-10 | Fehérje microarray A PARP10 mono-ADP-ribozilalja a | (Feijs és mtsai,
vizsgalatok GSK3pB enzimet. 2013)
PARP-14 | HT-1080 human Megakadalyozza a foszfoglikéz | (Yanagawa és
fibroszarkdma sejtek, | izomeraz ubiquitinilacidjat és ezzel | mtsai, 2007)
Hs68 human bér lebontasat.
fibroblasztok

Bar a PARP enzimek és a metabolikus szabalyz6 elemek kélcsénhatasanak vizsgalata még
csak a kezdeti lépéseket jelentik, lathatd, hogy tobb, nagy populaciét érinté betegség
(metabolikus, neurodegenerativ és tumoros megbetegedések) esetében kézponti szerepik
lehet. A betegségek széles kbre és az érintett betegek o6riasi szdma, illetve a rdvidesen
megjelend, és emberben alkalmazhaté PARP inhibitorok abba az iranyba mutatnak, hogy az

altalunk bemutatott terulet potencialisan kiaknazhaté a terapiaban.
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7. Az értekezésben ismertetett Uj tudomanyos eredmények 6sszefoglalasa

1. A PARP-1 delécidja vagy gatlasa a NAD" koncentracio emelésével aktivalja a SIRT1 enzimet,
ami a mitokondrialis biogenezis emelkedéséhez vezet a barna zsirszévetben és a harantcsikolt

izomban.

2. A PARP-1 delécioja nem befolyasolja a SIRT2 és a SIRT3 enzimek aktivitasat valdszinlileg

azért, mert a PARP-1 delécio csak a magi NAD* kompartmentet érinti.

3. A PARP-1 deléciét koévetd mitokondridlis biogenezis emelkedés védelmet nyujt tébb

metabolikus betegséggel szemben, mint az elhizas, vagy a Il. tipusu diabétesz.

4. A rovid tavu PARP gatlas a PARP-1 delécidhoz hasonlé elényds metabolikus valtozasokat

hoz |Iétre a harantcsikolt izomban.

5. A PARP-2 a SIRT1 promoéterének represszora. A PARP-2 delécidja a SIRT1 expresszio és

ezen keresztil a SIRT1 aktivitas novekedéséhez vezet.

6. A PARP-2 delécidja és az ennek kdvetkeztében megnd a SIRT1 aktivitds és mitokondridlis
biogenezis a harantcsikolt izomban és a majban, ami az energialeadas iranyaba tolja el a

szervezet energiahaztartasat.

7. A PARP-2 delécidja az RXR-PPARYy dimer aktivitdsanak a gatlasan keresztll csdkkenti a
fehér zsirszOvetben a lipid raktarozast egerekben. A PARP-2 delécidja védelmet nyujt az

obezitassal szemben egér modellben.
8. A PARP-2 delécidja a PDX1 aktivitasanak gatlasan keresztil akadalyozza a pankreasz béta-
sejtieinek a magas zsirtartalmu diétara adott hiperplasztikus valaszat és igy glukoz

intoleranciahoz vezet.

9. A PARP-2 delécioja részleges védelmet nyuijt az doxorubicin kezelés ellen a SIRT1 indukcié

és a mitokondrialis biogenezis kovetkezményes stabilizalédasa miatt.
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SUMMARY

SIRT1 is a NAD"-dependent enzyme that affects
metabolism by deacetylating key transcriptional
regulators of energy expenditure. Here, we tested
whether deletion of PARP-2, an alternative NAD™-
consuming enzyme, impacts on NAD™ bioavailability
and SIRT1 activity. Our results indicate that PARP-2
deficiency increases SIRT1 activity in cultured
myotubes. However, this increase was not due to
changes in NAD™ levels, but to an increase in SIRT1
expression, as PARP-2 acts as a direct negative
regulator of the SIRT1 promoter. PARP-2 deletion
in mice increases SIRT1 levels, promotes energy
expenditure, and increases mitochondrial content.
Furthermore, PARP-2~/~ mice were protected
against diet-induced obesity. Despite being insulin
sensitized, PARP-2~'~ mice were glucose intolerant
due to a defective pancreatic function. Hence, while
inhibition of PARP activity promotes oxidative
metabolism through SIRT1 activation, the use of
PARP inhibitors for metabolic purposes will require
further understanding of the specific functions of
different PARP family members.

INTRODUCTION

SIRT1 has recently emerged as a promising target in the battle
against a number of metabolic disorders, including obesity and
type 2 diabetes (Banks et al., 2008; Pfluger et al., 2008; Yu and
Auwerx, 2010). The ability of NAD" levels to control SIRT1
activity gave rise to the hypothesis that artificial modulation of
NAD* levels could be used to regulate SIRT1 (Houtkooper
et al., 2010; Sauve, 2009). Indeed, most physiological situations
where NAD™ is increased correlate with higher SIRT1 activity

450 Cell Metabolism 13, 450-460, April 6, 2011 ©2011 Elsevier Inc.

(Canto et al., 2009; Houtkooper et al., 2010; Sauve, 2009).
One interesting possibility to artificially modulate NAD* levels
relies on the inhibition of alternative NAD™ consumers, such
as the poly(ADP-ribose) polymerases (PARPs) (Houtkooper
et al., 2010). Confirming this hypothesis, a number of different
labs have shown that the activity of the PARP-1 enzyme,
a major cellular NAD* consumer, and SIRT1 are interrelated
due to the competition for the same limiting intracellular
NAD* pool (Kolthur-Seetharam et al., 2006; Pillai et al., 2005;
Rajamohan et al., 2009). It is, however, not known whether
other PARP family members have similar effects on SIRT1
activity and global metabolism.

The poly(ADP-ribose) polymerase-2 (PARP-2) is a 66.2 kDa
nuclear protein with PARP activity capable of binding to aberrant
DNA forms (Amé et al., 1999). DNA binding of PARP-2 results in
its activation, and PARP-2 subsequently catalyzes the formation
of poly(ADP-ribose) polymers (PAR) onto itself and to different
acceptor proteins (Amé et al., 1999; Haenni et al., 2008; Yéla-
mos et al., 2008). PARP-2 has a catalytic domain (amino acids
202-593) structurally similar to PARP-1 (Oliver et al., 2004), the
founding member of the PARP family. However, while it is known
that PARP-1 activity critically influences NAD" bioavailability
(Sims et al., 1981), the possible effects of a secondary PARP
activity, like PARP-2, on intracellular NAD" levels and global
metabolism in cells or organs has not yet been fully determined.

Previous studies already provide evidence that PARP-2
is involved in metabolic homeostasis, as it regulates the peroxi-
some proliferator-activated receptor y (PPARY), therefore
influencing adipocyte differentiation (Bai et al., 2007). The poten-
tial relevance of PARP-2 for NAD* homeostasis, which would
impact on SIRT1 activity and global metabolism, prompted us
hence to fully examine the metabolic phenotype of germline
PARP-2~'~ mice. We show here how the absence of PARP-2
activates SIRT1 and promotes mitochondrial biogenesis in
muscle. However, our data also reveal that the absence of
PARP-2 leads to pancreatic failure upon high-fat feeding, under-
scoring the possibility of developing drugs that selectively inhibit
specific PARP proteins for metabolic indications.
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Figure 1. PARP-2 Regulates Oxidative Metabolism by Acting as a Transcriptional Repressor of SIRT1
(A) PARP-2 protein and mRNA levels were analyzed in C2C12 myotubes carrying a stably transfected scramble or PARP-2 shRNA.
(B) NAD* content was evaluated in C2C12 myotubes treated with PJ34 (24 hr, 1 mM) or carrying a stable transfection of a scramble or a PARP-2 shRNA.

H,O, treatment was performed for 1 hr.

(C) Total protein extracts from C2C12 myotubes treated as in (B) were used to test total PARylation.

(D) Scramble or PARP-2 shRNA were stably transfected in C2C12 myotubes that were infected with FLAG-PGC-1a.. After 48 hr, total protein extracts were
obtained and used for FLAG immunoprecipitation and to test the markers indicated.

E) SIRT1 mRNA levels were analyzed in C2C12 myotubes carrying a stable transfection with either scramble or a PARP-2 siRNA.

F) The activity of nested deletions of the SIRT1 promoter was measured after PARP-2 depletion in C2C12 cells.

H and ) O, consumption (H) and mRNA levels of the markers indicated (l) were measured in C2C12 myotubes carrying a stable transfection with either a scramble

(
(
(G) The presence of PARP-2 on the SIRT1 (—1 through —91) promoter was assessed in C2C12 cells by ChlIP assays, using MMP2 as negative control.
(
(

—) or a PARP-2 (+) shRNA and infected with adenovirus encoding for either a scramble (—) or a SIRT1 (+) shRNA. Unless otherwise indicated, white bars represent
scramble shRNA-transfected myotubes and black bars represent PARP-2 shRNA-transfected myotubes. All results are expressed as mean + SD. * indicates

statistical difference versus PARP-2*"* mice at p < 0.05.

RESULTS

PARP-2 Regulates Oxidative Metabolism by Repressing
SIRT1 Transcription

In order to examine the potential role of PARP-2 as a regulator
of SIRT1 activity, we generated C2C12 myocytes stably trans-
fected with either a scrambled or a PARP-2 shRNA. PARP-2
mRNA and protein content is reduced by 80% in myotubes
from cells carrying the PARP-2 shRNA (Figure 1A). We next
evaluated whether this deficiency in PARP-2 activity affects
NAD* homeostasis. While inhibition of total PARP activity with
the inhibitor PJ34 leads to increased intracellular NAD* content,
a reduction in PARP-2 by itself did not affect total (Figure 1B) or

mitochondrial (Figure S1A) NAD™ levels. Similarly, knocking
down PARP-2 did not prevent H,O,-induced NAD* depletion,
while global inhibition of PARP activity with PJ34 did (Fig-
ure 1B). To further sustain our observations, we analyzed the
impact of the PARP-2 knockdown on global PARP activity by
checking HyOo-induced protein PARylation. While PJ34
completely reversed H,O,-induced PARYylation, the knockdown
of PARP-2 could not prevent protein hyperPARylation (Fig-
ure 1C). These results confirm that PARP-2 is a secondary
PARP activity in the cell, as previously demonstrated
(Amé et al., 1999; Shieh et al., 1998). Furthermore, it also
suggests that PARP-2 depletion has little impact on NAD*
homeostasis.

Cell Metabolism 13, 450-460, April 6, 2011 ©2011 Elsevier Inc. 451
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Given the absence of an impact on NAD* homeostasis, it
was surprising to observe that myotubes in which PARP-2
had been knocked down displayed higher SIRT1 activity, as
demonstrated by reduced PGC-1a acetylation (Figure 1D, top
panels). We could not find any direct interaction between
PARP-2 and SIRT1 (Figure S1B), indicating that changes in
SIRT1 activity are not likely to happen through direct posttrans-
lational modification by PARP-2. Rather, the increase in SIRT1
activity was linked to increased SIRT1 content (Figure 1D,
bottom panels). The increase in SIRT1 protein was concomitant
to an increase in SIRT1T mRNA levels (Figure 1E). To explore
why SIRT1 mRNA levels were increased by transcriptional
induction, we used a reporter construct in which serial dele-
tions of the mouse SIRT1 promoter region controlled luciferase
expression (Figure 1F). These studies demonstrated that
knocking down PARP-2 promoted a ~2-fold increase in
SIRT1 transcription through the very proximal promoter region
(—91 bp), an effect that was maintained for the whole upstream
regulatory region that was analyzed (Figure 1F). In chromatin
immunoprecipitation (ChlP) assays, PARP-2 was shown to
bind directly to the proximal SIRT1 promoter (region between
the transcription start site and —91 bp) in C2C12 myotubes
(Figure 1G). The direct binding of PARP-2 on the SIRT1
promoter was also observed in a nonmurine cell line, like
293HEK cells (Figure S1C), as this proximal —91 bp region is
extremely conserved along evolution (Figure S1D). All these
results suggest that PARP-2 acts as a direct negative regulator
of the SIRT1 promoter. Consequently, a reduction of PARP-2
levels induces SIRT1 transcription, leading to higher SIRT1
protein levels and activity. An expected consequence of this
increase in SIRT1 activity is that a reduction in PARP-2 content
should lead to higher mitochondrial gene expression, by the
activation of PGC-1a through deacetylation, and to increased

452 Cell Metabolism 13, 450-460, April 6, 2011 ©2011 Elsevier Inc.
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Figure 2. General Physiologic Characteris-
tics of PARP-27"~ Mice

(A and B) PARP-2*"* and ~/~ male mice (n = 15/13)
were weighed weekly (A), and food consumption
was measured (B).

(C-E) PARP-2*"* and ~/~ male mice on a chow diet
(n = 6/6, age of 3 months) were subjected to indi-
rect calorimetry, where locomotor activity (C), Oz
consumption (D), and RER (E) were determined.
(F) Fed and fasted blood glucose levels. Values are
expressed as mean = SEM unless otherwise
stated. * indicates statistical difference versus
PARP-2*"* mice at p < 0.05.

IS

Spontaneous activity
(arbitrary units)
N

O, consumption. This hypothesis turned

out to be correct, as cellular O, con-

sumption was increased in PARP-2
* knockdown cells (Figure 1H), concomi-
tant to the increase in expression of
genes related to lipid and mitochondrial
metabolism, such as medium chain acy!
coenzyme A dehydrogenase (MCAD),
NADH dehydrogenase (Ubiquinone) 1
alpha subcomplex subunit 2 (Ndufa2),
and cytochrome C (Cyt) (Figure 1l).
Furthermore, using adenoviruses encoding for a shRNA for
SIRT1, we demonstrated that the increase in SIRT1 activity
contributed in a major fashion to the oxidative phenotype of
PARP-2-deficient myotubes (Figures 1H and 1l).

Fed Fasted

General Physiological Characterization

of the PARP-27~ Mice

All the experiments above illustrate that reducing PARP-2
activity might be useful to increase SIRT1 activity and, conse-
quently, potentiate oxidative metabolism. In order to gain further
insight into this mechanism, we next examined the metabolic
profile of the PARP-2~/~ mice. PARP-2~'~ mice were smaller
and leaner then their PARP-2*/* littermates (Figure 2A). The
fact that there was no difference in food intake between the
PARP-2~'~ and PARP-2*"* mice (Figure 2B) and that sponta-
neous locomotor activity was lower in the PARP-2~/~ mice
(Figure 2C) suggested that the difference in weight gain was
due to altered energy expenditure (EE). Indirect calorimetry,
however, indicated only a slight tendency toward a higher O,
consumption in chow-fed PARP-2~/~ mice compared to wild-
type littermates under basal conditions (Figure 2D). Interestingly,
RQ values indicate that during the dark phase, PARP-2~/~ mice
use lipid substrates as energy source at proportionally higher
rates than the PARP-2*'* littermates (Figure 2E). Strikingly,
PARP-2'~ mice were mildly hyperglycemic in both fed and
fasted states (Figure 2F), linked to a tendency toward lower
blood insulin levels in both fed (2.52 + 0.24 ug/l for PARP-2*/*
versus 1.77 = 0.13 pg/I for PARP-2~'~ mice) and fasted (0.77 +
0.07 g/l for PARP-2*"* versus 0.71 + 0.11 pg/l for PARP-2~/~
mice) states. Overall, these results illustrate that PARP-2
deletion promotes an increase in the use of fat as main energy
source, associated with a leaner phenotype.
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Figure 3. PARP-2"~ Muscles Have Higher SIRT1 Activity, Mitochondrial Content, and Oxidative Profile
A) PARylation and PARP-2 levels in gastrocnemius muscle were determined by western blot. PARP-2 levels were determined in nuclear extracts, and histone

¢
1 (H1) was used as loading control.

(B) NAD" levels in gastrocnemius muscle of 4-month-old PARP-2*"* and ~/~ male mice (n = 4 and 8, respectively) were determined by HPLC/MS.
(C) SIRT1 mRNA and protein levels were determined in total muscle mRNA or protein extracts.
(D and E) PGC-1a (D) and FOXO1 (E) acetylation lysine levels were examined after immunoprecipitation. Quantifications are shown on top of the respective

images.

F) Gene expression of the indicated genes in the gastrocnemius muscle of PARP-2*/* and ~/~ mice was evaluated by RT-qPCR.

(
(G) Quantification of mitochondrial DNA by qPCR.
(

H and I) Transmission electron micrographs (H) and SDH staining (I) of representative gastrocnemius muscle sections show increased mitochondrial content
(PARP-2** and ~/~ male mice n = 15 and 13, respectively; age of 7 months). Scale bar in () = 100 pm.

(J) Endurance treadmill test was performed as described. White bars represent PARP-2*/* mice, while black bars represent PARP-2~/~ mice. Values are
expressed as mean + SEM unless otherwise stated. * indicates statistical difference versus PARP-2** mice at p < 0.05.

Higher SIRT1 Activity, Mitochondrial Content,

and Oxidative Profile in PARP-27/~ Tissues

At the molecular level, PARP-2 deletion was not linked to higher
DNA damage in either young or old mice (Figure S2A). In line with
these in vitro data, we could not detect a significant change in
protein PARylation in PARP-2~/~ mice, as determined by
western blotting (Figure 3A). In contrast to the data from
C2C12 myotubes, PARP-2~/~ muscles contained more NAD*
(Figure 3B). The data from cultured myotubes suggest that the
increase in NAD" levels observed in muscle tissue might be
secondary to the leaner phenotype rather than a direct conse-
quence of the reduction in PARP-2 function per se. In line with
the role of PARP-2 as a negative regulator of the SIRT1 promoter,
SIRT1 mRNA and protein levels were increased in muscles from
PARP-2~'~ mice (Figure 3C). The combination of higher NAD*
and higher SIRT1 protein provides an excellent scenario to
increase SIRT1 activity. Confirming this hypothesis, the acetyla-
tion levels of two different SIRT1 substrates, the PPARY coacti-
vator-1a (PGC-1a) (Figure 3D) and the forkhead box O1 (FOXO1)
transcription factor (Figure 3E), were markedly decreased in
muscles from PARP-2~'~ mice. Importantly, the acetylation
status of SIRT2 and SIRTS3 targets, such as tubulin and Ndufa9,

respectively, was not affected by PARP-2 deletion, indicating
that PARP-2~/~ deletion is not affecting the activity of the closest
SIRT1 homologs (Figure S2B). PGC-1o. and FOXO1 are
transcriptional activators strongly linked to the regulation of
mitochondrial biogenesis and oxidative metabolism. Conse-
quent to their activation through deacetylation, the expression
of transcriptional regulators of oxidative metabolism (PGC-1«),
of biomarkers of oxidative muscle fibers (troponin | [tonl]),
and of mitochondrial proteins (succinate dehydrogenase [SDH],
uncoupling protein 2 [UCP2]) and lipid oxidation enzymes
(malonyl-CoA decarboxylase [MCD], MCAD) was increased in
gastrocnemius muscle of the PARP-2~/~ mice (Figure 3F). The
increase in mitochondrial content was further evidenced by the
higher mitochondrial DNA content (Figure 3G) and by the more
prominent mitochondria observed upon transmission electron
microscopy (TEM) analysis of the gastrocnemius muscle
(Figure 3H). The increased mitochondrial biogenesis clearly
promoted a more oxidative phenotype of the PARP-27/~
muscles, as reflected by the prominent increase in SDH-positive
oxidative muscle fibers (Figure 3l). As a physiological conse-
quence of this increased oxidative muscle profile, PARP-2~/~
mice performed much better than their PARP-2*/* littermates

Cell Metabolism 13, 450-460, April 6, 2011 ©2011 Elsevier Inc. 453
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Figure 4. PARP-27~ Mice Display Higher
Mitochondrial Content in Liver
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on a treadmill endurance test (Figure 3J). As a whole, these
results indicate that PARP-2 deletion promotes mitochondrial
biogenesis in muscle, increasing the oxidative and endurance
profile of the fibers.

We also explored whether PARP-2 deletion could also influ-
ence mitochondrial biogenesis in other highly metabolic tissues,
such as brown adipose tissue (BAT) and liver. In BAT, despite
higher SIRT1 content (Figure S3A), we were unable to detect
changes in the expression of the main metabolic genes
(Figure S3B). Supporting the minor impact of PARP-2 deletion
on BAT function, body temperature dropped similarly in
PARP-2** and PARP-2~'~ mice upon cold exposure (Fig-
ure S3C). This suggested that BAT is unlikely to contribute signif-
icantly to the differences in EE observed in the PARP-2~/~ mice.
In contrast, PARP-2 deletion had strong effects on the expres-
sion of diverse regulators of mitochondrial metabolism in the
liver, including PGC-1a, PGC-13, FOXO1, PPAR«, estrogen-
related receptor o (ERR«), and Cytochrome C oxidase subunit Il
(COXIl (Figure 4A). Consistently, PARP-2~'~ livers displayed
a higher mitochondrial content, as evidenced by the increase
in mitochondrial DNA levels (Figure 4B) and by the appearance
of more mitochondria upon electron microscopy (Figure 4C).
As in muscle, liver NAD* content was higher in PARP-27/~
mice (Figure 4D), which, together with the higher amounts of
SIRT1 protein, translated into increased SIRT1 activation (Fig-
ure 4E). In line with what was observed in muscle, no changes
in the activity of SIRT2 and SIRT3, the closest SIRT1 homologs,
were detected (Figure S4A). The observation that PARP-27/~
livers had a tendency toward a reduced triglyceride content
both upon oil red O staining (Figure S4B) and direct biochemical
measurement (Figure 4F) is consistent with the induction of
oxidative metabolism. Despite the increase in phosphoenolpyr-
uvate carboxykinase (PEPCK) expression in PARP-2~/~ mice
and the increased capacity of liver for oxidative metabolism,
PARP-2~'~ mice responded similarly to PARP-2*/* littermates
upon a pyruvate tolerance test (Figure S4C), probably due to
the similar expression of another rate-limiting enzyme, the
glucose-6-phosphatase (G6Pase) (Figure 4A).

454 Cell Metabolism 13, 450-460, April 6, 2011 ©2011 Elsevier Inc.

(A) mRNA expression analysis in livers from
PARP-2*"* and ~'~ male (n = 16/13, respectively;
6 months of age) mice fed a chow diet.

(B) Relative liver mitochondrial DNA (mtDNA)
content was estimated by RT-qPCR.

(C) Transmission electron microscopic images of
liver sections demonstrate higher mitochondrial
number in PARP-2~/~ mice.

(D) Total intrahepatic NAD* content was measured
by HPLC/MS.

(E) Total liver protein extracts were used to eval-
uate SIRT1 protein levels and immunoprecipitate
PGC-1a to examine PGC-1a acetylation levels.
(F) Liver triglyceride content was estimated after
methanol/chloroform lipid extraction as described.
White bars represent PARP-2*"* mice, while black
bars represent PARP-2~/~ mice. Values are ex-
pressed as mean + SEM unless otherwise stated. *
indicates statistical difference versus PARP-2*/*
mice at p < 0.05.

PARP-2"~ Mice Are Protected against Diet-Induced
Obesity and Insulin Resistance

The increased mitochondrial biogenesis and oxidative pheno-
type observed in the skeletal muscle and liver of PARP-27/~
mice incited us to test how these mice would respond to
high-fat diet (HFD) feeding. PARP-2~/~ mice were protected
against weight gain when fed a HFD (Figure 5A), despite
a similar food intake (Figure 5B). This leaner phenotype was
associated with a reduced body fat mass, as evidenced by
EchoMRI analysis (Figure 5C). This reduction in fat content
was clearly more pronounced (~20% decrease) in the epidid-
ymal fat depots, which are equivalent to visceral fat in man,
than in the subcutaneous fat pads (Figure 5D). The weight of
the PARP-27'~ livers was also markedly reduced (Figure 5D),
consequent to a lower triglyceride accumulation (Figures S5A
and S5B). Accentuating what was observed in chow-fed
mice, PARP-2~'~ mice on HFD displayed now significantly
higher O, consumption rates (Figure 5E). The increase in VO,
was not due to increased activity (Figure 5F), indicating that
high-fat-fed PARP-2~/~ mice have higher basal EE. As ex-
pected, the expression of the transcriptional regulators govern-
ing EE (SIRT1, PGC-1a) was increased in gastrocnemius from
PARP-2~"~ mice when compared to their PARP-2*/* littermates
after the HFD (Figure 5G). The expression of several genes
involved in fatty acid uptake and oxidation (muscle carnitine
palmitoyltransferase 1b [mCPT1b], peroxisomal acyl-coenzyme
A oxidase 1 [ACOXT1], MCD, MCAD), mitochondrial electron
transport, and oxidative phosphorylation (Ndufa2, Cyt C,
COXIV) followed a pattern similar to these transcriptional
regulators and were maintained at a higher level in the
PARP-2'~ muscle (Figure 5G). Consequent to the much leaner
and oxidative phenotype, PARP-2~/~ mice remained more
insulin sensitive than their wild-type littermates after high-fat
feeding (Figure 5H), and their endurance performance was
markedly better (data not shown). These results clearly indicate
that PARP-2~/~ mice are protected from body weight gain
and insulin resistance upon high-fat feeding, linked to a better
muscle oxidative phenotype.
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Figure 5. PARP-27~ Mice Are Protected against Diet-Induced Body Weight Gain and Insulin Resistance
A) Six-month-old PARP-2*/* and ~~ male mice (n = 7 and 9, respectively) fed on high-fat diet were weighed weekly.

B) Food intake was monitored during high-fat feeding.
C) Body fat mass composition was evaluated through EchoMRI.

E and F) VO, (E) and spontaneous activity (F) were determined by indirect calorimetry. Quantification of the mean values during light and dark phases is shown.
G) mRNA expression levels in gastrocnemius muscles from PARP-2*"* and ~/~ mice after 12 weeks of high-fat diet was determined by RT-gPCR.

(
(
(
(D) The weight of the tissues indicated was determined upon autopsy at the end of the high-fat-feeding period.
(
(
(

H) Glucose excursion after an intraperitoneal insulin tolerance test. White bars and circles represent PARP-2*/* mice, while black bars and circles represent

PARP-2~'~ mice. Values are expressed as mean + SEM unless otherwise stated.

Increased SIRT1/FOXO01 Activity Renders PARP-27/~
Mice Glucose Intolerant after High-Fat Feeding

due to Pancreatic Dysfunction

To our surprise, despite their lower body weight and higher
insulin sensitivity, PARP-2~/~ mice were more glucose intolerant
compared to their PARP-2*/* littermates after high-fat feeding
(Figure 6A) and still displayed fasting hyperglycemia (172.44 +
20.11 mg/dl for PARP-2*"* versus 203.34 + 10.26 mg/dl for
PARP-27'7). The fact that PARP-2~'~ mice are also more insulin
sensitive (Figure 5H) suggested that this glucose intolerance
could be related to defects in the insulin release upon a glucose
load. Confirming this hypothesis, the insulin peak after an intra-
peritoneal glucose injection in PARP-2*"* mice was blunted in
PARP-2~'~ mice (Figure 6B). Furthermore, fasting blood insulin
levels were lower in PARP-2~/~ mice (0.87 + 0.24 png/l for
PARP-2*"* versus 0.58 + 0.16 pg/l for PARP-2~/~ mice). These
observations led us to examine the pancreas from PARP-2~/~
mice. HFD increased the pancreatic mass in wild-type mice,
but not in PARP-2-deficient mice (Figure 6C). Histological anal-
ysis of the pancreas of PARP-2*/* and PARP-2~'~ mice revealed
that islet size was smaller in PARP-2~/~ mice after high-fat
feeding (Figures 6D and 6E). This reduction in islet size translated
into a robust reduction in pancreatic insulin content (Figure 6F).
When pancreatic gene expression was analyzed in pancreas
from PARP-2*"* and PARP-2~'~ mice, it became evident that,
in addition to an increase in some mitochondrial-related genes

* indicates statistical difference versus PARP-2** mice at p < 0.05.

(mitochondrial transcription factor A [TFAm), citrate synthase
[CS]), the pancreas of PARP-2~'~ mice had severe reductions
in the expression of a number of key genes for pancreatic func-
tion (such as glucokinase [GK] and Kir6.2) and proper B cell
growth (pancreatic and duodenal homeobox 1 [pdx1]) (Fig-
ure 6G). Given the reduced insulin content and pdx7 expression,
it was also not surprising that expression of the insulin gene (Ins)
was decreased in the PARP-2~/~ pancreas (Figure 6G). As in
other tissues, PARP-2 deletion led to higher SIRT1 protein levels
in pancreas (Figure 6H), which translated not only into higher
mitochondrial protein content, as manifested by complex |
(39 kDa subunit) and complex lll (47 kDa subunit) levels (Fig-
ure 6H), but also in the constitutive deacetylation of FOXO1 (Fig-
ure 6H). NAD™ levels were similar in pancreas from PARP-2*/*
and ~~ mice (Figure S6A). The deacetylation and activation
of FOXO1 could underpin the pancreatic phenotype of the
PARP-27/~ mice, as FOXO1 activity compromises insulin
content and pancreatic growth by acting as a negative regulator
of pdx1 (Kitamura et al., 2002). To further consolidate the hypoth-
esis that higher SIRT1 and/or FOXO1 function is detrimental for
pancreatic function by the downregulation of pdx7, we tested
whether activation of FOXO1 or SIRT1 could decrease pdx1
expression in the MIN6 mouse pancreatic B cell line. Overex-
pression of either FOXO1 or SIRT1 was enough to decrease
pdx1 mRNA and protein levels (Figure 7A). Similarly, resveratrol
treatment, which indirectly activates endogenous SIRT1, leading
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Figure 6. Pancreatic Abnormalities Render PARP-2""- Mice Glucose Intolerant after High-Fat Feeding
(A) Plasma glucose levels during an intraperitoneal glucose tolerance test (IPGTT) in 9-month-old PARP-2*"* and ~/~ male mice (n = 7 and 9, respectively) fed
a high-fat diet for 12 weeks. The area under the curve of the glucose curves is shown at the right.

(B) Insulin levels during the first hour of the IPGTT in (A).

(C) Comparison of total pancreas weight between PARP-2*"* and PARP-2~'~ mice on chow and high-fat diet.
(D) Pancreas from PARP-2*/* and PARP-2~/~ mice after high-fat diet were stained for insulin (scale bar = 50 um).

(E) Mean islet size was quantified.
(F) Total insulin content in pancreas was measured as described.

(G) Gene expression in the pancreas of PARP-2*/+ and PARP-2~'~ mice was measured by RT-qPCR.

(H) Pancreatic total protein extracts were used to test the abundance of SIRT1, and subunits from the respiratory complexes | and Ill. FOXO1 was also
immunoprecipitated to determine relative FOXO1 acetylation levels. White bars and circles represent PARP-2*"* mice, while black bars and circles represent
PARP-2~'~ mice. Values are expressed as mean + SEM unless otherwise stated. * indicates statistical difference versus PARP-2** mice at p < 0.05.

to FOXO1 deacetylation (Figure 7B), also decreased pdx7
content (Figure 7A). Altogether, these results illustrate that
PARP-2'~ mice have impaired pancreatic hyperplasia upon
HFD, due to the lower expression of key genes involved in
pancreatic B cell proliferation and function, such as pdx1, as
a consequence of higher SIRT1 and/or FOXO1 activity.

DISCUSSION

In our present study, we have shown that PARP-2 is a negative
regulator of the SIRT1 promoter and that the reduction or abla-
tion of PARP-2 expression induces SIRT1 expression, protein
content, and activity. As expected from the activation of SIRT1
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(Canté et al., 2009; Lagouge et al., 2006), PARP-2~/~ mice
displayed higher whole-body EE and were protected against
HFD-induced obesity. Previous studies on PARP-1, the predom-
inant PARP activity in most tissues, have demonstrated that the
modulation of intracellular NAD™ levels by PARP-1 critically
influences SIRT1 activity (Kolthur-Seetharam et al., 2006; Pillai
et al., 2005; Rajamohan et al., 2009; Bai et al., 2011). Our data
demonstrate that deletion of an alternative PARP activity,
PARP-2, also impacts on SIRT1 activity. Unexpectedly, our
results clearly indicate that, unlike what happens with PARP-1
(Bai et al., 2011), the impact of PARP-2 on SIRT1 activity is not
necessarily based on changes in NAD* content. This is in line
with previous evidence indicating that PARP-2 is not a major
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PARP enzyme in the cell and therefore is not likely to significantly
influence NAD* homeostasis (Amé et al., 1999; Shieh et al.,
1998). Rather, PARP-2 impacts on SIRT1 by directly interacting
with the proximal SIRT1 promoter, where it acts as a potent tran-
scriptional repressor. Accordingly, in all models and tissues
tested, PARP-2 deletion or depletion induces SIRT1 mRNA
expression, protein content, and activity.

PARP-2 can act as a transcriptional regulator (Yélamos et al.,
2008). We have previously shown that PARP-2 acts as a positive
regulator of PPARY, leading to triglyceride accumulation (Bai
et al., 2007). In line with this and supported by the present data,
PARP-2 deficiency led to decreased lipid accumulation. Our
current work furthermore expands the potential mechanisms by
which PARP-2 activity might impact on lipid accumulation. First,
the activation of SIRT1 in PARP-2~/~ mice would provide
asecond way to reduce PPARYy activity, as SIRT1 docks the tran-
scriptional corepressors NCoR and SMRT to PPARy-regulated
promoters (Picard et al., 2004). Second, and most importantly,
the increase in EE and fat burning observed in PARP-2~/~ mice
would also prevent fat accumulation. Reinforcing this second
hypothesis, the reduced size of adipose depots is not associated
with lipid accumulation in other tissues, such as liver (Figures S5A
and S5B), indicating that enhanced fat burning rather than fat
redistribution accounts for the decreased fat mass.

N/

Hlgher SIRT1 activity

Higher mitochondrial content

enzymes can downregulate SIRT1 function
through different means. On one hand, PARP-1
activation limits SIRT1 activity by decreasing
NAD* bioavailability, and on the other, we now
report how PARP-2 acts as a negative regulator of
the SIRT1 promoter. The PARP-1 and PARP-2
knockout mouse models indicate that PARP
inhibition can be useful to promote SIRT1 activity
and enhance mitochondrial content. This strategy
might be exploited therapeutically in the context of
metabolic disease, commonly linked to impaired
mitochondrial content or function. Values are
expressed as mean = SEM unless otherwise
stated.

SIRT1 '

FOXO1
Resveratrol '

PM-1

l

4 NAD* Our results illustrate how pharmaco-
logical approaches to promote oxidative
metabolism by inhibiting PARP activity
could benefit from targeting specific
PARP enzyme forms. Certainly, PARP-2
deletion recapitulates all the previous
beneficial effects observed with different
strategies aimed to promote SIRT1
activation, i.e., enhanced oxidative
metabolism, endurance phenotype, and
protection against body weight (Feige et al., 2008; Lagouge
et al., 2006). These positive outcomes seen in the absence of
PARP-2 are, however, overshadowed by the deleterious effects
that the absence of PARP-2 has on pancreatic function. Our
results show that, upon high-fat feeding, pancreatic proliferation
and insulin production are blunted in PARP-2~/~ mice. This
could be a consequence of the impaired expression of pdx17,
a crucial regulator of pancreatic growth and insulin expression
(Kaneto et al., 2008), as well as of other genes that fine-tune
pancreatic function, such as Kir6.2 and glucokinase (MacDonald
et al., 2005). While many reasons could account for such defect,
a likely possibility is that the increased SIRT1 activity in
PARP-27/~ pancreas activates FOXO1 (Figure 6H) (Brunet
et al., 2004; Frescas et al., 2005), which is known to downregu-
late pdx7 expression (Kawamori et al., 2006). Interestingly,
decreased FOXO1 activity, through its nuclear exclusion, is
necessary for the compensatory pancreatic proliferation
observed in situations of insulin resistance, as induced by
HFD (Buteau and Accili, 2007). FOXO1 activation also is detri-
mental for the pancreatic proliferative effects of hormones
such as glucagon-like peptide 1 (GLP-1) (Buteau and Accili,
2007). Hence, the constitutive activation of FOXO1 provides
a plausible mechanism to explain the pancreatic phenotype of
the PARP-2~'~ mice upon HFD. Given that overexpression or

\
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activation of SIRT1 or overexpression of FOXO1 in the MING
B cell line recapitulates the downregulation of pdx7 in the
PARP-27"~ mice, it is surprising that this phenotype was not
observed in other models of SIRT1 activation in the pancreas
(Banks et al., 2008; Moynihan et al., 2005). Unfortunately, the
fact that FOXO1 deacetylation, as a read-out of effective pancre-
atic SIRT1 activation, was not tested in those studies (Banks
et al., 2008; Moynihan et al., 2005) makes it difficult to compare
it with our work. Another possibility would be that, besides
SIRT1-mediated FOXO deacetylation, other PARP-2-specific
functions might contribute to the pancreatic alterations in the
PARP-2~"~ mice. For example, PARPs can modulate the enzy-
matic activities of a number of proteins through direct interaction
or by poly(ADP-ribosyl)ation (Yélamos et al., 2008). In this sense,
PARP-1 is known to directly interact with, poly(ADP-ribosyl)ate,
and inhibit FOXO (Sakamaki et al., 2009), but we could not
demonstrate an interaction between PARP-2 and FOXO in the
pancreas (Figure S6B). Notably, we also could not find evidence
for a direct interaction between PARP-2 and SIRT1 (Figure S1B)
or poly(ADP-ribosyl)ation of SIRT1 (Bai et al., 2011). Further-
more, PARP-2 deletion affects blood adipokine levels (Bai
et al., 2007), which might also impact pancreatic function. Unrav-
eling the additional mechanisms by which PARP-2 influences
pancreatic function warrants future investigation. Importantly, it
must be noted that this pancreatic phenotype is specific for
the PARP-2~'~ mice, as PARP-1~"" mice, while sharing many
common characteristics with the PARP-2 mutants, do not
develop glucose intolerance after high-fat feeding (Bai et al.,
2011), and islet size and insulin content are similar between
wild-type and PARP-1~/~ littermates upon high-fat feeding
(Figures S6C and S6D), indicating that the pancreatic phenotype
is specific to PARP-2 deletion.

In conclusion, our results complement the picture by which
PARP activation is detrimental for mitochondrial function by
decreasing SIRT1 activity (Figure 7C). On the one hand, we
recently reported that the activation of PARP-1 depletes intracel-
lular NAD™, which limits SIRT1 activity (Bai et al., 2011). On the
other hand, we describe here how PARP-2 acts as a negative
regulator of SIRT1 expression. In combination, these results
prompt the speculation that PARP inhibitors could be used not
only for cancer, but also in the context of metabolic disease to
enhance mitochondrial content.

EXPERIMENTAL PROCEDURES

Materials
All chemicals were from Sigma-Aldrich (St. Louis) unless stated otherwise.

Animal Studies

All animal experiments were carried out according to local, national, and EU
ethical guidelines. Homozygous PARP-2~'~ and littermate PARP-2** mice
(Ménissier de Murcia et al., 2003) and PARP-1~'~ and PARP-1** mice (de
Murcia et al., 1997) on a mixed C57BL/6J / SV129 background (87.5%/
12.5%) background from heterozygous crossings were used. Mice were
housed separately, had ad libitum access to water and food, and were kept
under a 12/12 hr dark/light cycle. Mice were selected for the study at the
age of 4 weeks and were kept on chow diet (10 kcal% of fat, Safe, Augy,
France). For a part of the animals, food was changed by a HFD (60 kcal% of
fat, Research Diets, New Brunswick, NJ) at the age of 16 weeks. Each week
on the same day, mice were weighed and food consumption was measured.
O, consumption, CO, production, and actimetry were measured by CLAMS
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of Columbus Instruments; total body fat was measured by EchoMRI as
described (Lagouge et al., 2006; Watanabe et al., 2006). Endurance test was
performed as described in Canté et al. (2009). Intraperitoneal glucose and
insulin tolerance tests (IPGTT and IPITT, respectively) were performed as
previously described (Feige et al., 2008). The animals were killed by CO,
asphyxiation after 6 hr of fasting, and tissues were collected. Total body fat
content was then examined at autopsy by weighing the subcutaneous,
gonadal, mesenterial, retroperitoneal, and BAT-associated fat depots. Liver
triglyceride was determined after Folch extraction using a commercial triglyc-
eride kit (Roche). Pancreas and plasma insulin content was determined from
acidic extracts using a commercial ELISA kit (Mercodia) (Champy et al., 2004).

Histology and Microscopy

Hematoxylin-eosin (HE), oil red O, and SDH stainings were performed on 7 pm
tissue sections as described (Lagouge et al., 2006; Picard et al., 2002). Immu-
nohistochemistry was performed on 7 um frozen tissue sections using anti-
insulin antibody (Dako). Aspecific binding of the secondary antibody was
controlled on sections where the primary antibody was omitted. Islet size
was determined on insulin-stained sections. TUNEL assay was performed
using a commercial kit (Millipore). TEM was performed on glutaraldehyde-
fixed, ismium tetroxide-stained ultrafine sections (Watanabe et al., 2006).

Cell Culture

HEK293T cells were cultured as described in Bai et al. (2007). The MIN6 mouse
pancreatic B cell line was grown in DMEM 4.5 g/ glucose with 15% inactivated
FBS, 1% penicillin/streptomycin, 2 mM glutamine, and 50 pM 2-mercaptoe-
thanol. C2C12 cells were cultured and differentiated as described in Canté
et al. (2009). Lentiviral short hairpin (shRNA) and control scramble constructs
against PARP-2 were from Sigma-Aldrich (MISSION Custom Vector) incorpo-
rating the interfering sequence described in Bai et al. (2007). C2C12 cells were
transduced with 20 moi of virus, and transduced clones were selected with
2.5 pg/ml puromycin. Puromycin selection was maintained during subsequent
routine cell culture.

Constructs, Reporter Assays, and Chromatin Immunoprecipitation
SIRT1 promoter constructs were described in Nemoto et al. (2004). pSuper-
siPARP2, pSuper-scrPARP2, and pBabe-PARP2 were described in Bai et al.
(2007). Adenovirus for SIRT1 knockdown is reported in Rodgers et al. (2005).
Reporter assays and ChlPs were performed as in Bai et al. (2007). Primers
for ChIP are summarized in Table S3.

mRNA Preparation, Reverse Transcription, and qPCR

Messenger RNA preparation, cDNA synthesis, and RT-qPCR were performed
as described in Bai et al. (2007). Expression was normalized to the expression
of cyclophilin. Mitochondrial DNA was determined in qPCR reactions as
described in Lagouge et al. (2006). Primers are summarized in Tables S1
and S2.

NAD* Determination

NAD* was determined by either a general alcohol-dehydrogenase-coupled
colorimetric reaction (Canté et al., 2009) or, where indicated, by mass spec-
trometry, as described (Sauve et al., 2005).

Protein Extraction and Western Blotting

Protein extracts were prepared as described in Canté et al. (2009); nuclear
extraction was prepared as described (Edelman et al., 1965). Extracts were
subjected to western blotting as in Bai et al. (2007) and Cant6 et al. (2009).
Blots were probed with the following primary antibodies: SIRT1 (Millipore),
actin (Sigma), PARP-2 (rabbit polyclonal antibody raised against full-length
mouse PARP-2), and H1 (kindly provided by S. Muller, IBMC, Strasbourg).

Determination of PGC-1a Acetylation Status
PGC-1a and FOXO1 acetylation was analyzed by immunoprecipitation as
described in Canté et al. (2009).

Statistical Analysis
For the statistical analysis of the animal studies (body weight gain, food
consumption), the data were checked for normal distribution. To determine
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significance, Student’s t test was applied, and p < 0.05 was considered
significant. Error bars represent SEM unless stated otherwise.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
Supplemental References, six figures, and two tables and can be found with
this article online at doi:10.1016/j.cmet.2011.03.013.
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Supplemental Experimental Procedures

DNA Constructs

The SIRT1 promoter reporter constructs were described in (Nemoto et al., 2004). PARP-2
was overexpressed (by pBabe-PARP-2 using pBabe as control), or depleted (using pSuper-
shPARP-2 and pSuper-scrPARP-2 as control) as described in (Bai et al., 2007). The pCMV-
BGal construct was used to control transfection efficiency. The pCMX-ERf construct was
described in (Tremblay et al., 1997). Adenoviral construct for SIRT1 silencing was described

in (Rodgers et al., 2005).

Cell Culture

HEK293T cells were maintained in 4.5 g/l glucose DMEM, 10% FCS. For the transfection of
HEK293T cells JetPei was used (Polyplus transfections, lllkirch, France) according to the
description of the company. PARP-2 depletion and overexpression took place as described
in (Bai et al. 2007).

C2C12 cells were maintained in 4.5 g/l glucose DMEM, 10% FCS and were differentiated in
4.5 g/l glucose DMEM, 2% horse serum for 2 days, when cells were considered myofibers.
PARP-2 was depleted from C2C12 cells using lentiviral ShRNA system (MISSION Lentiviral
Vectors, Sigma-Aldrich). The vectors contained the interfering and control sequences
described in (Bai et al. 2007). C2C12 cells were transduced with 20 MOI virus and were
selected with 2.5 ug/ml puromycin. Cells withstanding puromycin selection were subcultured.
In all subsequent cell culture steps puromycin selection was constantly maintained. The

efficiency of knock-down at the mRNA level was assessed by RT-qPCR.
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Cell Fractionation for NAD" Determination

Cells from 2x10 cm dishes were scrapped in ice-cold PBS, pooled together and transfered
and each sample was subdivided equally in 2 independent tubes and cells were pelleted.
The pellet from one of the tubes was resuspended in acidic buffer and used for total NAD"
stimation. The other was resuspended in 1 ml of an ice-cold buffer containing sucrose
0.25M, EGTA 2mM, HEPES 20 mM and protease inhibitors. Then they were transfered into
a Teflon-glass homogenized and homogenized with a rotating mechanic piston. Two
microliters from the homogenate were used to estimate total protein using the Bradford
reagent. The remaining homogenate was then centrifuged at 600 rpm at 4°C to pellet nuclei
and cell debris. Equal volumes of the resulting supernatant was transfered into two
independent tubes and both were centrifuged at 7000 rpm. The resulting pellets were
considered the mitochondrial fraction. One of the tubes was resuspended in acidic lysis
buffer to measure NAD", while the other was resuspended in the buffer described above in

order to measure protein.

SIRT1 Promoter Reporter Assay

HEK293T cells seeded in 6 well plates, after the depletion or overexpression of PARP-2,
were transfected with 1.6 pg SIRT1 promoter reporter construct, 1 ug of pBabe/pBabe-
PARP-2/pSuper-shPARP-2/pSuper-scrPARP-2 and 0.4 ug pCMV-BGal. Ten hours after
transfection cells were scraped then luciferase and p-galactosidase activity were

determined. Luciferase activity was expressed as luciferase activity/p-galactosidase activity.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChlP) was performed as described in (Bai et al.,, 2007;
Balint et al., 2005). HEK293T, or C2C12 cells were fixed, lysed and subjected to ChlP using

anti-PARP-2 and anti-MMP9 (Santa Cruz) antibodies (both of rabbit origin; no antibody
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control was equally introduced). The DNA pool obtained was assayed in qPCR using
primers specific for the -1 - -91 portion of the SIRT1 promoter and primers specific for the
K19 promoter (that is independent of PARP-2 (Bai et al., 2007)). The values obtained from
the gPCR run were normalized for the value of the corresponding input (SIRT1/K19) and
expressed as % of input. The human K19 primers were validated on HEK cells transfected
with pCMX-ERp (data not shown); the murine primers were already validated (Bai et al.,

2007). Primers are summarized in Supplemental Table 3.

Intraperitoneal Pyruvate Tolerance Test (ipPTT)
Intraperitoneal pyruvate tolerance test was performed as described in (Yao et al., 2006).

Increase in blood glucose was expressed as percentage of baseline glucose level.

Sequence Alignment
Sequences of SIRT1 promoter was acquired for the indicated vertebrate species from
Pubmed. The initial 300 bp segment (-1 to -300) was aligned using the ClustalwW algorithm

(http://www.ebi.ac.uk/Tools/msa/clustalw2/) and the sequences homologous to the murine -1

- -204 (corresponding to the two shortest SIRT1 promoter construct) were displayed.

Cold Exposure

Cold exposure was performed as described in (Lagouge et al., 2006).

Endurance Test

Chow fed PARP-2 mice were subjected to a resistance running test, using a variable speed
belt treadmill enclosed in a plexi glass chamber with a stimulus device consisting of a shock
grid attached to the rear of the belt (Columbus). Animals were acclimatized to the chamber
for 5 days preceding the running test. For the habituation, mice run at 12 m/min for 10
minutes with a 5° incline. For the actual test, we used a protocol at 5° incline where,

beginning at 10 m/min, speed increased gradually by 1 m/min every 5 minutes. The distance
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run and the number of shocks were monitored during the test, and exhaustion was assumed
when mice received more than 50 shocks in a 2.5 minutes interval. Mice were removed from
the treadmill upon exhaustion. After high-fat diet, a few modifications were introduced:
habituation was performed for 5 days preceding the test running at 10 m/min for 10 minutes
with no inclination. For the actual test, we used a protocol with no incline where, beginning at

8 m/min, speed increased gradually by 1 m/min every 5 minutes.

Islet Size Determination

Islet size was determined on insulin-stained slides. From each pancreas several consecutive
sections (3-11) were made and all were stained for insulin. All islets on each section were
photographed on a Zeiss Axioscope microscope and a Zeiss Axiocam camera with special
care to avoid duplicate photographing the same islet multiple times. The area of the islets
was measured using the Image J freeware that was converted into um? by determining the

original size of a large islet.

MRNA Preparation, Reverse Transcription and gPCR

Total RNA was prepared using TRIzol (Invitrogen) according to the manufacturer’s
instructions. RNA was treated with DNase, and 2 pg of RNA was used for reverse
transcription (RT). cDNA was purified on QIAquick PCR cleanup columns (Qiagen, Valencia,
CA). 50X diluted cDNA was used for quantitative PCR (qPCR) reactions (Bai et al., 2007).
The gPCR reactions were preformed using the Light-Cycler system (Roche Applied Science)

and a gPCR Supermix (Qiagen) with the primers summarized in Table S1.

Mitochondrial DNA Measurement
Assay was performed as described in (Lagouge et al., 2006). DNA was extracted using the
standard proteinase K digestion following phenol-chloroform extraction. Mitochondrial and

genomic DNA was determined using specific primers in gPCR reactions (primers
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summarized in Table S2.) and was expressed as percentage of WT.

Muscle Nuclear Protein Isolation

Protocol was slightly modified as described in (Edelman et al., 1965). Gastrocnemius muscle
was removed from animals after 6 hours of fasting and was frozen in liquid N, immediately.
All manipulations were carried out on ice. Tissues were homogenized in 2 ml
homogenization buffer H1 (0.32 M sucrose; 1 mM MgCl,; 0.2 mM K,;HPO,4; 0.6 mM KH,POy;
pH 6.8) by Ultra TURAX (~1000 rpm). The homogenate was pottered in a Potter-Elvhejem
tissue grinder. Next the suspension was filtered through a 70 um then a 40 um nylon net (BD
Falcon). After each filtration homogenate volume was adjusted to 2 ml with H1 buffer. After
filtration the homogenate was centrifuged at 800 g for 5 minutes and then the pellet was
washed with additional 1 ml H1. The pellet was exsiccated at room temperature for 5
minutes and resuspended in N2 buffer (2.15 M sucrose; 1 mM MgCly; 3.5 mM K;HPO,; pH
6.8). Suspension was centrifuged at 16000g for 2 hours and the pellet was suspended in
lysis buffer (62.5 mM TRIS pH 6.8; 2 % SDS; 10 % glycerol; 1 mM PMSF; 50 mM DTT; 1x
protease inhibitor cocktail). The pellet was resuspended in 200 ul lysis buffer. The lysate
was passed through a 22G needle (20 X) then centrifuged at 10000 rpm for 10 min. The

supernatant was used in further experiments as nuclear extract.

Determination of Protein Acetylation Status

PGC-1la, FOXO1 and Ndufa9 acetylation was analyzed by immunoprecipitation of PGC-1a,
FOXO1 and Nduf9a from nuclear lysates of tissues with anti-PGC-1o. (Millipore), anti-
FOXO1 (1 mg, Cell Signalling, Danvers, MA, USA), or Ndufa9 (Abcam) antibody followed by
Western blot using an acetyl-lysine antibody (Cell Signalling) that was normalized to total
PGC-1a/FOXO1/Ndufa9 (Canto et al., 2009). Tubulin acetylation was assessed by Western
blotting of total protein samples by acetylated tubulin-specific antibody (Sigma) that was then

normalized for total tubulin (Santa Cruz).
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Supplementary Figure 1.
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Figure S1. PARP-2 Influences SIRT1 Activity by Directly Regulating the SIRT1
Promoter

(A) Total and mitochondrial NAD" was determined as described in Experimental procedures
in C2C12 cells transduced with either scramble (white bars) or a PARP-2 (black bars)
shRNA.

(B) PARP-2 and SIRT1 were immunoprecipitated from C2C12 cells and blotted for the
markers indicated.

(C) ChIP assay was performed in HEK293T cells and tested for SIRT1 the SIRT1 -91 bp
promoter region (black bars) or the K19 promoter (white bars).

(D) Alignment of the SIRT1 promoter of different vertebrate species was performed using the
ClustalW software. The green field indicates the murine -1 - -91 region, where PARP-2
binds. * indicates statistical difference between the PARP-2 IP and the unspecific antibody

binding at P < 0.05.
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Supplementary Figure 2.
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Figure 2. PARP-2 Deletion Does Not Lead to the Accumulation of DNA Damage and
Does Not Influence SIRT2 and SIRT3 Activity in Muscle

(A) TUNEL reaction was performed in the gastrocnemius muscle of young (3 months of age)
and old (11 months of age) PARP-2*"* and ” male mice (n=3/3/4/3; young PARP-2""*/young
PARP-2"/old PARP-2""/old PARP-2") to determine the amount of DNA strand breaks. The
bar represents 1um. Arrows represent TUNEL-positive nuclei indicative of DNA damage.

(B) SIRT2 and SIRT3 activity was assessed by detecting the acetylation status of tubulin,

using specific antibodies, and Ndufa9, by immunoprecipitation.
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Supplementary figure 3.
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Figure S3. PARP-2 Deletion Does Not Have a Major Impact on BAT Gene Expression
and Function

(A) SIRT1 protein levels were detected in the BAT of PARP-2"* and ™ male mice by
Western boltting.

+/+

(B) BAT mRNA expression pattern was determined in PARP-2"* and ”* male mice (n=16/13)

by RT-qPCR.

(C) PARP-2"* and ” mice (n=6/6) were subjected to cold shock as described in
Experimental procedures. Abbreviations are in the text. White bars and circles represent
PARP-2*"* mice and black bars or circles represent PARP-2" mice. All results are expressed

as mean + SD.
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Supplementary figure 4.
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Figure S4. The Liver of PARP-2" Mice Display Reduced Lipid Accumulation, in the
Absence of Changes in SIRT2 and SIRT3 Activity or Gluconeogenic Potential

(A) The acetylation of SIRT2 and SIRT3 targets (tubulin and Ndufa9, respectively) were
determined by the use of specific antibodies (tubulin) or by immunoprecipitation (Ndufa9).
(B) Liver morphology and lipid content was assessed by hematoxilin-eosin (HE) and Oil-Red
O (ORO) stainings. The bar represents 10 um.

(C) Liver gluconeogenesis was assessed by intraperitoneal pyruvate tolerance test in PARP-
2*"* (white bar and circles) and ™ (black bar and circles) male mice (n=10/9) as described in
Materials and methods. * indicates statistical difference PARP-2"* vs. PARP-2" mice at

p<0.05
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Figure S5. Livers from PARP-2" Mice Are Protected from High-Fat-Diet-Induced Lipid

Accumulation

+/+

(A) Morphology and lipid accumulation in the liver of PARP-2"* and ™ male mice (n=16/13)

after 12 weeks of high-fat diet was visualized with hematoxilin-eosin (HE) and Oil Red-O

colorations. The bar represents 20 um.

+/+

(B) Triglyceride quantity was determined after lipid extraction from PARP-2"" (white bar) or
PARP-2" (black bar) as described in methods.* indicates statistical difference PARP-2""

HFD vs. PARP-2" HFD mice at p<0.05
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Supplementary figure 6.
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Figure S6. The Pancreas of PARP-2", but Not PARP-1" Mice, Is Hypofunctional upon
High-Fat Feeding

(A) Total NAD" was determined from the pancreas of PARP-2""* (white bar) and ” (black bar)
male mice (n=7/5).

(B) The interaction of pancreatic PARP-2 and FOXO-1 has been investigated in
immunprecipitation experiments.

(C) The pancreas of PARP-1"* and " male mice (n=3/3) were stained for insulin (bar = 50

pum).

+/+

(D) Insulin content in pancreas from PARP-1"" (white bar) or ” (black bar) mice was

determined by ELISA.
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Table S1. RT-gPCR Primers for Quantification of Gene Expression

Gene Primers
ACO CCCAACTGTGACTTCCATT

GGC ATG TAACCC GTAGCACT
ATP5g1 GCT GCT TGA GAG ATG GGT TC

AGT TGG TGT GGC TGG ATC A
COX17 CGT GAT GCG TGC ATC ATT GA

CAT TCA CAA AGT AGG CCACC
Citrate GGA GCC AAG AACTCATCCTG
synthase TCT GGC CTGCTC CTT AGG TA
Cyclophyllin B | TGG AGA GCA CCA AGA CAG ACA

TGC CGG AGT CGACAATGAT
Cytochrome C | TCC ATC AGG GTATCC TCT CC

GGA GGC AAG CAT AAG ACT GG
Dio2 GCACGT CTC CAATCC TGAAT

TGA ACC AAA GTT GAC CAC CA
ERRa ACT GCC ACTGCAGGATGAG

CAC AGC CTC AGC ATCTTC AA
FOXO1 AAG GAT AAG GGC GAC AGC AA

TCC ACC AAG AACTCTTTC CA
G6Pase CCGGATCTACCTTGCTGC TCACTTT

TAG CAG GTA GAA TCC AAG CGC GAA AC
GK ACATTG TGC GCC GTG CCT GTG AA

AGC CTG CGC ACA CTG GCG TGA AA
Kir6.2 CTG TCC CGA AAG GGC ATT AT

CGT TGC AGT TGC CTTTCT TG

Insulin

GTG GGG AGC GTG GCT TCT TCT A
ACT GAT CCACAATGC CAC GCT TCT

Insulin receptor

CGAGTG CCCGTCTGG CTATA
GGC AGG GTC CCA GAC ATG

LCAD GTA GCT TAT GAATGT GTG CAACTC
GTCTTGCGATCAGCT CTTTCATTA
L-CPT1 GCA CTG CAG CTC GCA CAT TAC AA
CTC AGA CAG TAC CTC CTT CAG GAA A
MCD TGG ATG GCT GAC AGC AGC CTC AA
CTG AGG ATCTGC TCG GAAGCT TTG
MCAD GAT CGC AAT GGG TGC TTT TGA TAG AA
AGC TGATTG GCA ATG TCT CCA GCA AA
mCPT1 TTG CCC TAC AGC TGG CTC ATT TCC
GCACCCAGATGATTG GGATACTGT
Ndufa2 GCACACATTTCC CCACACTG
CCC AAC CTG CCCATT CTG AT
PEPCK CCACAG CTG CTG CAG AACA
GAA GGG TCG CAT GGC AAA
PPARa AGG AAG CCG TTC TGT GAC AT
TTG AAG GAG CTT TGG GAA GA
PC AGG GGC TGC TGT TGA TGG AC

CAG GGG CAC TCG TAC AGG AAG C

12
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PDK4 AAA GGA CAG GAT GGA AGG AAT CA
ATT AAC TGG CAG AGT GGC AGG TAA
SDH GAA CTG CACACAGACCTGC
GAC TGG GTT AAG CCAATG CTC
SIRT1 TGT GAA GTT ACT GCA GGA GTG TAAA
GCA TAG ATA CCG TCT CTT GAT CTG AA
SIRT3 AGG TGG AGG AAG CAG TGA GA
GCT TGG GGT TGT GAA AGA AA
PDX1 AAT CCA CCA AAG CTC ACG CGT GGA A
TGATGT GTCTCT CGG TCAAGTTCAA
PGC-la AAG TGT GGA ACT CTC TGG AAC TG
GGG TTATCTTGG TTG GCT TTA TG
PGC-1p TGG AGA CTG CTC TGG AAG GT
TGC TGC TGT CCT CAAATACG
TFAmM CCA AAA AGA CCT CGT TCA GC
ATG TCT CCG GAT CGT TTC AC
Troponin | CCAGCACCTTCAGCT TCAGGTCCTTGAT
TGC CGG AAG TTG AGA GGA AAT CCAAGAT
UCP1 GGC CCT TGT AAA CAA CAA AAT AC
GGC AAC AAG AGC TGA CAG TAA AT
UCP2 ACC AAG GGC TCA GAG CAT GCA
TGG CTT TCA GGA GAG TATCTT TG
UCP3 ACT CCAGCGTCGCCATCAGGATTICT

TAA ACA GGT GAG ACT CCAGCAACTT

Abbreviations are in the text.

Table S2. Primers for mtDNA Determination

mtDNA specific (murine) | 5-CCG CAA GGG AAA GAT GAA AGA C-3

5-TCGTTT GGT TTC GGG GTT TC-3'

nuclear
(murine)

specific | 5-GCC AGC CTC TCC TGA TTT TAG TGT-3’
5-GGG AAC ACA AAAGAC CTC TTC TGG-3'

Table S3. Primers for ChIP

SIRT1-91 5-TCC CGC AGC CGA GCC GCG GGG-3’
5-TCT TCC AAC TGC CTC TCT GGC CCT CCG-3
human K19 5-CAT TTC TCC ACC TCA CTG AAA CTG-3
5-AAT GTG TTA GTG CAT GCA CAC AC-3’
murine K19 5-AAG GGT GGA GGT GTC TTG GT-3

5-GCT TCT TTACAC TCC TGC T AAA-3
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SUMMARY

SIRT1 regulates energy homeostasis by controlling
the acetylation status and activity of a number of
enzymes and transcriptional regulators. The fact
that NAD* levels control SIRT1 activity confers
a hypothetical basis for the design of new strategies
to activate SIRT1 by increasing NAD* availability.
Here we show that the deletion of the poly(ADP-
ribose) polymerase-1 (PARP-1) gene, encoding a
major NAD*-consuming enzyme, increases NAD*
content and SIRT1 activity in brown adipose tissue
and muscle. PARP-1~'~ mice phenocopied many
aspects of SIRT1 activation, such as a higher mito-
chondrial content, increased energy expenditure,
and protection against metabolic disease. Also, the
pharmacologic inhibition of PARP in vitro and
in vivo increased NAD" content and SIRT1 activity
and enhanced oxidative metabolism. These data
show how PARP-1 inhibition has strong metabolic
implications through the modulation of SIRT1
activity, a property that could be useful in the
management not only of metabolic diseases, but
also of cancer.

INTRODUCTION

Intracellular NAD* levels control the activity of the type Ill deace-
tylase SIRT1, allowing it to act both as a metabolic sensor and
effector (Yu and Auwerx, 2009). Overexpression studies indi-
cated how activation of SIRT1 or of its orthologs extends life
span in lower eukaryotes and protects against high-fat-diet
(HFD)-induced metabolic disease in mice (Yu and Auwerx,
2009). These attractive properties spurred a quest to identify
small-molecule SIRT1 agonists that could be used in situations
of metabolic stress and damage. This strategy identified
compounds like resveratrol or SRT1720 (Howitz et al., 2003;
Milne et al., 2007), whose ability to directly interact with and
activate SIRT1 is, however, debated (Pacholec et al., 2010).

Therefore, a strong interest exists to develop alternative strate-
gies to activate SIRT1. Given the NAD" dependency of SIRTT,
another potential way to activate it is by increasing NAD* avail-
ability. This could be achieved by specifically inhibiting other
NAD™"-consuming activities.

Poly(ADP-ribose) polymerase (PARP)-1 is a major cellular
NAD* consumer (Sims et al., 1981). PARP-1 is activated upon
binding to damaged or abnormal DNA (Durkacz et al., 1980)
and catalyzes the formation of poly(ADP-ribose) polymers
(PAR) onto different acceptor proteins, including PARP-1 itself
(autoPARylation), using NAD* as substrate (Adamietz, 1987).
PARP-1 activation depletes cellular NAD* levels, using it to
form PAR (Sims et al., 1981). This led us to test the influence of
PARP-1 on SIRT1 activity and metabolic homeostasis. Our
results show how a reduction/ablation of PARP-1 activity boosts
NAD* levels and SIRT1 activity, which in turn enhances mito-
chondrial content and function, culminating in a solid protection
against metabolic disease.

RESULTS

PARP-17~ Mice Are Leaner and Have Increased Energy
Expenditure

Chow-fed PARP-1~/~ mice (de Murcia et al., 1997) weighed
less (Figure 1A) and accumulated less fat than PARP-1*/* litter-
mates upon aging (Figure 1B), despite eating significantly more
(Figure 1C). During indirect calorimetry, PARP-1~/~ mice
consumed more O, (Figure 1D), suggestive of higher energy
expenditure (EE). Resting EE was not different (Figure S1A),
indicating that the increase was due to changes at night,
when mice are active. Accordingly, PARP-1~'~ mice were
more active at night (Figure S1B). In addition, the respiratory
quotient was also higher in PARP-1~/~ mice during the dark
phase, indicating enhanced glucose oxidation during the
feeding period (Figure 1E). PARP-1~'~ mice also maintained
a higher body temperature upon cold exposure (Figure 1F),
were more glucose tolerant (Figure 1G), and had a trend toward
lower fasting blood glucose levels (4.30 + 0.17 mM in
PARP-1** mice versus 3.98 = 0.18 mM in PARP-1~/~ mice;
p = 0.058), despite similar insulin levels (data not shown). During
euglycemic-hyperinsulinemic clamp, glucose infusion rates or
hepatic glucose production were similar to PARP-1** mice,
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Figure 1. Phenotyping the PARP-1~"~ Mice

(A) Body weight (BW) evolution in PARP-1*"* and ~/~ mice (n = 8/9).

(B) Epididymal white adipose tissue mass.

(C) Average food consumption.

(D and E) O, consumption (D) and respiratory quotient (RQ) (E) of PARP-1** and ~/~ mice (n = 9/9) determined by indirect calorimetry.

(F) Body temperature after exposure to 4°C (n = 6/5).

(G) Oral glucose tolerance test (OGTT) (n = 5/5) and the area under curve (AUC).

(H) PARP-1 autoPARylation (arrow), analyzed in 100 pg of protein extract from gastrocnemius muscles of 16-week-old mice fed ad libitum or fasted (24 hr).
PARP-1 and tubulin levels were checked using 50 ng of protein extract.

(l) Gastrocnemius from mice on chow diet (CD) or HFD (12 weeks) were analyzed as in (H).

(J) BW evolution in PARP-1** and ~/~ mice (n = 10/10) fed a CD (circles) or HFD (squares) from 8 weeks of age.

(K and L) OGTT (K) and an insulin tolerance test (L) in HFD-fed PARP-1*+ and ~/~ mice at 16 weeks of age (n = 10/10). The AUC of the OGTT is shown on the top
right.

(M-0) BAT from PARP-1*/* and ~'~ mice on CD was extracted and mitochondrial biogenesis was analyzed by transmission electron microscopy (M), mRNA
expression of the genes indicated (N), and the abundance of mitochondrial complexes (O) in 25 pg of total protein extracts.

(P) SDH staining of sections from gastrocnemius and soleus of PARP-7** and ~/~ mice on CD.

(Q and R) Gastrocnemius was also used to analyze mRNA levels of the indicated genes (Q) and the abundance of mitochondrial complexes in 25 ng of total protein
extracts (R). White bars represent PARP-1*'* mice; black bars represent PARP1~/~ mice. Values are expressed as mean + SEM unless otherwise stated. *
indicates statistical difference versus PARP-1** mice at p < 0.05. For abbreviations, see Table S1.

but supporting the idea of their better glucose tolerance, PARP-1 Is Induced by Nutrient Availability

glucose uptake in PARP-1~/~ muscle trended up (Figures and Contributes to HFD-Induced Diabesity

S1C-S1E). In line with the lower fat mass and improved glucose =~ The metabolic impact of PARP-1 deletion made us evaluate
tolerance, serum triglycerides (1.04 = 0.07 mM in PARP-1**  whether nutrient scarcity (fasting) or overload (HFD) affects
versus 0.84 + 0.05 mM in PARP-1~'~ mice; p = 0.048) and PARP-1 activity. Despite similar PARP-1 protein levels, a 24 hr
free fatty acids (FFA) (0.93 + 0.09 mEq/l in PARP-1** versus fast sharply reduced PARP-1 autoPARylation levels, which
0.72 + 0.08 mEg/l in PARP-1~'~ mice; p = 0.040) were reduced  reflect global PARP activity (Adamietz, 1987), suggesting a lower
in PARP-1~"" mice. enzymatic activity (Figure 1H). In contrast, HFD robustly
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increased PARP-1 protein levels and activity (Figure 1l), indi-
cating a positive correlation between PARP-1 activity and
nutrient availability.

As nutrient availability induces PARP-1 activity and PARP-1
deletion prompts a leaner phenotype, we next explored how
PARP-1~'~ mice responded to HFD-induced metabolic disease.
PARP-1~"~ mice gained less weight after 2 months of HFD
(Figure 1J), due to a lower fat accumulation (Figure S1F). More-
over, PARP-1~'~ mice on HFD were more glucose tolerant
(Figure 1K) insulin sensitized (Figure 1L) and had lower serum
FFAs (0.66 + 0.05 mEqg/I versus 0.53 + 0.03 mEqg/l; p = 0.026).

Mitochondrial Activation in Brown Adipose Tissue

and Muscle from PARP-1"" Mice

The above results suggested improved mitochondrial activity in
key metabolic tissues of PARP-1—/~ mice, such as skeletal
muscle and brown adipose tissue (BAT). PARP-1~'~ mice had
a relatively higher amount of BAT, with a more intense red
appearance (Figure S1G). Transmission electron microscopy
revealed higher mitochondrial content in PARP-1~/~ BAT (Fig-
ure 1M), which was further corroborated by the increased mito-
chondrial DNA content (Figure S1H) and mRNA expression of
genes involved in mitochondrial respiration (Ndufa2, Ndufb2,
Ndufb5, Cyt C, COX17), uncoupling (UCP1, UCP3), fatty acid
oxidation (MCAD), and thyroid hormone activation (Dio2). Mito-
chondrial biogenesis was also evidenced by the higher protein
content of subunits from different respiratory complexes in the
BAT from PARP-1~/~ mice (Figure 10).

Also, PARP-1~'~ skeletal muscle had a marked oxidative
profile. Succinate dehydrogenase (SDH) staining (Figure 1P)
and the expression of muscle fiber isotype genes (Trop I,
MHCI) (Figure 1Q) exposed an increase in oxidative fibers with
a high mitochondrial content. As in BAT, the increased mito-
chondrial content was linked to an induction of the mRNA
(Figure 1Q) and protein levels (Figure 1R) of mitochondrial
components. In contrast to BAT and muscle, the expression of
key metabolic genes was not altered in PARP-1~"" livers
(Figure S1l), reflecting a minor role of PARP-1 in the liver, prob-
ably due to its very low expression (Figure S1J).

Higher NAD* Content and SIRT1 Activity in BAT

and Muscle from PARP-17" Mice

The PARP-1~/~ mice phenocopy many features seen after SIRT1
activation (Yu and Auwerx, 2009). As PARP-1 is a major NAD*
consumer (Sims et al., 1981), we speculated that the lack of
PARP-1 activity might increase NAD* content, in turn activating
SIRT1. lllustrating how PARP-1 drives most PARP activity, the
ablation of PARP-1 reduced PARylation in both BAT and muscle
(Figure 2A). The expression of the other PARP enzymes was not
increased in PARP-1~/~ BAT and muscle (Figures S2A and S2B),
explaining the lack of compensation on PARylation. Confirming
previous studies (Allinson et al., 2003; Fong et al., 2009), terminal
dUTP nick-end labeling indicated that DNA damage was not
increased in PARP-1~/ tissues (data not shown). In line with
the attenuated NAD*-consuming PARP activity, NAD* content
was robustly increased in PARP-1~~ BAT and muscle
(Figure 2B), while the levels of nicotinamide (NAM), a NAD™"-
derived metabolite that inhibits sirtuin activity (Bitterman et al.,
2002), remained unaffected (Figure 2C).

dc_792 13

We next tested if the increase in NAD* correlated with SIRT1
activation. Indicative of SIRT1 activation, and supporting the
higher mitochondrial content, PGC-1a acetylation levels in BAT
and muscle of PARP-1~~ mice were reduced by ~40% and
~90%, respectively (Figures 2D and 2E). The acetylation of
another SIRT1 target, forkhead box O1 (FOXO1), was also
reduced by ~60% in BAT and ~40% in muscle (Figures 2D
and 2E), supporting the idea that PARP-1 deficiency leads to
SIRT1 activation. Remarkably, SIRT1 protein was also robustly
induced in PARP-1~/~ BAT and muscle (Figures 2D and 2E),
further amplifying SIRT1 activity.

As altered NAD" levels could also potentially impact other sir-
tuins, we also tested the activity of SIRT2 and SIRT3, which act
as cytoplasmic and mitochondrial sirtuins, respectively. The
acetylation level of tubulin, a SIRT2 target (North et al., 2003),
was not altered in muscle from PARP-1~'~ mice (Figure 2F).
Likewise, the acetylation of complex |, a target for SIRT3 (Ahn
et al.,, 2008), even showed a slight tendency to increase in
PARP-1~"~ muscles (Figure 2G). These results indicate that not
all sirtuins are activated in PARP-1~~ tissues.

Reduced PARP-1 Activity in Cellular Models Enhances
Oxidative Metabolism

Next, we knocked down PARP-1 in HEK293T cells to evaluate
whether an acute reduction in PARP-1 activity enhances oxida-
tive metabolism. In these conditions, PARP-1 protein levels were
reduced by ~80%, and the low PARP-1 autoPARylation demon-
strated that PARP activity was largely blunted (Figure 3A). The
reduced PARP activity was associated with enhanced NAD™*
content and SIRT1 function, as illustrated by decreased
PGC-1a acetylation (Figures 3B and 3C). Importantly, this
happened despite unchanged SIRT1 protein levels (Figure 3C)
or changes in the activity of SIRT2 or SIRT3, as manifested in
tubulin, Ndufa9, or total mitochondrial acetylation levels (Figures
S3A-S3C). The induction of SIRT1 and PGC-1a activity culmi-
nated in a robust increase in mitochondrial DNA content (Fig-
ure 3D), mitochondrial-related gene expression (Figure 3E),
and O, consumption (Figure 3F). Importantly, most of the meta-
bolic effects elicited by PARP-1 depletion were lost when SIRT1
was simultaneously knocked down (Figures 3D-3F).

In line with the results in HEK293T cells, the expression of
genes involved in mitochondrial function, mitochondrial DNA
content, and O, consumption were also induced in PARP-1~/~
compared to PARP-1*"* MEFs (Figures S3D-S3F). Consistent
with our observations in tissues from PARP-1~/~ mice, SIRT1
protein was also induced in PARP-1~/~ MEFs (Figure S3G).

Pharmacological PARP Inhibition Enhances Oxidative
Metabolism via SIRT1

To test the relation between SIRT1 and PARP-1 activities, we
exposed C2C12 myotubes to H,O, (500 pM, 6 hr), a well-known
inducer of PARP-1 activity (Schraufstatter et al., 1986). H,O»
treatment vigorously increased PARP-1 (Figure 4A) and global
protein PARYylation levels (Figure 4B), as manifested by the
slow migrating bands, in the absence of changes in PARP-1
levels (Figures 4A and 4B). Importantly, SIRT1 was not PARy-
lated in response to H,O, (Figure 4A), indicating that it is not
a PARylation substrate. As reported (Schraufstatter et al.,
1986), the H,O»,-induced increase in PARP-1 activity sharply
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Figure 2. PARP-1 Deletion Raises NAD" Levels and Activates SIRT1

(A) Protein PARylation determined by «-PAR staining on formalin-fixed 7 um BAT and muscle tissue sections of PARP-1*"* and ~/~ mice. White bar = 10 um.
(B and C) NAD* (B) and NAM (C) levels in BAT and muscle from PARP-1** (white bars) and PARP-1~/~ (black bars) mice determined by mass spectrometry.
(D and E) PARP-1, SIRT1, and actin protein content in BAT (D) and muscle (E) were determined by western blot, using 100 ug of protein lysate. PGC-1a and

FOXO1 acetylation were examined by immunoprecipitation.

(F) Tubulin and acetylated-tubulin levels were tested in PARP-1*"* and =/~ gastrocnemius.

(G) The Ndufa9 subunit of mitochondrial complex | was immunoprecipitated from 4

by western blot. Values are expressed as mean + SEM unless otherwise stated. *

depleted NAD™ content (Figure 4C), but did not affect SIRT1
protein levels (Figures 4A and 4B). This lower NAD™ availability
limited SIRT1 activity, as reflected in PGC-1a hyperacetylation
(Figure 4D). Interestingly, the inhibition of PARP activity with
PJ34 (Garcia Soriano et al., 2001) rescued the drop in NAD*
and recovered SIRT1 function during H,O, exposure (Figures
4B-4D). These results indicate that PARP-1 activation restrains
SIRT1 activity and that PARP inhibitors relieve this limitation.
PARP-1 activity is not necessarily linked to DNA damage, and
it has been shown to fluctuate in a circadian fashion (Asher et al.,
2010). Therefore, we wondered whether prolonged PARP inhibi-
tion, even in the absence of DNA damage, would favor NAD*
accumulation and, potentially, SIRT1 activity. Supporting this
premise, PARP inhibition by PJ34 (Figure 4E) or a structurally
unrelated compound, TIQ-A (data not shown), gradually raised
NAD™ levels, becoming significant after 24 hr. At that time,
PARP activity, but not PARP-1 protein levels, was robustly
decreased (Figure 4F). PJ34 increased NAD* levels dose depen-
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00 png of total protein from gastrocnemius, and acetylation levels were analyzed
indicates statistical difference versus PARP-1** mice at p < 0.05.

dently, in correlation with SIRT1 activity, as illustrated by
PGC-10a deacetylation (Figure 4G). Similar effects also happened
in vivo, as treatment of mice with PJ34 (10 mg/kg, b.i.d. for
5 days) blunted basal PARP activity in muscle (Figure 4H), while
increasing NAD" and SIRT1 activity (Figure 4l). Despite the short
duration of the treatment, serum triglyceride (1.21 + 0.08 mM
vehicle versus 1.11 + 0.04 mM PJ34; p = 0.08) and FFA levels
(1.59 + 0.06 mEqg/I vehicle versus 1.44 + 0.03 mEg/l PJ34; p =
0.03) were reduced in PJ34-treated mice. Of note, while
compounds like resveratrol impact SIRT1 through AMP-acti-
vated protein kinase (AMPK) (Canto6 et al., 2010), PJ34 did not
alter AMPK activity, as reflected by the unchanged acetyl-CoA
carboxylase (ACC) phosphorylation in either C2C12 myotubes
(Figure 4J) or gastrocnemius muscle (Figure 4H). PJ34 did not
affect SIRT1 protein levels either (Figures 4H and 4J), but
robustly induced the expression of mitochondrial and lipid oxida-
tion genes, both in C2C12 myotubes and muscle (Figures 4K
and 4L). Consistent with PGC-1a deacetylation and activation,
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Figure 3. PARP-1 Knockdown Promotes SIRT1 Activity and Oxidative Metabolism

(A-C) HEK293T cells were transfected with either scramble (control) or PARP-1 shRNA and HA-PGC-1a expression vector for 48 hr. Then, PARP-1 protein levels
and autoPARylation (arrowhead) were analyzed in total protein lysates (A). Intracellular NAD* was measured on total acid extracts (B). PGC-1« acetylation was
analyzed in HA immunoprecipitates (C).

(D-F) HEK293T cells were transfected with either a pool of PARP-1 siRNAs, a pool of SIRT1 siRNAs, or different combinations of both using the corresponding
scramble siRNAs as control (—). The cells were simultaneously transfected with HA-PGC-1a. for 48 hr. Then, relative mitochondrial DNA content (D), mRNA levels
of the genes indicated (E), and total O, consumption (F) were analyzed. Values are expressed as mean + SEM unless otherwise stated. * indicates statistical

difference versus respective control sh/siRNA-transfected cells at p < 0.05.

PJ34 promoted the recruitment of PGC-1a to target gene
promoters (e.g., PDK4) (Figure S4A). Finally, the activation of
SIRT1/PGC-1a by PJ34 culminated in higher O, consumption
rates (Figure 4M), testifying for enhanced oxidative metabolism.

The effect of PJ34 on PGC-1a acetylation in C2C12 myotubes
was blunted upon SIRT71 knockdown (Figure 4J). The role of
SIRT1 in mediating PJ34-induced PGC-1a deacetylation was
further confirmed in SIRT1~/~ MEFs, where PJ34 was unable
to decrease PGC-1a. acetylation (Figure S4B). In line with
impaired PGC-1a activation, mitochondrial gene expression
and O, consumption were largely unresponsive to PJ34 upon
SIRT1 depletion in C2C12 cells (Figures 4K and 4M) and in
SIRT1~/~ MEFs (Figures S4C and S4D), indicating that SIRTT is
a key mediator of PJ34 action. However, PJ34 also had SIRT1-
independent effects, as reflected by the persistent increase in
UCP3 mRNA even after the SIRT1 knockdown (Figure 4K). This
could be explained by the fact that PJ34 does not regulate
UCPS3 expression by recruitment of PGC-1a. to its promoter

(Figure S4A). The pharmacological inhibition of PARP recapitu-
lates the phenotypic characteristics of the PARP-1~/~ mice
and reveals that these effects are largely mediated by SIRT1.

DISCUSSION

The difficulty of identifying compounds that specifically and
directly bind and activate SIRT1 led us to test whether the modu-
lation of NAD* availability could be an alternative path to activa-
tion of SIRT1. Our present work supports this concept by
showing how the attenuation of PARP-1, another NAD™-
consuming enzyme, increases intracellular NAD* levels and
enhances SIRT1 activity. This prompts the deacetylation and
activation of key metabolic transcriptional regulators, such as
PGC-1a and FOXO1, leading to increased mitochondrial content
and metabolism.

Our data suggest that PARP-1 limits NAD" availability for
SIRT1 activation. This concept originates from the differences

Cell Metabolism 13, 461-468, April 6, 2011 ©2011 Elsevier Inc. 465
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Figure 4. PARP-1 Inhibition Enhances Mitochondrial Function through SIRT1

(A-D) C2C12 myotubes expressing FLAG-HA-PGC-1a were treated for 6 hr with either PBS (vehicle [Veh]), H,O, (500 pM), or H,O, and PJ34 (1 pM). Then, SIRTT,
PARP-1, and unspecific IgG immunoprecipitates from 500 pg of protein extracts were used to test PARylation and the proteins indicated (A). Proteins were
analyzed in total cell extracts, and the arrow indicates PARP-1 autoPARylation (B). NAD* content was measured (C), and PGC-1a. acetylation was tested in FLAG
immunoprecipitates (D). Tubulin was checked on the supernatants as input.

(E) C2C12 myotubes were treated with PJ34 (1 uM) for the times indicated, and NAD™ levels were evaluated in acidic extracts.

(F and G) C2C12 myotubes expressing FLAG-HA-PGC-1a were treated for 24 hr with PBS (Veh) or with PJ34 (1 uM, unless stated otherwise). PARP-1 protein and
autoPARylation (arrow) were determined by western blot (F), and NAD* content and PGC-1a. acetylation were measured (G).

(H and I) Ten-week-old mice received PJ34 (10 mg/kg b.i.d, i.p.) or saline (Veh) for 5 days before sacrifice (n = 10/10); then PARP-1 autoPARylation (arrow),
p-ACC, and SIRT1 levels were determined in 100 pg of total protein extracts from gastrocnemius (H), and NAD* and PGC-1q acetylation were determined (I).
PGC-10a was immunoprecipitated using 2 mg of protein from gastrocnemius muscle and 5 pg of antibody.

(J and K) C2C12 myotubes expressing FLAG-HA-PGC-1a and either a control or a SIRT1 shRNA were treated with PJ34 for 48 hr. Then, PGC-1a acetylation levels
were quantified in FLAG immunoprecipitates (J), and 50 pg of total protein extracts was used to measure the other markers indicated; mRNA levels of selected
genes were quantified (K).

(L) Mice were treated as in (H), and mRNA of selected genes was determined in gastrocnemius.

(M) C2C12 myotubes were treated as in (J), and cellular O, consumption was measured. White bars represent Veh; black bars represent PJ34 treatment. Values
are expressed as mean + SEM unless otherwise stated. * indicates statistical difference versus Veh group at p < 0.05. For abbreviations, see Table S1.

in the Ky and kqai/Ky of both enzymes for NAD*, which indicate
that PARP-1 is a faster and more efficient NAD* consumer than
SIRT1 (Knight and Chambers, 2001; Smith et al., 2009). There-
fore, it is likely that PARP-1 activity maintains NAD* at limiting
levels for SIRT1 function. The prediction that PARP-1 deletion
would increase NAD" levels and activate SIRT1 is perfectly
matched by our data. While previous work already speculated
on a link between PARP-1 and sirtuin activities (Kolthur-
Seetharam et al., 2006; Pillai et al., 2005), our study expands
the consequences of this link to energy homeostasis. In apparent
discrepancy, one report (Devalaraja-Narashimha and Padani-
lam, 2010) suggested that PARP-1~/~ mice could be more
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susceptible to HFD-induced obesity. However, that study used
mice on an SV129 background, which are less suited for meta-
bolic studies than C57BL/6J mice. The convergent results of
our genetic, physiological, pharmacological, and in vitro studies
clearly support our conclusions.

Results from our lab indicate that the activation of SIRT1 after
a bout of exercise or cold exposure is not linked to decreased
PARP-1 activity (data not shown). Rather, only robust and/or
protracted changes, such as pharmacological (PJ34) or genetic
(knockdown or deletion) PARP-1 inhibition, influence SIRT1
activity. While PARP-1 might not always participate in the phys-
iological modulation of SIRT1 activity, our data suggest that the
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interplay between
pharmacologically.

Our work illustrates the way in which SIRT1 is a key mediator
of the PARP-1-deficient phenotype, but the link between
PARP-1 and SIRT1 activities is still unclear. Several models
used in this work show that reducing PARP-1 activity controls
SIRT1 function, independent of changes in SIRT1 protein levels.
In all these cases, the levels of NAD", the rate-limiting coenzyme
for SIRT1, correlated with SIRT1 activity, suggesting that NAD™*
availability might influence SIRT1 activity. If this were true,
boosting NAD* content through alternative strategies should
elicit similar metabolic phenotypes to those of the PARP-1~/~
mice. Supporting this notion, deletion of another NAD*
consumer, CD38, also activates SIRT1 (Aksoy et al., 2006),
resulting in protection against HFD-induced obesity (Barbosa
et al., 2007). Nutrient scarcity and AMPK activation also lead
to increased NAD" levels and SIRT1 activation coupled to the
induction of oxidative metabolism (Canté et al., 2009, 2010).
This correlative evidence indicates that the increased NAD*
availability might be a key mechanism by which PARP defi-
ciency activates SIRT1. However, we cannot exclude the possi-
bility that PARP inhibition also impacts SIRT1 via other means,
even though our results rule out direct PARylation of SIRT1 as
the mechanism (Figure 4A). In addition, SIRT1 content was
increased in PARP-1~/~ tissues and MEFs, further amplifying
SIRT1 activity. The reason for this increase in SIRT1 levels
remains elusive, but is independent of changes in SIRT1
mRNA (P.B., C.C., and J.A., unpublished data).

Of note, PARP-1 depletion affects the activity of SIRT1, but not
that of SIRT2 and SIRT3, which occupy nonnuclear compart-
ments. If increased SIRT1 activity was mainly driven by changes
in NAD", the unchanged SIRT2 and SIRT3 activities in
PARP-1~'~ tissues suggest that the increase in NAD* is either
not enough to enhance SIRT2 and SIRT3 activities or that it
only happens in specific cellular compartments, supporting an
independent regulation of different subcellular NAD* pools
(Yang et al., 2007). Alternatively, PARP-1 and SIRT1 activities
might not be linked by changes in NAD*, and some yet unfound
mechanism drives the specificity toward this sirtuin.

Some results indicate that the effects of PARP deficiency
cannot be completely explained by SIRT1 (Figure 4K). Future
research will have to clarify the nature of these SIRT1-indepen-
dent effects of PARP inhibition on metabolism. It will be inter-
esting to explore whether PARylation can directly modulate the
activity of key metabolic transcriptional regulators, as PARP-1
may contribute to nuclear processes other than DNA repair
(Krishnakumar and Kraus, 2010).

PARP inhibitors are currently in clinical development as antitu-
moral drugs (Fong et al., 2009). While our data encourages
a possible utilization of PARP inhibitors as therapeutic agents
to activate SIRT1 and promote oxidative metabolism, this should
be taken cautiously. PARP-1 has key roles in genomic mainte-
nance, and while neither this nor previous studies (Allinson
et al., 2003) detected enhanced DNA damage in PARP-1~/~
mice under basal conditions, it cannot be ignored that
PARP-1""~ mice are sensitive to ionizing radiation (de Murcia
et al.,1997). Hence, it will be important to analyze the impact of
aging and metabolic disease on DNA damage to establish the
therapeutic potential and limitations of PARP inhibition.

both proteins could be exploited
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EXPERIMENTAL PROCEDURES

Detailed materials and procedures can be found in the Supplemental
Information.

Animal Experiments

Pure C57BL/6J male mice were used for the study. PARP-1*/* and PARP-1/~
were described (de Murcia et al., 1997). Mice were housed separately, had ad
libitum access to water and chow (10 kcal% of fat) (SAFE, Augy, France) or
HFD (60 kcal% of fat) (Research Diets, Inc., New Brunswick, NJ), and were
kept in a 12 hr dark/light cycle. Animal experiments were carried out according
to local, national, and EU ethical guidelines. Animals were sacrificed after 6 hr
of fast, and tissues were collected and processed as specified.

NAD* and NAM Determination

NAD" levels in cultured cells were determined using an enzymatic method
(EnzyChrom, BioAssays Systems, Hayward, CA), whereas for tissues (Fig-
ure 4), NAD* and NAM levels were determined as described (Sauve et al.,
2005).

Statistics

All data were verified for normal distribution. Statistical significance was as-
sessed by Student’s t test for independent samples. Values are expressed
as mean + SEM unless otherwise stated.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
Supplemental References, four figures, and three tables and can be found
with this article online at doi:10.1016/j.cmet.2011.03.004.
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Figure S1, Related to Figure 1. Increased Spontaneous Locomotor Activity and Energy

Expenditure in the PARP-1"" Mice during Night

+/+ -/-

(A) Oxygen consumption was determined in PARP-1"" and male mice (n=6/6) as
described in the Materials and Methods. TEE — total energy expenditure, REE — resting

energy expenditure.
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(B) Spontaneous activity was determined during indirect calorimetry in CLAMS using PARP-
1*"* and " male mice (n=9/9).

(C-E) Peripheral and hepatic insulin responsiveness of PARP-1"* and PARP-1"" male mice
was assed by euglycemic-hyperinsulinemic clamp. (C) Glucose infusion rates (GIR), (D)
hepatic glucose production (HGP) and (E) glucose uptake in different tissues are all shown
as mean +/- SEM.

(F) The total WAT mass, individual WAT depots, and organ weights were determined upon
autopsy (E — epididymal, SC — subcutaneous, P — perirenal).

+/+

(G) BAT was photographed and weighed after autopsy of PARP-1*"* and * male mice (11,5
months of age, n=8/9 males). BAT content (relative to total body weight), is shown at the
bottom of the image.

(H) BAT mitochondrial DNA (mtDNA) was quantified by gPCR in the BAT.

() mRNA expression levels of selected genes were quantified by RT-gPCR reactions in the
liver of PARP-1"* and " male mice (n=9/9). Abbreviations are listed in the text and in Table
S1.

(J) mRNA expression of PARP-1 were quantified in different metabolic tissues of C57BI/6J

male mice (n=5) (black bar — liver; dashed bar — BAT; white bar — skeletal muscle; grey bar —

testis). Asterisks indicate significant difference at * p<0,05; *** p<0.001.
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Figure S2, Related to Figure 2. Gene Expression Pattern of the Different Members of the
PARP Family in the BAT and Gastrocnemius Muscle
(A-B) RT-gPCR reactions were performed on cDNA populations from the BAT (A) and the

+/+

gastrocnemius muscle (B) of PARP-1"* and " male mice (n=7/5). Asterisks indicate

significant difference between cohorts, where * p<0,05; *** p<0.001.
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Figure S3, Related to Figure 3. Assessment of Protein Acetylation in HEK293T Cells and
Measurement of Mitochondrial Function and Protein Levels in PARP-1"* and 7~ MEFs

(A-C). HEK293T were transfected with either control or PARP-1 shRNAs. 48 hrs later, total
and mitochondrial extracts were obtained.

(A) 50 mg of total extracts were used to test tubulin acetylation levels.

(B) 400 mg of total extracts were used to immunoprecipitate Ndufa9, using 3 mg of antibody,
and evaluate lysisne actylation on the immunoprecipitates.

(C) 50 ug of mitochondrial extracts were used to test global lysine acetylation and porin
levels (as input).

(D-F) In PARP-1*"* and ” primary MEFs (n=3/3) mRNA expression (D), mitochondrial DNA
content (E), oxygen consumption (F) pACC, SIRT1 and PARP-1 protein levels (G) was
determined. Abbreviations are listed in the text. Asterisks indicate significant difference

between cohorts, where * p<0,05, ** p<0,01.
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Figure S4, Related to Figure 4. Assessment of Mitochondrial Function upon Pharmacological
PARP Inhibition in C2C12 Cells and SIRT1”" MEFs

(A) Promoter occupancy of PGC-1a was quantified after PJ34 treatment on the PDK4 and
UCP-3 promoters (1 uM, 48h) (n=3/3).
(B-D) PGC-1a acetylation, ACC phosphorylation, SIRT1 protein levels (B), expression of

+/+

mitochondrial protein mRNAs (C) and O, consumption (D) were determined in SIRT1"" and -

" MEF cells , treated with PBS (Veh) or PJ34 for 48 hrs.
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Table S1. qRT-PCR Primers for Quantification of Gene Expression

All primers are designed for murine sequences unless otherwise specified.

Gene

Primers

18S (human)

5’-CGG CTA CCA CAT CCA AGG AA-3
5-CCT GTATTGTTATTTTTC GTC ACT ACCT-3

ACC1
acetyl-CoA carboxylase -1

5-GAC AGA CTG ATC GCA GAG AAA G-3
5-TGG AGA GCC CCA CAC ACA-3

ACC2
acetyl-CoA carboxylase-2

5-CCC AGC CGAGTT TGT CAC T-3'
5-GGC GAT GAG CACCTT CTC TA-8

ACO
Acyl-CoA oxidase

5-CCC AAC TGT GAC TTC CAT T-3
5-GGC ATG TAACCC GTAGCACT-3

ATP5g1 5-GCT GCT TGA GAG ATG GGT TC-3'
5-AGT TGG TGT GGC TGG ATC A-3’

COX17 5-CGT GAT GCG TGC ATC ATT GA-3
5'-CAT TCA CAA AGT AGG CCA CC-3

Cyclophyllin B 5-TGG AGA GCA CCA AGA CAG ACA -3
5-TGC CGG AGT CGACAATGAT-¥

cytc 5-TCC ATC AGG GTATCC TCT CC-3’

Cytochrome C 5'-GGA GGC AAG CAT AAG ACT GG-3

Dio2 5-GCA CGT CTC CAATCC TGA AT-3

Deiodinase-2 5-TGA ACC AAAGTT GAC CACCA-¥

ERRa 5-ACTGCCACTGCAGGATGAG-3

estrogen receptor related 5-CACAGCCTCAGCATCTTCAA-3

receptor @

GK 5-ACA TTG TGC GCC GTG CCT GTG AA-3

Glucokinase 5-AGC CTG CGC ACA CTG GCG TGA AA-3

G6Pase 5-CCG GAT CTACCTTGC TGC TCACTT T-3

- glucose-6 phosphatase

5’-TAG CAG GTA GAATCC AAG CGC GAAAC-Z

L-CPT-1 (human)
Liver Carnitine Palmitoyl
Transferase

5-CAG GCG AGA ACACGATCT TC-3
5-GCG GAT GTG GTT TCC AAA G-3’

MCD
malonyl-CoA decarboxylase

5-TGG ATG GCT GAC AGC AGC CTC AA-3
5-CTG AGG ATCTGC TCG GAAGCT TTG-3

MCAD (human)
Medium chain acyl-coenzyme
A dehydrogenase

5-AGA ATT GGC TTATGG ATG TAC AGG-3
5-TTT GTT GAT CAT TTC CAG CAATAAT-3

MCAD
Medium chain acyl-coenzyme
A dehydrogenase

5-GAT CGC AAT GGG TGC TTT TGA TAG AA-3’
5-AGC TGA TTG GCA ATG TCT CCA GCA AA-3’

mCPT1
Carnitine Palmitoyl
Transferase-1

5-TTG CCC TAC AGC TGG CTC ATT TCC -3
5-GCA CCC AGATGATTG GGATAC TGT-3

MHCI 5-GAG TAG CTC TTG TGC TAC CCAGC -3
Myosin heavy chain 1 5-AAT TGC TTT ATT CTG CTT CCACC -3
MHCIIA 5-GCA AGA AGC AGA TCC AGA AAC-3

Myosin heavy chain 2A

5-GGT CTT CTT CTG TCT GGT AAG TAA GC-Z

MHCIIX
Myosin heavy chain 2X

5-GCA ACA GGA GAT TTC TGA CCT CAC-3
5-CCA GAG ATG CCT CTG CTT C-3

Ndufa2

5-GCA CAC ATT TCC CCA CAC TG-3
5-CCC AAC CTG CCC ATT CTG AT-3

Ndufb3

5-TAC CAC AAA CGC AGC AAA CC-Z
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5-AAG GGA CGC CAT TAG AAA CG-3

Ndufb5

5-CTT CGAACTTCCTGC TCCTT-&
5-GGC CCT GAA AAG AAC TAC G-3'

PARP-1 (human)

5-GCT CCT GAA CAATGC AGA CA-3’
5-CAT TGT GTG TGG TTG CAT GA-3

PARP-1 5-GGA GCT GCT CAT CTT CAA CC-3
5-GCA GTG ACATCC CCA GTACA-3
PARP-2 5-GGA AGG CGA GTG CTA AAT GAA-3
5-AAG GTC TTC ACA GAG TCT CGATTG-3
PARP-3 5’-CCT GCT GAT AAT CGG GTC AT-3’
5-TTGTTGTTGTTG CCG ATG TT-3
PARP-4 5-GTT AAATTT TGC ACT CCT GGA G-3’
5-AAT GTG AAC ACT GTC AAG AGG AAC A-3
PARP-5a 5-TAG AGG CAT CGA AAG CTG GT-3
5-CAG GCATTG TGA AGG GG-3
PARP-5b 5-GGC CCT GCT TAC ACC ATT G-3
5-CGT GCT TGA CCA GAA GTT CA-3
PARP-6 5-TTT CCA GCC ATC GAA TAA GG-3’
5-ACC ACT TGC CTT GAA CCA AC-3
PARP-7 5’-AAA ACC CCT GGA AAT CAA CC-3
5-AGA AGG ATG CGC TTC TGG TA-3
PARP-8 5-TCC ACC ATT AAATCG CAC AA-3
5-GCT CCATTTTCG ATG TCT TG-3
PARP-9 5-ACC TGA AGA ATG GCC TAT TAC ATG G-3
5’-ACA GCT CAG GGT AGA GAT GC-3
PARP-10 5’-CAA GAT CCT GCA GAT GCA AA-3
5-TTG GAG AAG CACACG TTC TG-3
PARP-11 5-CAA TGA GCA GAT GCT ATT TCATG-3
5-CAC CAA TTA GCA CTC GAG CA-3
PARP-12 5’-CGG ATC CAG AAC ATG GGC-3
5-GGC ATC TCT CGC AAA GTAGC-3
PARP-14 5-GGC AAA CGC AAT GGA ACT AT-3
5-AGC ACG TTC CTA AGC CTT GA-3
PARP-16 5-CCG TGT GCC TTATGG AAACT-3
5-TGG ATT GTG TCT GGG CAC-3’
PDK4 5’-AAA GGA CAG GAT GGA AGG AAT CA-3

pyruvate dehydrogenase
kinase, isoenzyme 4

5-ATT AAC TGG CAG AGT GGC AGG TAA-3

PEPCK
Phosphoenolpyruvate
carboxykinase

5’-CCA CAG CTG CTG CAG AAC A-3
5-GAA GGG TCG CAT GGC AAA-3

PGC-la

peroxisome proliferator-
activated receptor gamma,
coactivator 1«

5-AAG TGT GGA ACT CTC TGG AAC TG-3'
5-GGG TTATCT TGG TTG GCT TTATG-3

PPARa (human)
peroxisome proliferator-
activated receptor

5-TCA TCA AGA AGA CGA GTC G-3’
5-CGG TTA CCT ACA GCT CAG AC-3’

PPAR«a
peroxisome proliferator-
activated receptor

5’-CCT GAA CAT CGA GTG TCG AAT AT-3
5-GGT TCT TCT TCT GAATCT TGC AGC T-3’

SIRT1 (human)

5-TAG GCG GCT TGATGG TAATC-3
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5-TCT GGC ATG TCC CAC TAT CA-3

SREBP1
sterol regulatory element
binding transcription factor 1

5’-GGC CGA GAT GTG CGA ACT-3
5-TTG TTG ATG AGC TGG AGC ATG T-3

Trop | 5-CCAGCACCTTCAGCT TCAGGT CCTTGAT-3
Troponin | 5-TGC CGG AAG TTG AGA GGA AAT CCA AGA T-3'
UCP1 5-GGC CCT TGT AAA CAA CAA AAT AC-3
Uncoupling protein-1 5-GGC AAC AAG AGC TGA CAG TAAAT-Z

UCP2 5-TGG CAG GTA GCA CCA CAG G-3

Uncoupling protein-2

5-CAT CTG GTC TTG CAG CAACTC T-3

UCP3 (human)
Uncoupling protein-3

5-GTG ACC TAC GAC ATC CTC AAG G-3’
5'-GCT CCA AAG GCA GAG ACA AAG-3

UCP3
Uncoupling protein-3

5-ACT CCAGCG TCG CCATCAGGATTCT-3
5'-TAA ACA GGT GAG ACT CCAGCAACTT-3

Table S2. Primers for mtDNA Determination

mtDNA specific (murine) 5-CCG CAA GGG AAA GAT GAAAGA C-3
5-TCG TTT GGT TTC GGG GTT TC-3

nuclear specific (murine) | 5-GCC AGC CTCTCC TGATTT TAG TGT-3
5-GGG AAC ACA AAAGACCTC TTC TGG-3

mtDNA specific (human) 5-CTATGT CGC AGT ATC TGT CTT TG-3’
5-GTT ATG ATG TCT GTG TGG AAA G-3

nuclear specific (human) 5-GTT TGT GTG CTATAG ATG ATATTT TAAATT G-3
5-CAT TAA ACA GTC TAC AAA ACA TAT-3

Table S3. ChIP Primers

PDK4 5’-AAC CCT CCT CCC TCT CAC CCT-3’
5’-ACA CCA ATC AGC TCA GAG AA-ZB

UCP-3 5’-GAA TGT CAG GCC TCT AAG AA-3
5’-CAG GAG GTG TGT GAC AGC AT-3
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Supplemental Experimental Procedures

Animal Experiments

To monitor body weight, mice were weighed and the food consumption was measured each
week on the same day. In case of PJ34 treatment, mice received each 12h (at 7:00 and
19:00) 10 mg/kg PJ34 by intraperitoneal injection for 5 continuous days. Oral glucose
tolerance test, intraperitoneal insulin tolerance test, free fatty acid (FFA) and triglycerides
were determined as described (Lagouge et al., 2006). Plasma insulin and was determined in
heparinized plasma samples using specific ELISA kits (Mercodia). Thermoadaptation was
performed as described (Lagouge et al.,, 2006). We measured O, consumption, CO,
production, and spontaneous locomotor activity in an open-circuit indirect calorimetry system
(Sabre systems, Las Vegas, NV, USA) over 24-48h as described (Dali-Youcef et al., 2007;
Lagouge et al., 2006; Watanabe et al., 2006). Energy expenditure was obtained by using an
energy equivalent of 20.1 J / ml O,. The respiratory quotient was the ratio of CO, production
over O, consumption. During actimetry, beamline crossings were summarized each 15
minutes. The sum of beamline crosses for each 15 min period were plotted against time and
AUC was calculated for each mouse that was averaged in each experimental cohort.

+/+

Euglycemic-hyperinsulinemic clamps were performed in PARP-17" and *** male mice (n = 4
mice per genotype; age = 4 months) exactly as previously described (Feige et al., 2008). In
all studies animals were killed (at 14:00) either after CO, inhalation or cervical dislocation

after 6h of fasting (starting at 8:00), and tissues were collected and their weight was

expressed relative to the body weight.
Histology and Microscopy

Haematoxylin-eosine (HE) and succinate dehydrogenase (SDH) staining was performed on
frozen-section- and paraffin-fixed 7 pm sections, as described (Lagouge et al., 2006).

Transmission electron microscopy (TEM) investigation was performed on glutaraldehyde-
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fixed, osmium tetroxyde stained ultrafine sections (Watanabe et al., 2006). Aspecific binding
of the secondary antibody was controlled on sections where the primary antibody was
omitted.

Cell Culture, Transfection, Adenoviral Infection and Mitochondrial
Characterization

HEK293T, MEF and C2C12 cells were cultured in DMEM (4,5 g/l glucose, 10% FCS). PARP-
1*"* and PARP-1" MEFs were prepared as described in (Menissier-de Murcia et al., 1997).
SIRT1” and SIRT1"* MEFs were kindly provided by Fred Alt (Chua et al., 2005). HEK293T
cells were transfected using JetPei reagent (Polyplus Transfections, lllkirch, France)
according to the manufacturer’s instructions. C2C12 cells were differentiated in DMEM (4,5
g/L glucose, 2% horse serum) after reaching confluency for 2 days, followed by 2 days of
PJ34 treatment (10 uM). PARP-1 shRNA constructs were described in (Shah et al., 2005).
Human PARP-1 and SIRT1 siRNAs were obtained from Dharmacon (Thermo Scientific). The
adenovirus encoding for FLAG-HA-PGC-1a, control and SIRT1 shRNAs were a kind gift from
Pere Puigserver and were used (MOI = 100) in C2C12 myotubes as described (Canto et al.,
2009). DNA strand breaks were quantified by TUNEL assays according to the manufacturer’s

instructions (Millipore).
MRNA and mtDNA Analysis

Total RNA was prepared using TRIzol (Invitrogen) according to the manufacturer’s
instructions. RNA was treated with DNase, and 2 pg of RNA was used for reverse
transcription (RT). cDNA was purified on QIAquick PCR cleanup columns (Qiagen, Valencia,
CA, USA). 50X diluted cDNA was used for RT-quantitative PCR (RT-gPCR) reactions (Bai et
al., 2007). The RT-gPCR reactions were preformed using the Light-Cycler system (Roche
Applied Science) and a gPCR Supermix (Qiagen) with the primers summarized in Table S1.
mtDNA quantification was performed as described (Lagouge et al., 2006) with the primers

indicated in Table S2.
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Immunoprecipitation, SDS-PAGE, Western Blotting

Cells were lysed in lysis buffer (50 mM Tris, 100 mM KCI, EDTA 1 mM, NP40 1%,
nicotinamide 5 mM, Na-butyrate 1 mM, protease inhibitors pH 7,4). Proteins were separated
by SDS-PAGE and transferred onto nitrocellulose membranes. The origin of the primary and
secondary antibodies used can be found bellow. Reactions were developed by enhanced
chemiluminescence (Amersham, Little Chalfont, UK). PGC-la, FOXO1 and Ndufa9
acetylation levels were analyzed by immunoprecipitation from cellular or nuclear lysates of
tissues with anti-PGC-1a. (Millipore), anti-FOXO1 (Cell Signalling, Danvers, MA, USA) and
anti-Ndufa9 (Abcam) antibody followed by Western blot using an acetyl-lysine antibody (Cell
Signalling) that was normalized to total PGC-1a/FOXO1/Ndufa9 levels. In HEK293T cells
HA-tagged PGC-1a was overexpressed and was immunoprecipitated using an anti-HA. In
C2C12 myotubes, FLAG-HA tagged PGC-1a was introduced through adenoviral delivery 2
days before treatments, then IP was performed using anti-FLAG antibody and samples were

processed as described. All blots were quantified by densitometry using ImageJ software.
Antibodies Used for Western Blot Applications

PARP-1 (Erdelyi et al.,, 2009), PAR (Alexis, Lausanne, Switzerland), SIRT1 (Millipore),
FOXO1 (Cell Signalling), haemagglutinin (Sigma), p-ACC (Upstate), Complex | (Ndufa9)
(Abcam), Complex IV (COXI) and V (a subunit) (Molecular probes), FLAG (Sigma), and actin
(Sigma) were detected using a polyclonal rabbit antibodies. The secondary antibody was

IgG-peroxidase conjugate (Sigma, 1:10000).
Poly(ADP-Ribose) Detection

PAR was detected either by using a monoclonal anti-PAR antibody (Alexis) and Mouse-on-
mouse kit (Vector Laboratories) on 7 um formalin-fixed tissues using as described in (Garcia

et al., 2001) or by Western blotting of total protein lysates (Erdelyi et al., 2009).
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Chromatin Immunoprecipitation (ChlP)

ChIP was performed according to (Bai et al., 2007). FLAG-HA-PGC-1a (Rodgers et al.,
2005) was introduced by adenoviral transfer into C2C12 myotubes after 48h of differentiation
and cells were cultured for an additional 2 days. Cell were then exposed to 1 uM PJ34 in
saline for 24h. Thereafter ChIP was performed using anti-FLAG (Sigma) and anti-TNF-R1
(Santa Cruz) as described (Bai et al., 2007). Pelleted DNA was quantified by qPCR using the
primers against PDK4 and UCP-3 promoters flanking the nuclear receptor site (Table S3).
The results were normalized for the signal of the respective inputs (vehicle/PJ34—treated)
and were expressed as a percentage. The signal of anti-TNF-R1 (non-specific antibody) was

subtracted from the anti-FLAG signal (specific) and the specific signal was plotted.
NAD* and NAM Determination

NAD" levels in cultured cells were determined using a commercial kit (Enzychrom, BioAssays
Systems, CA). For tissue samples NAD* and NAM levels were determined as described in
(Sauve et al., 2005). In brief, to a weighed aliquot of frozen pulverized tissue we added as
standards, O*-NAD" (typically 2,00 nmol) and O*-NAM (typically 2,00 nmol). 70 pL of ice-
cold 7% perchloric acid was then added and the sample was vortexed and sonicated three
times, then centrifuged. Clear supernatant was removed and neutralized by additions of 3 M
NaOH and 1 M phosphate buffer (pH=9), then centrifuged. Clear supernatant was injected
onto HPLC C-18 column with 20 mM ammonium acetate eluent to separate NAD* and NAM
from other cellular components, NAD" and NAM peaks (260 nm absorbance) were collected.
Collections were lyophilized to dryness and subjected to MALDI-TOF analysis. For NAD"
measurement, ratio of intensities for m/z = 664 and 666 peaks, corresponding to*°O- and
80-NAD" isotopomers, was multiplied by 2,00 nmol and then divided by tissue weight to
determine NAD" concentration in the sample. For NAM the ratio of intensities for m/z = 123

and 125 peaks, corresponding to °O- and *O-NAM isotopomers, was multiplied by 2,00
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nmol and then divided by tissue weight to determine NAM concentration in the sample.

Corrections were applied for isotopic abundance.
Oxygen Consumption in Cultured Cells

Cellular O, consumption was measured using a Seahorse bioscience XF24 analyzer with
thirty biological replicates per condition, in 24 well plates at 37°C, exactly as described
(Canto et al., 2009). C2C12 were infected with an adenovirus encoding for FLAG-HA-PGC-
la and either scramble or SIRT1 shRNAs 48h previous to O, consumption measurements.

Then myotubes were treated with 1 uM PJ34 for 48h.
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Doxorubicin (DOX) is widely used in cytostatic treatments, although it may cause cardiovascular dysfunction as a
side effect. DOX treatment leads to enhanced free radical production that in turn causes DNA strand breakage cul-
minating in poly(ADP-ribose) polymerase (PARP) activation and mitochondrial and cellular dysfunction. DNA nicks
can activate numerous enzymes, such as PARP-2. Depletion of PARP-2 has been shown to result in a protective phe-
notype against free radical-mediated diseases, suggesting similar properties in the case of DOX-induced vascular
damage.

PARP-2"* and PARP-2~'~ mice and aortic smooth muscle (MOVAS) cells were treated with DOX (25 mg/kg or
3 wM, respectively). Aortas were harvested 2-day post-treatment while MOVAS cells were treated with DOX for
7 hours. Aortas from PARP-2~'~ mice displayed partial protection against DOX toxicity, and the protection
depended on the conservation of smooth muscle but not on the conservation of endothelial function. DOX treat-
ment evoked free radical production, DNA breakage and PARP activation. Importantly, depletion of PARP-2 did not
quench any of these phenomena, suggesting an alternative mechanism. Depletion of PARP-2 prevented DOX-
induced mitochondrial dysfunction through SIRT1 activation. Genetic deletion of PARP-2 resulted in the induction
of the SIRT1 promoter and consequently increased SIRT1 expression both in aortas and in MOVAS cells. SIRT1 acti-
vation enhanced mitochondrial biogenesis, which provided protection against DOX-induced mitochondrial damage.

Our data identify PARP-2 as a mediator of DOX toxicity by regulating vascular SIRT1 activity and mitochondrial bio-
genesis. Moreover, to the best of our knowledge, this is the first report of SIRT1 as a protective factor in the vascu-
lature upon oxidative stress.

PARP-2 e Doxorubicin e SIRT1 e Mitochondria e Vascular smooth muscle

1. Introduction

Doxorubicin (adriamycin, DOX) is a widely used antitumor drug,
exerting cardiovascular side effects that may culminate in irreversible
degenerative cardiomyopathy and heart failure." DOX-induced cardi-
ovascular injury is linked to increased oxidative stress” as DOX can
export electrons from the mitochondria via redox cycling, creating
radical species.® Although cardiac effects of DOX toxicity are well

characterized, vascular damage is scarcely mapped and the molecular
background is largely unknown. Vascular damage upon DOX treat-
ment affects the aorta®® and smaller arteries in the liver® and
kidney.”® Furthermore, DOX impairs endothelial function’ and pro-
motes thrombosis."”

Free radical-evoked DNA damage activates poly(ADP-ribose) poly-
merase (PARP)-1, which catabolizes NAD™ in order to create
poly(ADP-ribose) (PAR) polymers. PARP-1 activation leads to
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NAD™ and consequently ATP depletion, provoking cell dysfunction
and cell death." This PARP-1-mediated cell death pathway is active
in DOX-induced toxicity and it is a major contributor to cardiac
and vascular dysfunction.'>"® Therefore, pharmacological inhibition
of PARP-1 proved to be advantageous under such circumstances.'*"?
Upon DOX damage, PARP inhibition partially restored vascular
contractility.”

PARP-2 is a nuclear enzyme that can bind to DNA nicks and
thereby becomes active.™ Upon activation, it is capable of synthesiz-
ing PAR at the expense of NAD™." Moreover, PARP-2 '~ mice are
resistant to numerous oxidative stress-related pathologies in the
brain and intestines.’>~"” These properties of PARP-2 prompted us
to examine whether PARP-2 inactivation may also provide protection
against DOX-induced vascular damage.

2. Methods

All chemicals were obtained from Sigma-Aldrich unless stated otherwise.

2.1 Animal experiments

All animal experiments were carried out according to the national and EU
ethical guidelines and were authorized by the Institutional Ethics Commit-
tee (7/2010 DE MAB). Homozygous female PARP-2 '~ and littermate
PARP-2*"* mice'® derived from heterozygous crossings were kept in a
12/12 h dark—light cycle with ad libitum access to water and food. Mice
were randomly assigned to four groups: PARP-2*/* and PARP-27/~
control (CTL), and PARP-2™'* and PARP-2~'~ DOX-treated. DOX treat-
ment was performed by the injection of 25 mg/kg DOX or saline ip as
described.”” Aortas were harvested 2-day post-injection for further
assessment.

2.2 Aorta ring studies

For aorta ring studies, mice were anaesthetized by thiopental (50 mg/kg,
iv). Mice were dissected after they did not respond to pain. Thoracic
aortas were cut into 4 mm rings in an organ chamber and were fixed
on an isometric contractile force measurement system (DMT 510A,
Aarhus, Denmark) by metal wires. Aortic rings were stretched according
to the manufacturer’s instructions. Fixed, stretched aortic rings were
treated with the indicated agents for the indicated times and contractile
force was recorded.

2.3 Histology and microscopy
Staining was performed on 7 um tissue sections or cells using antibodies
against PAR, PARP-2 (both from Alexis, Lausen, Switzerland), and
smooth muscle actin (SMA; Novocastra, Newcastle upon Tyne, UK) as
in Bai et al."’

Terminal deoxynucleotidyl transferase dUTP nick-end labelling
(TUNEL) assay was performed following the instructions of the manufac-
turer (Millipore).

2.4 Cell culture

MOVAS murine aortic smooth muscle cells were obtained from ATCC
and were cultured in DMEM (4.5 g/L glucose, 10% FCS, and 0.2 mg/mL
G418). PARP-2 silencing was performed as in Bai et al'® employing
shPARP-2 (small hairpin) and scPARP-2 (scrambled) shRNA by lentiviral
delivery. Cellular measurements took place 7 h after addition of DOX.

2.5 Measurement of thiobarbituric acid
reactive species

The extent of oxidative stress was assessed by determining lipid peroxi-
dation. Aortas were homogenized in 1.15% KCl. Homogenates were
cleared and supernatants were used. Supernatants were incubated at

90°C for 45 min with thiobarbituric acid. After cooling to room tempera-
ture, absorbance at 532 nm was measured and normalized to protein
content. The level of lipid peroxides was expressed as a percentage of
control.

2.6 PARP activity measurement

PARP activity in MOVAS cells was measured by the incorporation of
*H-NAD™. Cells stimulated with DOX (3 uM, 7 h) or H,O, (1 mM,
10 min) and were incubated with *H-NAD™ (10 min, 37°C). After incu-
bation, cellular proteins were precipitated and subsequently washed
with ice-cold TCA (50 and 5% wl/v, respectively). Precipitates were solu-
bilized in 250 pL 2% w/v SDS/0.1 N NaOH at 37°C overnight. Tritium
incorporation was measured by liquid scintillation counting.

2.7 Measurement of superoxide production

Superoxide was measured using hydroethidine (HE) staining as described
in Bai et al.*° Cells were induced by DOX (7 h, 3 wM) and were stained by
2 wM HE for 30 min. Fluorescence was analysed by flow cytometry
(FACSCalibur, BD Biosciences). Superoxide production was indicated as
a mean of HE fluorescence in each sample.

2.8 Oxygen consumption

Oxygen consumption was measured using an XF96 oximeter (Seahorse
Biosciences, North Billerica, MA, USA). scPARP-2 and shPARP-2
MOVAS cells were seeded in 96-well assay plates. After recording the
baseline oxygen consumption, cells received a single bolus dose of
DOX (0.3—-30 M final concentration). Then, oxygen consumption was
recorded every 30 min to follow DOX toxicity. Final reading took place
at 7 h post-treatment. The oxygen consumption rate was normalized to
protein content and normalized readings were displayed.

2.9 NAD' measurement

Cells were seeded in six-well plates and treated with 3 wuM DOX for 7 h.
Control and DOX-treated cells were homogenized in 500 uL 0.5 N
HCIO,4 solution and the homogenates were then neutralized with
150 wL 3 M KOH. The concentration of NAD™ was measured photo-
metrically at 560 nm after enzymatic reaction, which is based on an
alcohol dehydrogenase cycling reaction in which a tetrazolium dye is
reduced by NADH in the presence of phenazine methosulfate. Samples
were normalized to protein content and NAD™ concentration was deter-
mined using an NAD™ standard curve.

2.10 Luciferase activity measurement

Luciferase activity measurement took place as described in Bai et al.”” with
modifications as follows. MOVAS cells carrying a stable transfection of a
scrambled or specific PARP-2 shRNA were seeded in six-well plates.
Transfection took place (8 wg SIRT1 —91 promoter construct®’ and
4 ng P-galactosidase expression plasmid per 9 pL JetPEl transfection
reagent (Polyplus Transfection, lIllkirch, France) after cells reached
~60% confluence. Cells were scraped 48 h post-transfection and lucifer-
ase activity was determined by standard procedures. The activity was
expressed as luciferase activity/B-galactosidase activity.

L19

2.11 Measurement of mitochondrial
membrane potential

Mitochondrial membrane potential was determined by tetramethylrho-
damine ethyl ester (TMRE) staining”> MOVAS cells carrying a stable
transfection of a scrambled or specific PARP-2 shRNA were seeded
in 96-well plate (25000 cells/well) and induced by DOX (03—
30 uM, 7 h). After DOX treatment, cells were stained with 25nM
TMRE for 30 min and then were washed with Hanks’ balanced salt sol-
ution (0.138 M NaCl, 533 mM KCl, 0.338 mM Na,HPO,, 0.441 mM
KH,PO4, 126 MM CaCl,, 0493 mM MgCl,, 0407 mM MgSO,, and
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Figure | Genetic deletion of PARP-2 protects against DOX-induced aortic dysfunction. PARP-2** and PARP-2~/~ mice (3 months of age) were
injected with saline (CTL) or with 25 mg/kg DOX (n = 10 for PARP-2"'* CTL, n = 7 for PARP-2~'~ CTL, n = 8 for PARP-2"'* DOX, and n = 8 for
PARP-2~'~ DOX). Aortas were harvested 2-day post-injection. Aortic rings were mounted on an isometric contractile force measurement system (A—
E) or embedded in paraffin (F). Aortic contractile responses (smooth muscle function) were tested by the cumulative application of norepinephrine
(A), 5-hydroxytryptamine (B), and potassium chloride (C) and endothelial function was tested by acetylcholine (D) and smooth muscle NO sensitivity
by sodium nitroprusside (E). SMA was visualized by immunohistochemistry (F). Luminal side is indicated (Lu), scale bar equals 20 pm.

4.17 mM NaHCO3). Fluorescence was measured on 530 nm as exci-
tation and 590 nm as emission wavelength. TMRE fluorescence was
normalized to protein content.

2.12 Protein extraction and western blotting

Cells were lysed with RIPA buffer (1% Nonidet P-40, 1% sodium deoxy-
cholate, 0.1% SDS, 0.15 M NaCl, 0.01 M sodium phosphate, 2 mM EDTA,
50 mM sodium fluoride, and freshly added protease inhibitor cocktail
(1:100, Sigma, St Louis, USA). Cells were left on ice for several minutes
in the buffer and then were homogenized with a 22 G needle. Lysates
were cleared by centrifugation. Extracts were separated by SDS—PAGE
and were blotted as in Erdelyi et al*> Blots were probed with the

following antibodies: SIRT1 (1:1000, Millipore-Upstate, Billerica, MA,
USA), actin (1:1000, Sigma), and PARP-2 (1:1000, PARP-2, Alexis).

2.13 Total RNA preparation, reverse
transcription, and RT-qPCR

Total RNA preparation, reverse transcription, and RT-qPCR were per-
formed similarly as in Brunyanszki et al?* Total RNA was prepared
using TRIzol reagent (Invitrogen) according to the manufacturer’s instruc-
tions. Two micrograms of RNA were used for reverse transcription (High
Capacity cDNA Reverse Transcription Kit, Applied Biosystems, Foster
City, CA, USA). Diluted cDNA was used for RT-qPCR. Expression was
normalized to the geometric mean of murine 36B4, 18S, and cyclophylin.
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Figure 2 Deletion of PARP-2 does not affect free radical-induced PARP activation or NAD™ depletion. PARP-2"+ and PARP-2™'~ mice were
injected with saline (CTL) or with 25 mg/kg DOX at 3 months of age (n =5 for PARP-2*'" CTL, n=5 for PARP-2~/~ CTL, n=5 for PARP-2"/*
DOX, and n = 4 for PARP-2~'~ DOX; A, C, and E). An aortic smooth muscle cell line (MOVAS) was also tested (B, D, F, and G; n = 3 parallel measure-
ments). MOVAS cells were transduced with a PARP-2-silencing (shPARP-2) or -scrambled (scPARP-2) shRNA and treated with solvent (CTL), 3 uM
DOX or with 1 mM H,O,. Measurements were performed 2-day post-DOX injection (aortas) or 7 h (MOVAS) after DOX treatment. Free radical
formation was measured by determining thiobarbituric acid reactive species (TBARS) (A) and HE fluorescence (B). DNA breaks were detected using
TUNEL assay; scale bar represents 20 or 10 wm, respectively (C and D). PAR formation in paraffin-embedded aortas was assessed with an anti-PAR
antibody; scale bar represents 20 um (E), or in MOVAS cells by the PARP enzyme activity assay (F). NAD" concentrations were determined in
MOVAS cells using an alcohol dehydrogenase-coupled colorimetric assay (G). Lu, lumen; ### indicate statistically significant difference between
CTL and DOX/H,O,-treated samples, at P < 0.001, * or *** indicate statistically significant difference between PARP-2™'" mice/scPARP-2 cells
and PARP-27'~ mice/shPARP-2 cells at P < 0.05 or <0.001, respectively. On (B), (F), and (G), error is represented as SD.

Mitochondrial  DNA content was determined in qPCRs using
total DNA extract of cells or tissues as described in Bai et al'’
Primers are summarized in Supplementary material online, Tables S1
and S2.

2.14 Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed similarly as in Bai et a
In MOVAS cells, chromatin-bound proteins were fixed on DNA by for-
maldehyde. Nuclei were prepared and chromatin was sonicated in
order to split DNA into shorter, ~500 bp fragments. PARP-2-bound
chromatin fragments were collected by immunoprecipitation using
a-PARP-2 (Alexis) and a-matrix-metalloproteinase-9 (Santa Cruz, Santa
Cruz, CA, USA) antibodies. Formaldehyde crosslinking was reversed by
heating and then DNA fragments were purified and amplified using
SIRT1 promoter-specific primers by qPCR (primers are indicated in the
respective section of Supplementary material online). The results were
expressed as a percentage of input.

l25

2.15 Statistical analysis

Statistical significance was determined using Student’s t-test. Error bars
represent SEM unless stated otherwise.

3. Results

3.1 PARP-2 depletion counteracts vascular
dysfunction

We investigated vascular functions after DOX treatment in PARP-2"'*
and PARP-27'" mice first. We did not detect major differences
in aortic reactivity between untreated (CTL) PARP-2*'" and
PARP-2~' mice. In contrast, DOX treatment significantly decreased
norepinephrine and 5-hydroxytryptamine (serotonin)-induced con-
tractility of the vessels in PARP-2*'" mice, while PARP-27/~ mice
were partially protected (Figure 1A and B). KCl-induced contraction
of aortas from PARP-2*'* mice was reduced upon DOX treatment,
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Figure 3 Depletion of PARP-2 induces SIRT1 levels in aortic smooth muscle cells. PARP-2™"" and PARP-2 '~ mice were injected with saline (CTL)
or with DOX at 3 months of age (n=7, 5, 5, and 5, respectively), and then aortic samples were collected on day 2 (A and C). An aortic smooth
muscle cell line (MOVAS) was also tested (B, D, E, and F). MOVAS cells were transduced with a PARP-2-silencing (shPARP-2) or -scrambled
(scPARP-2) shRNA and treated with solvent (CTL) or DOX. PARP-2 expression was determined in aortas by immunohistochemistry, scale bar rep-
resents 20 m (A), and in MOVAS cells by western blotting (B). SIRT1 expression was determined in aortas by RT-qPCR (C), while in MOVAS cells by
western blotting (D). The activity of the —1 to —91 portion of the SIRT1 promoter was determined in luciferase assays (E, n = 6). PARP-2 binding to
the SIRT1 promoter was determined using ChlP assays (F, n = 3). Lu, lumen, * and *** indicate statistically significant difference between scPARP-2
cells/PARP-2"* mice and shPARP-2 cells/PARP-2~/~ mice at P < 0.05 or <0.001, respectively. On (E) and (F), error is represented as SD.
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Figure 4 PARP-2 regulates mitochondrial function: possible involvement of SIRT1. PARP-2/* and PARP-2 '~ mice (3 months of age) were injected
with saline (CTL) or with DOX (n = 7 for PARP-2/" CTL, n =5 for PARP-2~'~ CTL, n = 5 for PARP-2™'* DOX, and n = 7 for PARP-2~'~ DOX),
and then aortic samples were collected on day 2 (A and B). An aortic smooth muscle cell line (MOVAS) was also tested (C, D, and E). MOVAS cells
(n = 3 parallel measurements) transduced with a PARP-2-silencing (shPARP-2) or -scrambled (scPARP-2) shRNA were treated with solvent (CTL) or
DOX. (A and C) Mitochondrial DNA content was determined by qPCR. (B) Expression of a set of mitochondrial genes was determined by RT-qPCR.
(D) Oxygen consumption rate was measured as described in Section 2 [open symbols represent CTL (n = 8); filled symbols represent DOX (n = 8)].
(E) Membrane potential was determined using TMRE dye. ### indicate statistically significant difference between DOX-treated samples and their
respective controls, at P < 0.001; *, ** and *** indicate statistically significant difference between PARP-2'* mice/scPARP-2 cells and PARP-2~'~
mice/shPARP-2 cells at P < 0.05, < 0.01 and <0.001, respectively. On (C) and (D), error is presented as SD.

whereas the contractile responses of aortas from PARP-2 7 mice
were unaffected (Figure 1C). These findings suggested a PARP-2-
dependent deterioration of vascular smooth muscle function after
DOX treatment in mice.

Endothelial function was assessed by the application of acetyl-
choline. Impaired reactivity of aortas to acetylcholine after DOX
treatment in both PARP-2"'* and PARP-2™'~ mice indicated that
the DOX-induced deterioration of endothelial function was indepen-
dent of PARP-2 (Figure 1D). Moreover, sodium nitroprusside-induced
vasorelaxation was not affected by either DOX treatment or by the
deletion of PARP-2 (Figure 1E), suggesting that blunted acetylcholine
responses were not related to impaired NO reactivity of smooth
muscle cells.

Taken together, our physiological data suggested a role for
PARP-2 in DOX-evoked vascular dysfunction and implicated
smooth muscle as a potential target. This notion was further sup-
ported by decreased smooth muscle actin (SMA) immunoreactivity
in PARP-2V'T mice after DOX treatment, suggesting a loss of
smooth muscle cells, which was not the case in PARP-2'~ mice
(Figure 1F). Importantly, these data identify smooth muscle dysfunc-
tion as a novel mechanism of DOX-induced vascular damage. In
our following experiments, we employed an aortic smooth
muscle cell line (MOVAS) to reveal the potential mechanisms for
PARP-2 involvement in DOX-evoked functional deterioration.

3.2 PARP activity is not altered upon
PARP-2 depletion

Reactive oxygen species produced by mitochondrial redox cycling of
DOX has previously been shown to trigger PARP activation and PAR
synthesis. Moreover, ablation of PARP-1 resulted in suppressed PAR
against DOX-evoked
damage.""? Since PARP-2 also possesses PARP activity,'* we set
out to investigate the role of PARP-2 in DOX-evoked PAR synthesis
and vascular smooth muscle dysfunction.

We detected free radical production in both aortas and MOVAS cells
upon DOX treatment (Figure 2A and B). Moreover, free radical pro-

synthesis and protection cardiovascular

duction was increased upon PARP-2 ablation. Enhanced free radical
production resulted in DNA-strand breakage in both types of
samples as shown by increased TUNEL staining (Figure 2C and D).
However, there was no apparent change in TUNEL positivity upon
PARP-2 ablation or depletion neither in mice nor in MOVAS cells
(Figure 2C and D). The level of DOX-induced PARP activity was not
different between PARP-2""" and PARP-2 '~ mice (Figure 2E). Similarly,
there was no marked difference in PARP activation between MOVAS
cells in which PARP-2 was silenced by specific ShARNA (shPARP-2) or
its unspecific scrambled version (scPARP-2) (Figure 2F). These results
suggested a dominant role for PARP-1 in DOX-evoked PAR formation.
PAR was detected only in smooth muscle cells, suggesting that
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Figure 5 Proposed mechanism for PARP-2-dependent protection against DOX-evoked vascular dysfunction. DOX treatment evokes vascular dys-
function, which is mediated by an increase in free radical formation, resulting in DNA breaks, PARP-1 activation, and cellular energetic catastrophe.
However, DOX-induced toxicity is partially antagonized by PARP-2 depletion. PARP-2 down-regulation evokes an increase in SIRT1 expression, which
results in the activation of mitochondrial biogenesis. Elevated mitochondrial function protects aortic smooth muscle from DOX-induced toxicity

without affecting PARP-1-mediated functions.

DOX-evoked endothelial dysfunction is both PARP-1- and
PARP-2-independent. Cellular NAD™ depletion was also similar in
control and PARP-2-depleted cells (Figure 2G), suggesting again a
minor, if any, role for PARP-2 in this process. Taken together, PARP-2
depletion or deletion results in vascular protection without affecting
DOX-induced overall PARP activity.

3.3 SIRT1 overexpression counteracts

DOX toxicity

Apparently, the protection provided by the depletion of PARP-2 has a
different mechanism than the one responsible for the protective effect
of PARP-1 inhibition. Mitochondrial function and structure is deterio-
rated upon DOX treatment.?

mitochondrial function is associated with protection against DOX
27-29

Moreover, preservation of

toxicity. These observations prompted us to investigate
pathways that modulate mitochondrial function. SIRT1 is an
NAD"-dependent class Il deacetylase that promotes mitochondrial
biogenesis,3°_32
SIRT1 expression.'” Danz et al. have shown that pharmacological acti-

while PARP-2 has been identified as a repressor of

vation of SIRT1 by resveratrol enhances mitochondrial biogenesis in
cardiomyocytes. Thus, induction of SIRT1 by PARP-2 depletion
might be capable of counteracting the free radical-evoked mitochon-
drial dysfunction that occurs upon DOX treatment.>> Accordingly, we
tested whether increased SIRT1 expression might be the key protec-
tive mechanism against DOX treatment in PARP-2 ™/~ mice.
Disruption or depletion of PARP-2 in aortas or in MOVAS cells
(Figure 3A and B) resulted in an increase in SIRTT mRNA and SIRT1
protein levels (Figure 3C and D). This increase in SIRT1 expression
was associated with the induction of the SIRT1 promoter

(Figure 3E), which was mediated by a decrease in the occupancy of
the SIRT1 promoter by PARP-2 (Figure 3F).

SIRT1 activation enhances mitochondrial oxidative capacity of mul-
tiple metabolic tissues.>’ We detected increased mitochondrial DNA
content both in the aorta and in MOVAS cells upon the deletion or
depletion of PARP-2 (Figure 4A and C). Increased mitochondrial bio-
genesis was further supported by increased expression of genes
involved in biological oxidation (Foxo?, ATP5g1, ndufa2, and ndufb5)
in aortas (Figure 4B). Higher expression of oxidative genes was main-
tained in PARP-27'~ mice even after DOX treatment compared with
** mice (Figure 4B). To provide further evidence for the involvement
of increased mitochondrial activity, mitochondrial membrane poten-
tial and oxygen consumption were determined in MOVAS cells
upon DOX treatment (Figure 4D and E). Without DOX treatment,
scPARP-2 and shPARP-2 MOVAS cells displayed similar mitochondrial
membrane potential, but PARP-2 silencing resulted in a slightly higher
oxygen consumption rate. Oxygen consumption and free radical pro-
duction increased at 7 h after DOX treatment (Figures 2B and 4D),
suggesting mitochondrial uncoupling and mitochondrial dysfunction.
Mitochondrial membrane potential in scPARP-2 MOVAS cells
increased in line with the increment of DOX concentration,
suggesting mitochondrial hyperpolarization (Figure 4E). Hyperpolariz-
ation of mitochondrial membrane has been described as an early
event in apoptosis supporting impaired mitochondrial biogenesis.34
Overall oxygen consumption was higher in shPARP-2 MOVAS cells
than in scPARP-2 cells. The difference in oxygen consumption
increased upon DOX treatment similarly, while mitochondrial hyper-
polarization was much lower suggesting milder mitochondrial damage
(Figure 4D and E).
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4. Discussion

DOX toxicity affects both cardiac and vascular functions.” In the vas-
culature, DOX treatment has been shown to affect endothelial func-
tion” but no definitive data are available for its effect on the vascular
smooth muscle and the extracellular matrix.*>'® We have affirmed
the deterioration of endothelial function in DOX-treated animals
but it seems to be independent of both PARP-2 and PARP-1, at
least 2 days post-treatment. Importantly, however, early upon DOX
administration, vascular smooth muscle is also damaged. We have
shown that the deletion of PARP-2 provided protection against the
vascular failure induced by DOX. Moreover, this protective pheno-
type was linked to the preservation of vascular smooth muscle.
PARP-2 depletion did not modulate the DNA breakage—PARP-1 acti-
vation—cell death pathway. Therefore, it is likely that PARP-2 does not
affect PARP-1 activation that may exert its deleterious effects.

As a possible alternative protective mechanism, we have investi-
gated the preservation of mitochondrial functions, as it has been
shown to protect against DOX toxicity.**~>*** PARP-2 depletion
has been recently associated with the induction of mitochondrial oxi-
dation through the induction of SIRT1 expression.'” The link between
PARP-2 depletion—SIRT1 activation—enhancement of mitochondrial
biogenesis was further supported by the fact that SIRT1 activation
has been shown to induce mitochondrial biogenesis in various
tissues.’® 3 Indeed, we have detected increased SIRT1 content
after PARP-2 ablation both in vivo and in cultured aortic smooth
muscle cells which was the consequence of the induction of the
SIRT1 promoter.

The augmented expression and activity of SIRT1 caused enhanced
mitochondrial biogenesis, which may have contributed to the resist-
ance of PARP-2~'~ animals against vascular DOX toxicity. It appears
that higher level of mitochondrial activity provides an advantage for
PARP-2-depleted cells over control cells upon
stress-induced mitochondrial dysfunction (e.g. DOX treatment).
Mitochondrial biogenesis, induced by PARP-2 depletion, may counter-
balance the DOX-induced loss of mitochondrial activity (Figure 5).

To the best of our knowledge, this is the first study reporting the
protective properties of SIRT1-induced mitochondrial biogenesis in
blood vessels. Indeed, SIRT1 has been shown to act as a cardioprotec-
tive factor.>** =38 Pharmacological activation of SIRT1 by resveratrol
has been demonstrated to induce mitochondrial activity in cardiomyo-
cytes.>® However, it must be noted that results obtained with resver-
atrol cannot simply be attributed to SIRT1 activation, as the specificity
of resveratrol towards SIRT1 is debated.>” Moreover, it may act as a
free radical scavenger;*® hence, it may eliminate reactive species
released by DOX. Therefore, resveratrol may interfere with
PARP-1 activation by quenching free radicals and hence protect mito-
chondria, or may act on unknown pharmacological targets to confer
protection. As Danz et al>® have detected a complete loss of free
radical production upon resveratrol treatment, it cannot be ruled
out that resveratrol treatment acted upstream of mitochondrial bio-
genesis induction interfering with PARP-1 activation and provided
protection through blunting PARP-1-mediated cell death.

In the heart, SIRT1 can activate other protective mechanisms.
SIRT1 may deacetylate p53 and induce the expression of Bax family
proteins.”’ SIRT1 may also impair PARP-1 activation and the conse-
quent cellular dysfunction through deacetylating PARP-1% or by con-
suming NAD'3” However, we did not observe differences in PARP
activity or NAD™ consumption in PARP-2-depleted smooth muscle

oxidative

dc_792_13

cells or in the PARP-2'~ aorta, but observed an up-regulation of
SIRT1 and increased mitochondrial protein expression and function.
These apparent differences suggest that the mechanism of vascular
protection may consist of different pathways than the ones observed
in the heart. Importantly, however, preservation of mitochondrial
function seems to be a key issue in the protection against DOX
toxicity.

It is tempting to speculate that SIRT1-mediated induction of mito-
chondrial biogenesis may also have contributed to the protective phe-
notype of PARP-2 ablation in oxidative stress-mediated diseases such
as colitis"® or cerebral ischaemia’™"” and could be exploited in other
oxidative stress-related diseases. This hypothesis calls for the continu-
ation of the development of PARP-2-specific inhibitors that may be
used in such settings.'’

In summary, here, we provide evidence for the protective role of
SIRT1 in the vasculature and implicate PARP-2 as a new target to
limit DOX-induced vascular damage. Furthermore, we propose that
modulation of the PARP-2-SIRT1 axis to enhance mitochondrial
activity may be a new therapeutic pathway to revert mitochondrial
hypofunction in the cardiovascular system or in other organs.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Poly(ADP-ribose) polymerase-2 depletion reduces doxorubicin-induced damage through

SIRT1 induction

Magdolna Szanto, Ibolya Rutkai, Csaba Hegediis, Agnes Czikora, Maté Rozsahegyi, Borbéla

Kiss, Laszl6 Virag, Pal Gergely, Attila Toth, Péter Bai

Supplementary Experimental Procedures

Aorta ring studies

Thoracic aorta was excised after over-anaesthesia (50mg/kg thiopental i.v.) then placed into
an organ chamber containing a cold (4°C) Ca*'-free physiological salt solution (Ca*'-free
PSS) composed of: 110 mM NaCl, 5.0 mM KCI, 1.0 mM MgSOy, 1.0 mM KH,PO4, 5.0 mM
glucose and 24.0 mM NaHCOs; equilibrated with a gas mixture of 5% CO,, 10% O,, 85% N,
at pH 7.4. Aorta was cut into approximately 4-5 mm rings, then two metal wires (diameter 40
pm) were inserted into the lumen of the arteries and fixed on an adjustable clamp and a force
transducer (Helpern-Mulvany arteriograph, DMT510A system, Danish Myotechnology,
Aarhus, Denmark). The buffer was changed to PSS after fixing the vessels on the system.
After the PSS reached 37 °C, each ring was systematically stretched by increasing the force
by 1.5 mN in every half minute until the pressure reached 13.3 kPa (normalization protocol).
Then rings were kept in the oxygenated organ bath for 60 min. The tension was recorded in
mN at each 0.5 s. Normalization was followed by testing the viability of the arteries with KCI.
Effects of serotonin and norepinephrine were tested in a cumulative manner. Rings were
precontracted with norepinephrine for relaxation experiments. Endothelium dependent
relaxation was induced by acetylcholine and the endothelium independent relaxation was

induced by sodium nitroprusside.
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TUNEL assay

Dewaxed and rehydrated sections were treated with 20 g per ml proteinase K (in 10 mM
Tris/HCl pH 7.8) for 30 min at 37°C. DNA breaks were labeled with terminal
deoxyribonucleotidyl transferase (TdT) and a deoxyribonucleotide mix containing
digoxigenin labeled dUTP for 60 min at 37°C. After washing, sections were incubated with
anti- digoxigenin peroxidase conjugated antibody (30 min at room temperature) and
peroxidase was detected by diamino-benzamide reaction. Sections were counterstained with

methyl green.

Measurement of thiobarbituric acid reactive species (TBARS)

Malondialdehyde (MDA) formation was utilized to quantify the lipid peroxidation and
oxidative stress in tissues and was measured as thiobarbituric acid-reactive components.
Tissues were homogenized in 1.15% KCI buffer. Homogenates (200 pl) were then added to a
reaction mixture consisting of 1.5 ml of 0.8% thiobarbituric acid, 200 ul of 8.1% sodium
dodecyl sulfate, 1.5 ml of 20% acetic acid (pH 3.5) and 600 ul of distilled H,O that was
incubated at 90°C for 45 min. After cooling to room temperature, the samples were cleared by
centrifugation (10000 % g, 10 min), and absorbance at 532 nm was measured and normalized

to protein content. The level of lipid peroxides was expressed as percentage of control.

PARP activity measurement

PARP activity was measured in MOVAS cells using the assay based on the incorporation of
isotope from *H-NAD into trichloroacetic acid (TCA) precipitable proteins as in'. Cells were
induced with 3 uM DOX for 7 hours. H,O; induction was used (10 minutes, 1 mM) as

positive control. Then control and doxorubicin/H,O,-treated cells were scraped in 1 ml assay
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buffer (56 mM HEPES pH 7.5, 28 mM KCI, 28 mM NaCl, 2 mM MgCl,, 0.01% w/v
digitonin, 0.125 uM NAD" and 0.5 uCi/ml *H-NAD"). Following incubation (10 min at 37°C)
400 pl ice-cold 50% w/v TCA was added and samples were incubated for 4 h at 4°C. Samples
were then spun (10000 x g, 10 min) and pellets washed twice with ice-cold 5% w/v TCA and
solubilized overnight in 250 pl 2% w/v SDS/0.1 N NaOH at 37°C. Contents of the tubes were
added to 5.0 ml ScintiSafe Plus scintillation liquid (Fisher Scientific, Pittsburgh, PA, USA)
and radioactivity was determined using a liquid scintillation counter (TriCarb2800TR, Perkin

Elmer, Waltham, MA, USA).

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed as described in’. Control and doxorubicin-
treated MOVAS cells were fixed with 1% formaldehyde for 10 min at room temperature.
Cells were washed with phosphate-buffered saline (PBS) then scraped and collected by
centrifugation in Eppendorf tubes. Cells were resuspended in a lysis buffer containing 5 mM
piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES), pH 8, 85 mM KCI, 0.5% NP-40, and
protease inhibitor cocktail to prepare chromatin. After centrifugation at 3000 x g for 10 min at
4°C, nuclei were resuspended in sonication buffer (1% sodium dodecyl sulfate, 0.1 M
NaHCOs;, and protease inhibitor cocktail), incubated on ice for 10 min and sonicated. Cell
debris was pelleted by centrifugation at 10000 x g for 30 min at 4°C. Equal amounts of the
soluble chromatin was diluted in immunoprecipitation (IP) buffer (1.1% Triton X-100, 1.2
mM EDTA, 16.7 mM Tris, pH 8.1, 16.7 mM NaCl, and protease inhibitor cocktail) for
immunoprecipitation. Immunoprecipitation was carried out with antibodies against PARP-2
and matrix metalloproteinase-9 (as non-specific control). Complexes were collected with
blocked protein A+G sepharose beads (GE Healthcare) by overnight incubation at 4 °C.

Beads were pelleted and washed twice with each of the following buffers: buffer A (low salt)
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(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris, pH 8.1, 150 mM NacCl, protease
inhibitor cocktail), buffer B (high salt) (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris, pH 8.1, 500 mM NaCl, protease inhibitor cocktail), buffer C (0.25 M LiCl, 1% NP-40,
1% sodium deoxycholate, ] mM EDTA, 10 mM Tris, pH 8.1, protease inhibitor cocktail), and
TE buffer (10 mM Tris, 10 mM EDTA, pH 8). Cross-links were reversed by incubation
overnight at 65 °C meanwhile treatment with RNaseA was applied (1 pg). Then samples were
treated with 0,5% SDS and 2 pg proteinase K and incubated for 2 hours at 45 °C. Purification
of the samples was carried out by ion exchange purification (Qiagen). Purified DNA was
analyzed by qPCR using the following primers:

SIRT1 -91 FWD: 5’-TCC CGC AGC CGA GCC GCG GGG-3’

SIRT1 -91 REV: 5’-TCT TCC AAC TGC CTC TCT GGC CCT CCG-3’

Supplementary Tables

Supplementary Table S1. RT-gPCR Primers for Quantification of Gene Expression

ATP5g1 (murine) 5’-GCT GCT TGA GAG ATG GGT TC-3’
5’-AGT TGG TGT GGC TGG ATC A-3’
FOXO1 (murine) 5’- AAG GAT AAG GGC GAC AGC AA-3°
5’- TCC ACC AAG AAC TCT TTC CA-3’
Ndufa2 (murine) 5’-GCA CAC ATT TCC CCA CAC TG-3’
5’-CCC AAC CTG CCC ATT CTG AT-3°
Ndufb5 (murine) 5’-CTT CGA ACT TCCTGC TCC TT-3’
5’-GGC CCT GAA AAG AAC TAC G-3’
PARP-2 (murine) 5’-GGA AGG CGA GTG CTA AAT GAA-3°
5’-AAG GTC TTC ACA GAG TCT CGA TTG-3’
SIRT1 (murine) 5’- TGT GAA GTT ACT GCA GGA GTG TAA A-3°
5’-GCA TAG ATA CCG TCT CTT GAT CTG AA-3’

Szant6 et al. PARP-2 DOX Supplementary 4



CVR-2011-595R1 dc 792 13

Supplementary Table S2. Primers for mtDNA Determination

MtDNA specific (murine) | 5’-CCG CAA GGG AAA GAT GAA AGA C-3’
5’-TCG TTT GGT TTC GGG GTT TC-3°

nuclear specific (murine) | 5’-GCC AGC CTC TCC TGA TTT TAG TGT-3’
5’-GGG AAC ACA AAA GAC CTC TTC TGG-3’
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Peroxisome Proliferator-activated Receptor (PPAR)-2
Controls Adipocyte Differentiation and Adipose Tissue
Function through the Regulation of the Activity of the
Retinoid X Receptor/PPARy Heterodimer®
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The peroxisome proliferator-activated receptor-y (PPARY,
NR1C3) in complex with the retinoid X receptor (RXR) plays
a central role in white adipose tissue (WAT) differentiation
and function, regulating the expression of key WAT proteins.
In this report we show that poly(ADP-ribose) polymerase-2
(PARP-2), also known as an enzyme participating in the sur-
veillance of the genome integrity, is a member of the PPARy/
RXR transcription machinery. PARP-2~/~ mice accumulate
less WAT, characterized by smaller adipocytes. In the WAT
of PARP-27/~ mice the expression of a number of PPARy
target genes is reduced despite the fact that PPARy1 and -y2
are expressed at normal levels. Consistent with this, PARP-
27/~ mouse embryonic fibroblasts fail to differentiate to adi-
pocytes. In transient transfection assays, PARP-2 small inter-
ference RNA decreases basal activity and ligand-dependent
activation of PPARYy, whereas PARP-2 overexpression
enhances the basal activity of PPARY, although it does not
change the maximal ligand-dependent activation. In addi-
tion, we show a DNA-dependent interaction of PARP-2 and
PPARY/RXR heterodimer by chromatin immunoprecipita-
tion. In combination, our results suggest that PARP-2 is a
novel cofactor of PPARY activity.

Adipose tissue is composed of adipocytes that store energy in
the form of triglycerides. Excessive accumulation of white adi-
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pose tissue (WAT)>leads to obesity, whereas its absence leads
to lipodystrophic syndromes. The peroxisome proliferator-
activated receptor-y (PPARy, NR1C3) is the main protein
orchestrating the differentiation and function of WAT, as
evidenced by the combination of in vitro studies, the analysis
of mouse models, and the characterization of patients with
mutations in the human PPARYy gene (1, 2). PPARYy acts as
heterodimer with the retinoid X receptor (RXR) (3). The
PPAR7Y/RXR receptor dimer is involved in the transcrip-
tional control of energy, lipid, and glucose homeostasis (4,
5). The actions of PPARYy are mediated by two protein iso-
forms, the widely expressed PPARvy, and adipose tissue-re-
stricted PPARY,, both produced from a single gene by alter-
native splicing and differing only by an additional 28 amino
acids in the N terminus of PPARY, (3, 6).

PPARY is activated by binding of small lipophilic ligands,
mainly fatty acids, derived from nutrition or metabolic path-
ways, or synthetic agonists, like the anti-diabetic thiazoli-
denediones (2, 7, 8). Docking of these ligands in the ligand
binding pocket alters the conformation of PPARYy, resulting
in transcriptional activation subsequent to the release of
corepressors and the recruitment of coactivators. Many
corepressors and coactivators have been described such as the
nuclear receptor corepressor and the steroid receptor coactiva-
tors, also known as p160 proteins (9—-11). These corepressors
and coactivators determine transcriptional activity by altering
chromatin structure via enzyme such as histone deacetylases
and histone acetyltransferases (CREB-binding protein/p300).
Other mechanisms include DNA methylation, ATP-dependent
remodeling, protein phosphorylation, sumoylation, ubiquitiny-
lation, and poly(ADP-ribosyl)ation.

2 The abbreviations used are: WAT, white adipose tissue; PPAR, peroxisome
proliferator-activated receptor; PARP-1 and -2, poly(ADP-ribose) polymer-
ase-1 and -2; TTF1, thyroid transcription factor-1; WT, wild type; RT-qPCR,
reverse transcription-coupled quantitative PCR; aP2, adipocyte fatty acid-
binding protein 2; ERB, estrogen receptor B; K19, keratin-19; ChIP, chroma-
tinimmunoprecipitation; RXR, retinoid X receptor; HEK 293, human embry-
onic kidney 293; TNFea, tumor necrosis factor «; CREB, cAMP-response
element-binding protein; DMEM, Dulbecco’s modified Eagle’s medium;
MEF, mouse embryonic fibroblast; siRNA, small interference RNA; BES,
2[bis(2-hydroxyethyl)amino]ethanesulfonic acid.
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TABLE 1

PARP-2 as a Cofactor of PPARy

Oligonucleotides used to generate pSuper-siPARP-2 and pSuper-scrPARP-2

The interfering sequences are in bold.

Name Sequence (5'-3")

Structure

siPARP-2 sense
siPARP-2 antisense
scrPARP-2 sense
scrPARP-2 antisense

GATCTAAGATGATGCCCAGAGGAACTTTCAAGAGAAGTTCCTCTGGGCATCATCTTTTTTTA
AGCTTAAAAAAAGATGATGCCCAGAGGAACTTCTCTTGAAAGTTCCTCTGGGCATCATCTTA
GATCTTTCGGGGAACAAACGTGCAACTTCAAGAGAGTTGCACGTTTGTTCCCCGAATTTTTA
AGCTTAAAAATTCGGGGAACAAACGTGCAACTCTCTTGAAGTTGCACGTTTGTTCCCCGAAA

Bglll/sense/loop/antisense/T(5)/HindIII
HindIII/T(5)/antisense/loop/sense/BglIl
Bglll/sense/loop/antisense/T(5)/HindIII
HindIIl/T(5)/antisense/loop/sense/Bglll

Poly(ADP-ribose) polymerase-2 (PARP-2) was described by
Ame et al. (12) in 1999 as a 66.2-kDa nuclear protein with poly-
(ADP-ribosyl)ating activity. Through its DNA-binding domain
in the N terminus (amino acids 1-62), PARP-2 can bind to
DNase I-treated DNA and to aberrant DNA forms, and its sub-
sequent activation results in poly(ADP-ribose) polymer forma-
tion (12). According to the general scheme of PARP activation,
the active enzyme catalyzes the polymerization of poly(ADP-
ribose) polymer onto different acceptor proteins and itself
using NAD™ as a substrate (13). PARP-2 shares a similar cata-
lytic domain (amino acid 202-593) as poly(ADP-ribose) poly-
merase-1 (PARP-1) (14), the founding member of the PARP
family, though PARP-2 has a smaller reaction velocity com-
pared with PARP-1 (12).

PARP-2 has multiple in vivo functions comprising DNA
surveillance and DNA repair processes (reviewed in Ref. 15),
spermatogenesis (16, 17), inflammation, and oxidative injury
(18 -20). Most of these functions are accomplished through
protein-protein interactions. In PARP-2, the interaction plat-
forms can be mapped to the DNA-binding domain and to the
domain E (amino acids 63-202) (21-25). A role for PARP-2 in
the regulation of transcription has already been described. In
lung epithelial cells PARP-2 interacts with thyroid transcrip-
tion factor-1 (T'TF1). TTF1 isa homeodomain-containing tran-
scription factor of the Nkx-2 family. In these cells, PARP-2 reg-
ulates the expression of the surfactant protein-B by affecting
TTF1 activity (25). In this study we show that PARP-2 affects
the transcriptional activity of PPARYy both in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Materials—All chemicals were from Sigma-Aldrich unless
stated otherwise.

Animals—PARP-2"'" mice and their wild-type (WT) litter-
mates (26) coming from heterozygous crossings were used.
Mice were housed separately, had ad libitum access to water
and chow, and were kept under a 12-h dark-light cycle. The
animals were killed at the age of 7 months by cervical disloca-
tion after 4 h of fasting, and tissues were collected.

Cell Culture—3T3-L1 cells were maintained in DMEM
(Invitrogen), 10% newborn calf serum (Invitrogen), Gentamicin
(Invitrogen), and HEK, and mouse embryonic fibroblasts
(MEFs) were maintained in DMEM, 10% fetal calf serum
(Adgenix, Voisins le Bretonneux, France), and Gentamicin
(Invitrogen). The 3T3-L1 cells were maintained subconfluent.

MEF Preparation and Differentiation—MEFs were prepared
from embryos as described elsewhere (26). For the differentia-
tion studies 4 X 10° MEFs were seeded in 12-well plates and
maintained in DMEM, 10% fetal calf serum. The medium was
changed every 2 days until confluence. The cells were main-
tained at confluency for 2 days. Cells were then differentiated in

o
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DMEM, 10% newborn calf serum, 5 um troglitazone, 5 um
dexamethasone, 500 uM isobutylmethylxanthine, and 10 pg/ml
insulin (later defined as differentiation mix), while the control
cells received DMEM, 10% fetal calf serum, and Me,SO as vehi-
cle. The medium with the differentiation mix was replaced
every 2 days, and the cells were differentiated for 8 days. Con-
trol cells after confluency were cultured in DMEM plus 10%
fetal calf serum containing only vehicle (Me,SO, 0.21%).

DNA Constructs—To create an siRNA-expressing construct,
double stranded oligonucleotides were cloned into the pSuper
vector (for sequences see Table 1) (27). The oligonucleotides
siPARP-2sense and siPARP-2antisense (containing the siRNA
sequence), as well as the control scrPARP-2sense and scrPARP-
2antisense (scrambled version of the siRNA sequence), respec-
tively, were annealed in annealing buffer (150 mm NaCl, 1 mm
EDTA, 50 mm Hepes, pH. 8.0). The resulting duplexes carried
BglII and HindIII sites and were cloned into pSuper using these
sites resulting in pSuper-siPARP-2 (oligonucleotides siPARP-
2sense plus siPARP-2antisense) and pSuper-scrPARP-2 (oligo-
nucleotides scrPARP-2sense plus scrPARP-2antisense). An
EcoRV/Smal fragment encoding mouse PARP-2 was isolated
from pBC-mPARP-2 (23) and inserted into the SnaBI site of
pBABEpuro (Addgene, Cambridge, MA), giving the pBABE-
mPARP-2 vector. All other constructs pGL3-(J,,);TKluc
reporter construct (28), pSG-PPARYy, (3), pSG5-PPAR« (29),
pSG5-PPARB (30), pCMX-ERB, and vitellogeninA2-ERE-
TKLuc (ER-luc) (31) were described before. The pCMV-BGal
construct was used to control the transfection efficiency.

Transfections—Transfections were preformed either by the
BES-buffered saline method (26) or by JetPei (Polyplus Trans-
fections, Illkirch, France).

Luciferase Activity Measurement—3 X 10° HEK cells were
seeded in 6-well plates and were transfected with pSuper-
siPARP-2, pSuper-scrPARP-2, pBabe, or pBabe-PARP-2 using
the BES-buffered saline method. Two days later the cells were
once more transfected with the constructs mentioned above.
Cells were transfected 24 h later with 0.6 ug of pSuper-siPARP-
2/pSuper-scrPARP-2/pBabe/pBabe-PARP-2, 0.4 ug of B-galac-
tosidase expression plasmid, 1 ug of pSG-PPARa/pSG-
PPARB/pSG-PPARY,/pCMX-ERf expression vector, and 1 ug
of PPAR-/ER-responsive construct. Six hours after transfec-
tion, cells were scraped, and luciferase activity was determined.
For the determination of PPAR activity, just before transfec-
tion, cells were washed in serum-free DMEM medium, and the
transfection was carried out in DMEM plus 10% fat-free serum.
Asligand we used, fenofibrate (50 M), monoethylhexyl phthal-
ate (100 um), troglitazone (5 um), and B-estradiol (10 um). After
6 h of transfection, cells were washed with phosphate-buffered
saline, scraped, and stored at —80 °C. Luciferase assay was car-

JOURNAL OF BIOLOGICAL CHEMISTRY 37739

8002 ‘0T |udy uo Aq 610 ogl-mmm wol) papeojumoq


http://www.jbc.org

The Journal of Biological Chemis

e

PARP-2 as a Cofactor of PPAR~y

TABLE 2
gPCR primers
FAS, fatty acid synthase; LPL, liproprotein lipase; HSL, hormone-sensitive lipase.

dc_792 13

Name Sequence (5'-3") Accession number

Adiponectin F 5'-AAG AAG GAC AAG GCC GTT CTC TT-3' (652-674) NM_009605.4
R 5'-GCT ATG GGT AGT TGC AGT CAG TT-3' (875-853)

aP2 F 5'-TGC CAC AAG GAA AGT GGC AG-3’ (132-151) BC054426
R 5'-CTT CAC CTT CCT GTC GTC TG-3' (294-275)

CD36 F 5'-GAT GTG GAA CCC ATA ACT GGA TTC AC-3' (1378-1403) NM_007643
R 5'-GGT CCC AGT CTC AAT TAG CCA CAG TA-3' (1527-1502)

Cyclophylin B F 5'-TGG AGA GCA CCA AGA CAG ACA-3’' (561-581) M60456
R 5'-TGC CGG AGT CGA CAA TGA T-3' (626—608)

FAS F 5'-GCT GCG GAA ACT TCA GGA AAT-3' (6612-6632) BC046513
R 5'-AGA GAC GTG TCA CTC CTG GAC TT-3' (6695-6673)

LPL F 5'-AGG ACC CCT GAA GAC AC-3' (317-333) BC003305
R 5'-GGC ACC CAA CTC TCA TA-3' (465-449)

Leptin F 5'-GAC ACC AAA ACC CTC AT-3' (147-163) NM_008493
R 5'-CAG AGT CTG GTC CAT CT-3' (296-280)

Perilipin F 5'-GCT TCT TCC GGC CCA GC-3' (1511-1527) NM_175640
R 5'-CTC TTC TTG CGC AGC TGG CT-3' (1580-1561)

PPARY, F 5'-CCA CCA ACT TCG GAA TCA GCT-3' (158-178) NM_011146
R 3'-TTT GTG GAT CCG GCA GTT AAG A-3' (591-570)

PPARY, F 5'-ATG GGTG AAA CTC TGG GAG ATT CT-3' (46-69) AY243585
R 5'-CTT GGA GCT TCA GGT CAT ATT TGT A-3' (346-322)

HSL F 5'-CCT CAT GGC TCA ACT CC-3' (1633/2075-1649/2091) NM_001039507.1/NM_010719.5
R 5'-GGT TCT TGA CTA TGG GTGC A-3' (2067/2509-2049/2491)

TNFa F 5'-GCC ACC ACG CTC TTC TG-3' (286-302) NM_013693.2
R 3'-GGT GTG GGT GAG GAG CA-3' (627-611)

ried out by standard procedures. Luciferase activity was
expressed as luciferase activity/3-galactosidase activity.

Nile Red Flow Cytometry—To assess the extent of MEF dif-
ferentiation, cytosolic triglyceride content was assessed by
determining Nile red uptake (modified from Ref. 32) followed
by flow cytometry using a FACSCalibur machine (BD Bio-
sciences). Cells were harvested by adding trypsin/EDTA, and
the detached cells were stained with Nile red (20 pg/ml, 5 min).
Cells were subjected to flow cytometric analysis with 10,000
events collected for each sample; each measurement point was
repeated in 4 parallel replicates. Samples for each cell line were
normalized against the non-differentiated cells of the same line.
The rate of differentiation was expressed as the percentage of
the differentiated cells versus total number of cells.

SDS-PAGE and Western Blotting—Cells were lysed in lysis
buffer (50 mm Tris, 500 mm NaCl, 1 mm EDTA, 1% Nonidet
P-40, 1 mMm phenylmethylsulfonyl fluoride, protease inhibitor
mixture, pH 8.0). Proteins were separated by SDS-PAGE and
transferred onto nitrocellulose membranes. For the detection
of PARP-2, a polyclonal rabbit antibody was used 1:2,000,
Alexis, Lausen, Switzerland), and actin was as detected using a
rabbit polyclonal antibody (Sigma, 1:200). The secondary anti-
body was IgG-peroxidase conjugate (Sigma, 1:10,000). Reac-
tions were developed by enhanced chemiluminescence (Amer-
sham Biosciences, Little Chalfont, UK).

Total RNA Preparation, Reverse Transcription, and qPCR—
Total RNA was prepared using TRIzol (Invitrogen) according to
the manufacturer’s instructions. RNA was treated with DNase,
and 2 pg of RNA was used for reverse transcription (RT). cDNA
was purified on QIAquick PCR cleanup columns (Qiagen, Valen-
cia, CA). 50X diluted cDNA was used for quantitative PCR (qPCR)
reactions. The qPCR reactions were preformed using the Light-
Cycler system (Roche Applied Science) and a qPCR Supermix
(Qiagen) with the primers summarized in Table 2.

Chromatin Immunoprecipitation—Chromatin immunopre-
cipitation was performed according to a previous study (33) on
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TABLE 3
Chip primers
Name Sequence Reference
aP2 F 5'-CCC AGC AGG AAT CAG GTA GC-3' 52
R 5'-AGA GGG CGG AGC AGT TCA TC-3’
CD36 F 5'-TTT GCT GGG ACA GAC CAA TC-3' 39
R 5'-GCC ATG TTC CCA TCC AAG TA-3’
K19 F 5'-AAG GGT GGA GGT GTC TTG GT-3' AF237661
R 5'-GCT TCT TTA CAC TCC TGC T AAA-3’

3T3-L1 cells using a-PARP-2, a-PPARY, (Alexis), and a-ma-
trix metalloproteinase-9 (Santa Cruz Biotechnology, Santa
Cruz, CA) antibodies. We used also a no antibody control. The
chromatin fragments collected upon precipitation with the
above antibodies were amplified using promoter-specific prim-
ers by qPCR. For the analysis of the coding sequence the same
qPCR primer set was used as the one for the quantitation of the
given gene. The respective primers are listed in Tables 2 and 3.
The results were normalized for the signal of the input and were
expressed as a percentage of the aP2 signal with the PARP-2
antibody.

For the testing of the K19 primer set we used non-confluent
3T3-L1 cells transfected with pCMX-ERB. Chromatin immu-
noprecipitation was performed using the a-ERB (Santa Cruz
Biotechnology), and as controls we used an a«-MRE11 (Santa
Cruz Biotechnology) and a no antibody control. The chromatin
fragments collected upon precipitation with the above antibod-
ies were amplified using K19 promoter-specific primers by
qPCR.

Microscopy—Formaldehyde-fixed, paraffin-embedded sec-
tions (7 um) were made from WAT samples and were
stained with hematoxylin and eosine. The same sections
were stained with a biotin-conjugated F4/80 antibody (Sero-
tec, Raleigh, NC, 1:100 dilution), and the bound primary
antibodies were detected using streptavidin-peroxidase
(Vector ABC kit) and diaminobenzidine as chromogenic
substrate. Terminally differentiated MEFs were stained by
Oil red O as described elsewhere.

o
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FIGURE 1. Abnormal WAT function in PARP-2 '~ mice. A, weight and macroscopic view of different adipose tissue depots in PARP-2"/* and PARP-2 /" mice
(age of 7 months). In the PARP-2~/~ mice there is a significant reduction of the different fat depots. Error bars represent = S.E. *, p < 0.05; **, p < 0.01. B, the
epididymal WAT stained with H&E (100X magnification). C, the arrow points toward a dilated capillary in the PARP-2 '~ epididymal WAT (100X magnification,
H&E). Staining with the F4/80 antibody detects macrophages (marked by #) in the vicinity of the dilated capillaries (*). D, gene expression in epididymal WAT.

* p < 0.05.

Triglyceride Measurement—The triglyceride content of the
MEFs was determined using a commercially available Sigma kit
according to the manufacturer’s instructions.

Statistical Analysis—Significance was analyzed by Student’s ¢
test. Error bars represent = S.E., unless noted otherwise.

RESULTS

In Vivo Dysfunction of the PPARY/RXR Heterodimer in the
WAT of PARP-2~7~ Mice—The different fat depots (epididy-
mal, mesenteric, and inguinal) and the interscapular brown adi-
pose tissue-associated WAT were measured in 7-month-old
PARP-2"/~ mice and their wild-type littermates. A propor-
tional loss of the weight of all adipose tissue depots was
observed in the PARP-2"/~ mice (Fig. 14).

Histological examination of the PARP-2~/~ epididymal
WAT showed adipocytes with reduced and irregular size. This
tissue contained diluted capillaries, indicative of inflammation,
which was confirmed by a faint staining with the macrophage-
specific F4/80 antibody in the PARP-2~/~ (Fig. 1, Band C) and

o
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the macroscopic appearance of the WAT (Fig. 14). The F4/80-
positive cells were present in the vicinity of the blood vessels.

To identify the molecular changes that contribute to the
decreased fat accumulation and abnormal adipocyte morphol-
ogy, we determined the expression of the PPARy target genes,
TNFea, and hormone-sensitive lipase by RT-qPCR in the epi-
didymal WAT.

TNFa expression was undetectable in 8 of the 22 mice used
for this study (4 out of 14 PARP-2"/* and 4 out of 8 PARP-
27/7). In the TNFa-positive mice, expression levels were not dif-
ferent, ruling out a major role for inflammation in the adipose
tissue dysfunction in PARP-2~/~ mice. The expression level of
hormone-sensitive lipase, which is responsible for lipolysis, was
also not different between the two genotypes. The expression of
several PPARy target genes, however, was markedly decreased.
These include genes involved in chylomicron and very low den-
sity lipoprotein triglyceride hydrolysis (lipoprotein lipase), free
fatty acid uptake (CD36), de novo fatty acid synthesis, and endo-
crine signaling (leptin and adiponectin) (Fig. 1D). Interestingly,
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FIGURE 2. Effect of PARP-2 on MEF differentiation into adipocytes. A, MEFs were differentiated into adipocytes and stained with Oil red O. On the terminally
differentiated MEFs, Nile red fluorescence-activated cell sorting analysis and lipid measurements were performed. The left histogram shows the percentage of
differentiation as measured with Nile red, and the right histogram shows the accumulation of lipids in the culture. *, p < 0.05; **, p < 0.01. B, expression of
selected marker genes of adipocyte differentiation as measured by RT-qPCR on MEF cDNA samples (¥, p < 0.05; **, p < 0.01).

no difference was detected in PPARYy, and PPARy, mRNA lev-
els between the different genotypes.

MEF Differentiation Is Affected by PARP-2 Ablation—We
next aimed to determine whether MEFs differentiation toward
adipocytes was affected by the PARP-2 deletion. Differentiation
of PAPR-2"/~ MEFs into adipocytes was decreased as judged
by Oil red O staining, determination of lipid content, and Nile
red staining followed by fluorescence-activated cell sorting
analysis (Fig. 2A4).

The expression of genes involved in adipocyte differentiation
and function such as PPAR+y, and PPARY, were decreased in the
PARP-27/~ MEFs (34). Because the PPARYy transcripts are pri-
marily present in the differentiated cells, these data confirm that
PARP-2/" cells differentiate less into adipocytes. The expression
of PPARYy target genes, such as lipoprotein lipase, fatty acid syn-
thase, leptin, adiponectin, and adipocyte fatty acid-binding protein
2 (aP2), were decreased in parallel (Fig. 2B).

PARP-2 Expression Modulates Transactivation of PPARs—
To measure whether changes in PARP-2 expression affect
PPAR transactivation, we used HEK 293 cells transfected with a
PPARY, expression vector and a PPARy-responsive luciferase

37742 JOURNAL OF BIOLOGICAL CHEMISTRY

construct. In these experiments we modulated the expression
of PARP-2 expression by overexpression and siRNA depletion.
For the siRNA depletion of PARP-2 we used the pSuper-
siPARP-2 construct, whereas for PARP-2 overexpression we
used the pBabe-PARP-2. The pSuper-scrPARP-2 and the
empty pBabe vector served as the respective controls. PARP-2
levels were assessed by Western blotting using a PARP-2-spe-
cific antibody. For both constructs, the cells were transfected
twice, on day 0 and on day 2. On day 3, the specific siRNA
decreased PARP-2 protein levels significantly, whereas the
scrambled PARP-2 siRNA did not alter the PARP-2 levels. A
strong increase in PARP-2 protein was observed on day 3 of the
overexpression experiment (Fig. 3).

PARP-2 depletion diminished the basal PPARYy activity and
abrogated receptor activation by its synthetic ligand, troglita-
zone. Conversely, PARP-2 overexpression induced by 3-fold
the basal PPARY activity, although it does not significantly
change the ligand-dependent activation by troglitazone (Fig.
4A). To verify whether this effect of PARP-2 was specific for
PPARYy, we performed similar experiments for the related
nuclear receptors PPAR«a (NR1C1) and PPARB (NR1C2), and
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FIGURE 3. Characterization of the pSuper-scrPARP-2 and the pSuper-siPARP-2 constructs. 3 X 107 HEK

present in the precipitate (Fig. 5C).

cells were plated in Petri dishes and were BES-buffered saline transfected on day 0 and on day 2. Cells were

scraped from day 2 daily. These samples were analyzed by Western blotting. PARP-2 was depleted by the
pSuper-siPARP-2 construct, but was unmodified by the pSuper-scrPARP-2 construct. Whereas the transfection
with pBabe-PARP-2 resulted on day 3 and day 4 in a robust induction of PARP-2 expression, the transfection

with pBabe alone did not modify PARP-2 expression.

the unrelated estrogen receptor 3 (ERB, NR3A2). Interestingly,
siRNA depletion of PARP-2 increased the basal activity of both
PPARaand -8 (Fig. 4, Band C). PARP-2 overexpression did not
affect PPARP but increased PPAR« activity. The activation of
PPARa and - with fenofibrate and monoethylhexyl phthalate,
respectively, was not modified by the modulation of PARP-2
expression. In addition, neither PARP-2 depletion, nor PARP-2
overexpression had an effect on the basal or ligand-induced
activity of ERB (Fig. 4D). Combined these results indicate spec-
ificity of the PARP-2-dependent effect on PPARY.

PARP-2 Is the Member of the RXR/PPARy Transcription
Complex—To demonstrate an interaction between PPARy and
PARP-2 we used ChIP assays. To precipitate chromatin from
undifferentiated 3T3-L1 cells we used antibodies against
PARP-2 and PPARY,. An anti-matrix metalloproteinase-9 anti-
body and a sample without antibody served as negative con-
trols. We used qPCR to amplify the promoters of the aP2 (6) and
CD36 (35) as promoters driven by PPARvy, and keratin-19
(K19), as a non-related, ERB-regulated promoter (36). PARP-2
and PPARy gave a strong signal on PPAR+y-regulated promot-
ers. These signals were significantly higher compared with the
signal from the K19 promoter (Fig. 54). We also performed
qPCR reactions to cover the coding sequences of aP2 using the
chromatin fragments obtained in the ChIP experiments. The
signal of PARP-2 and PPARY coding sequences in the immu-
noprecipitates was strongly decreased compared with the sig-
nal of the corresponding promoter. Apparently, both PARP-2
and PPARYy are present on the PPARYy-driven promoters but
not in the coding sequence (Fig. 5B). In addition, our results
suggest that PARP-2 possesses specificity toward the PPARy-
driven promoters, because the signal from ERB-driven K19
promoter was significantly lower than that from PPARy-driven
promoters.

Despite the huge difference in the signal of the specific pro-
moters and the nonspecific regions (K19 promoter, coding
sequence) we observed some background signal from the non-
specific region. It is likely that this represents the real presence
of PARP-2 in these regions, which is probably linked to the
formaldehyde-induced DNA damage.

To provide proof that the interaction of ERB with the K19
promoter is basically detectable we complemented 3T3-L1 cells
with ERB, and we performed ChIP probing with the K19 primer
set. To precipitate chromatin from ERB-complemented
3T3-L1 cells we used an antibody against ERB, an anti-MRE11
antibody and a sample with no antibody served as negative con-
trols. The precipitate of the ERB-specific antibody gave signif-
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DISCUSSION

PPARYy plays an important role in
adipose tissue differentiation and
function. In PARP-2 knock-out
mice we have identified a defect of adipose tissue function and
a decrease of adipocyte differentiation. In vivo, the adipose tis-
sue depots had smaller weight and histologically showed an
adipodegenerative phenotype.

We have detected a mild inflammation in the WAT of the
PARP-2"/~ mice. The capillaries were dilated, and we have
detected F4/80-positive cells in the vicinity of the capillaries
suggesting the presence of macrophages. The areas more
distant from the capillaries are devoid of staining. Similar
coloration was not observed in the WAT of the wild-type
mice. Activated macrophages and adipocytes may secrete
pro-inflammatory cytokines, such as TNFa that may induce
adipocyte cell death (37). Because TNFa expression was not
detectable in many mice and, if it was detected, its expression
was not significantly increased by the absence of PARP-2, it
is less likely that inflammation is a leading cause of the adi-
podegeneration in the PARP-2/~ mice. It is also unlikely
that increased lipolysis may contribute to the phenotype in
the PARP-2"/~ mice, because there was no difference in the
expression of hormone-sensitive lipase between the wild-type
and PARP-2™/" mice.

We did observe decreased expression of multiple PPARy tar-
get genes involved in adipocyte function. Expression of both
PPARYy isoforms was normal, suggesting effects on PPARvy/
RXR transactivation. In vitro, the differentiation of the PARP-
27/~ MEFs into adipocytes was delayed when compared with
the differentiation of wild-type MEFs. At the end of the differ-
entiation the expression of both PPARy, and PPARvy, was
decreased in the PARP-2"/~ cells indicating the lack of differ-
entiation. Similarly, the expression of the PPAR'y target genes
was decreased.

In transfection assays, the ablation of PARP-2 results in the
diminution, whereas PARP-2 overexpression raises transacti-
vation by PPARvy. The effect of PARP-2 seems specific for
PPARYy, because opposite or no effects were observed for the
related PPAR« and PPAR, and the non-related ERB.

PARP-2 achieves these activities, because it is part of the
PPARY/RXR transcription complex as shown by ChIP assays,
suggesting that PARP-2 could act as a PPARy/RXR receptor
cofactor.

Both members of the PPARY/RXR nuclear receptor dimer
might be the effector behind the phenotype of the PARP-2~/~
mice. If PARP-2 would directly influence RXR, all PPAR iso-
forms should respond the same way to the modulation of
PARP-2 expression. PPARYy was differentially regulated when
compared with PPAR« and -, suggesting that PARP-2 acts on
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FIGURE 4. Effect of PARP-2 expression levels on PPARYy, transactivation. Effect of PARP-2 depletion and
overexpression on the basal activity and receptor activation of PPARy (A), PPAR« (B), PPARS (C), and ERB (D)
receptors. Error bars represent =S.D. ### and ***, p < 0.001; **, p < 0.01; #, p < 0.05.

accomplished through protein-pro-
tein interactions. The N terminus,
with the following domain E are
apparently important protein-pro-
tein interaction domains, serving as
an interaction platform for TRF-2
(21), B23 (22), PARP-1, XRCC1, and
DNA polymerase 3 (23), and TTF1
(25). PARP-2 also homodimerizes
with itself through its domain E
(23).

PARP-1 has been described as a
cofactor for numerous transcription
factors (reviewed in 40 and 25),
including for some members of the
nuclear receptor family, such as the
progesterone receptor (41), RXR
(42, 43), androgen receptor (44),
and the thyroid receptor (42). A
recent study, based on in vitro
results, suggested that PARP-2 acts
as a cofactor of a homeodomain-
containing transcription factor,
TTF1, which belongs to the Nkx-2
family. Binding of PARP-2 through
its E domain to the C terminus of
TTF1 regulates the expression of
the surfactant protein-B in lung
epithelial cells. TTF1l-mediated
transcription encompasses similar
mechanisms, including chromatin
modification, and involves some
of the same cofactors such as the
steroid receptor coactivators as
described for PPARy-coupled
transcription. This suggests that
similar molecular mechanisms
exist both in the case of PPARYy-
and TTF1-mediated transcription
(25). Our results hence confirm
the observation of Maeda and col-
leagues (25), that PARP-2 is a
cofactor of some transcription fac-
tors, and extend these conclusions
by showing that PARP-2 is
involved in nuclear receptor-me-
diated transcriptional control in
vivo. Recent evidence has sug-
gested that the interaction
between PARP-1 and the pro-
moter of target gene could be

PPARvYy. Our report comprises in vitro data and gives first time mediated via double strand breaks, which are produced by
in vivo evidence that PARP-2 may be considered a cofactor of activation of a nuclear receptor followed by the unwinding of
nuclear receptor transcription. DNA by topoisomerase II (45). Our results do provide evi-

PARP-2 is a multidomain protein with multiple functions. dence that interaction with DNA is important for the inter-
These functions comprise DNA repair (reviewed in Ref. 15), action between PPAR7y and PARP-2. ChIP assays that
spermatogenesis (16, 17), T-cell development (38), inflamma- depend on DNA binding show strong interaction. In con-
tion, and oxidative injury (18 —20). Most of these functions are  trast, immunoprecipitation experiments performed on cell
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FIGURE 5. PPARY, and PARP-2 occupy together the PPARy-dependent
promoters. A, PARP-2 is present on PPARy-driven promoters (aP2 and CD36)
as demonstrated in ChIP assays. The PARP-2 signal is increased in the PPARy-
driven promoters compared with the non-related, ERB-driven K19 promoter.
Error bars represent =S.D. (### and ***, p < 0.001; #and *, p < 0.05). B, a similar
ChlIP assay was performed to compare the presence of PARP-2 on the promot-
ers versus the coding sequence of the same gene. PARP-2 is present prefer-
entially on the promoter rather then the coding sequence of the aP2 gene.
Error bars represent =S.D. (***, p < 0.001; *, p < 0.05). C, as a positive control,
the K19 primer set was tested for the ability to detect the presence of ERBin
ERB-transfected 3T3-L1 cells. The a-ER signal was significantly higher then
the signal of the negative control a-MRE11 and the control without antibody.
These data confirm that the K19 primer set is capable of detecting the pres-
ence of the ERB receptor on the K19 promoter. Error bars represent S.D. (###
and ***, p < 0.001; # and *, p < 0.05).

extracts showed only a weak interaction between PARP-2
and PPARvy (data not shown), which was abrogated by low
concentrations of Nonidet P-40 (>0.1%). Furthermore, like
in the case for PARP-1, the N terminus of PARP-2, compris-
ing its DNA-binding domain, seems also to play the most
important role in the interaction with PPARvy. Consistent
with this observation a nuclear receptor-binding consensus
sequence (*'*LIQLL''”) was present in the E domain of
PARP-2.

Concerning the mode of action of PARP-2, it is possible
that not only the physical presence but also the activity of
PARP-2 is necessary for the nuclear receptor function. Poly-
(ADP-ribosyl)ation is reported to increase throughout the
differentiation process of 3T3-L1 cells (46). Interestingly,
this poly(ADP-ribosyl)ation activity is not completely inhib-
ited by PARP-1 depletion (47), suggesting the involvement of
other member(s) of the PARP family, such as PARP-2.
Indeed both PARP-1 and PARP-2 are reported to poly(ADP-
ribosyl)ate histones (13). Similarly to histone acetylation,
poly(ADP-ribosyl)ation of the high mobility group of pro-
teins and histones loosens chromatin structure enabling
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transcription initiation (48). Consistent with this line of
thinking, there is molecular and in vivo evidence that the
enzymatic activity of PARP-1 is necessary for efficient gene
transcription, and inhibition of PARP activity impairs the
transcription of a number of different genes, including dif-
ferent chemokines and inflammation-related genes (e.g.
iNOS, TNFa, ICAM-1, IL-8, MIP-1q, and IL-12) (40, 49, 50).

PARP-2 specifically occupies the promoter of PPARYy target
genes, because it bound efficiently to the regulatory sequence,
whereas binding to the corresponding coding sequences was
strongly decreased. Despite this rather specific binding, we
observed a background signal rising most likely from non-cod-
ing regions or from non-PPARy-dependent promoters, such as
that of the K19 gene, which is under the control of ERB. When
comparing the specific to the above mentioned nonspecific sig-
nal, it is at least 10- to 100-fold increased, which can be consid-
ered as a significant difference. It is likely that the nonspecific
presence of PARP-2 on the K19 promoter and in the non-cod-
ing regions is explained by the fact that PARP-2 binds to the
DNA-damage sites created by the formaldehyde treatment dur-
ing the cross-linking of the cells. The cross-linking-related
DNA damage is present throughout the entire genome, equally
affecting coding regions and promoters, thus theoretically pro-
viding a background signal throughout the genome.

The present study indicates that PARP-2 modulates the
activity of PPARY/RXR nuclear receptor complex, a key tran-
scription factor involved in the pathogenesis of several impor-
tant diseases such as obesity, insulin resistance, type II diabetes
atherosclerosis, and lipodystrophy. Because many of these dis-
eases affect a large part of the population and have high costs to
society, our data, linking the activation of PPARy and PARP-2,
show it is possible to modulate PPARYy activity via PARP-2. It is
therefore tempting to speculate that the various PARP inhibi-
tors that are currently being developed and tested in clinical
trials (51) could also be useful in the metabolic disease arena.
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1. Introduction

Adaptative responses are the product of critical balances integrating a myriad of molecular changes. These molecular
changes include covalent modifications of diverse protein and changes in enzymatic substrate bioavailability, amongst
others.

NAD* (Fig. 1) and its redox counterpart, NADH, are key metabolites influencing a large constellation of metabolic reac-
tions. The most largely studied poly(ADP-ribose) polymerase (PARP) family members, PARP-1 and PARP-2, use NAD" as a
co-substrate in their catalytic activity. It has been observed that persistent PARP activation can deplete total intracellular
levels by 80% and elevates nicotinamide (NAM), its reaction product. This depletion can have major metabolic impacts,
due to the large spectrum of metabolic activities depending on NAD" bioavailability (Bai and Canto, 2012).

Sirtuins are a family of NAD*-dependent protein deacetylases with critical metabolic roles (Houtkooper et al., 2012). Early
observations indicated that the decline of NAD* and the rise of NAM promoted by enhanced PARP activity correlates with a
downregulation of sirtuin activity (Bai et al., 2011b; Pillai et al., 2005). Similarly, the activation of the most well-known
mammalian sirtuin, SIRT1, led to reduced PARP activity (Kolthur-Seetharam et al., 2006). These observations supported a
hypothesis raised a decade ago, where it was postulated that the activity of sirtuins and PARPs might compete for the avail-
ability of a common NAD" pool (Zhang, 2003). In this review we will dissect the possible linkage of these two ancient path-
ways, PARPs and sirtuins, their possible competition for NAD", and the physiological, or pathophysiological impact of these
interactions. Furthermore, we will discuss how the vertexes of these interactions could be approached pharmacologically.

1.1. NAD* metabolism

The metabolism of the pyridine dinucleotides is a long studied one with reports dating to the early parts of the 20th cen-
tury (Harden and Young, 1906) wherein Harden coined the term *“co-zymase” to indicate NAD". The redox activity of the
dinucleotide compounds (NAD" and NADP*) were first described to be a consequence of the pyridine moiety by Warburg
in 1936 (Warburg and Christian, 1936). For most of the last century, the chemistry that converted the dinucleotides to their
reduced counterparts (NADH and NADPH) constituted nearly the entire focus of interest on these important players in
metabolism. In fact, cell metabolism has a plentitude of redox transformations that interconvert NAD* and NADH (or NADP*
and NADPH), ranging from catabolism to biosynthesis (Pfleiderer, 1970).

In the latter part of the 20th century, the non-redox reactivity of NAD* was recognized as a second major function of
NAD*, wherein ADP-ribose (ADPR) is transferred to cellular nucleophiles, such as proteins, in chemistry called ADP-ribosyl
transfer (Honjo et al., 1968; Nishizuka et al., 1968). This “newer” chemistry of NAD" is diversified and has been expanded in
mammalian organisms, where seven sirtuins (Sauve et al., 2006) and 17 PARP enzymes (Ame et al., 2004) harness this chem-
istry for signaling and cell adaptation.

The central role of NAD" in metabolic transformations, as well as its incorporation into signaling pathways has made the
study of NAD* and how it is made in cells a rejuvenated topic of interest (Houtkooper et al., 2010; Koch-Nolte et al., 2009).
The manner in which NAD" is made and utilized constitutes “NAD* metabolism” and is a modern subject, with open ended ques-
tions on how it is biosynthesized, maintained in cells, incorporated into signaling, etc. This introduction surveys these topics in
brief, but also provides an opportunity to highlight the variety of ways in which the study of NAD" has blossomed over the years.

1.1.1. Redox properties of NAD*
The role of NAD" as a direct player in catabolic metabolism is well known. NAD" participates as a co-substrate in several
steps of glycolysis, lactate pyruvate interconversion, pyruvate oxidation to acetyl-CoA catalyzed by pyruvate dehydrogenase
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Fig. 1. NAD and reactions of NAD". (A) Depiction of the chemical structure of NAD*. (B) Transfer of hydride ion to nicotinamide of NAD* to form NADH. (C)
ADP-ribosyltransfer reaction of NAD" to a cellular nucleophile (acetyllysine, aspartate, glutamate, protein, etc.).

complex, TCA cycle and is the donor of electron equivalents to Complex I in the electron transport chain (Ramakrishna et al.,
2001). NAD" is integrated centrally into energy metabolism. Consequently, NAD" level is crucial for the proper maintenance
of metabolic functions in cells. NAD* level is normally maintained at a relative abundance to NADH level in cells (Williamson
et al., 1967), and the NAD*/NADH ratio regulates numerous metabolic pathways, including glycolysis (Sun et al., 2012).
NADH accumulation generally leads to feedback inhibition of metabolic processes upstream of the electron transport chain,
except lactate production. Lactate production provides means to mitigate unbalanced NAD*/NADH ratio (Sun et al., 2012)
and basis for the Cori cycle, in which lactate is released into the bloodstream and delivered to the liver for gluconeogenesis
(Katz and Tayek, 1998). Not surprisingly, when excess NADH accumulates, lactate also accumulates and typically, high lac-
tate is associated with hypoxia (Rimachi et al., 2012) or other mitochondrial deficiencies (Yamada et al., 2012). Lactate pyru-
vate ratio is a clinical surrogate for NAD*/NADH ratio in physiology.

The redox properties of NAD" originate from the deficiency in electron density in the NAM ring. When conjugated to ri-
bose, this electron deficiency becomes further accentuated by the quaternization of the pyridine nitrogen in the heterocycle
(Fig. 1B). This quaternary pyridine group is made even more electron deficient by the carboxamide, which is a good electron
withdrawing group. The positive charge on the nicotinamide group in NAD* has been calculated to be 0.541 charge units
(Cen and Sauve, 2010). The electron deficiency of the pyridine ring provides a driving force for acceptance of hydride ion
at C4 (Fig. 1B). Hydride ion acceptance breaks the aromaticity in the pyridine ring, but the energy expense is compensated
by increased negative charge into the ring. The removal of the hydride ion in the reverse direction is driven by restoration of
aromaticity. This redox chemistry reflects fine balancing of acceptance and removal of hydride ion, and evolution has cen-
trally incorporated NAD* into many metabolic processes requiring hydride ion transfer.

1.1.2. Non-redox properties of NAD*
The ribose ring is conjugated to nicotinamide in NAD" via the anomeric carbon. The construction of this bond can occur
via several pathways, as discussed in the next section; however, the decomposition of this bond is crucial to the action of
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ADPR transfer (ART) enzymes (Fig. 1C). NAD" is the electrophile, and the ADPR moiety is transferred to a variety of cellular
nucleophiles, including proteins (Fig. 1C). This ADPR transfer chemistry is facilitated by the property of NAM as a good leav-
ing group, with a pK; value of near 3.5 (Jackson et al., 2003). PARPs and sirtuins harness this general reactivity in addition to
the NAD* glycohydrolase/ADP-ribosyl cyclases CD38 (Sauve and Schramm, 2004) and CD157 (Ortolan et al., 2002). In addi-
tion there are a number of other putative ART enzymes encoded by the human genome with possible effects in modulating
protein activities by ADP-ribosylation (Hottiger et al., 2010). The diverse ADP-ribosylation enzymes encoded by the mam-
malian genome suggest that ADP-ribosyl modifications are of fundamental importance for shaping mammalian physiology.

1.1.2.1. NAD" biosynthesis. NAD" is biosynthesized by a number of different pathways in humans (Bogan and Brenner, 2008;
Sauve, 2008; Xu and Sauve, 2010). In broader terms, these can be broken down into de novo and salvage pathways. The de
novo pathway in humans derives from the essential amino acid tryptophan, which is catabolized through the kynurenic
pathway to quinolinic acid (Fig. 2) (Satyanarayana and Rao, 1980). Quinolinic acid is the universal metabolite in biology that
generates the aromatic pyridine ring of NAD* (Colabroy and Begley, 2005; Kurnasov et al., 2003). This metabolite is coupled
to the activated sugar metabolite 5-phospho-ribosyl-1-pyrophosphate (PRPP) to produce nicotinic acid mononucleotide
(NaMN) with decarboxylation (Gholson et al., 1964). NaMN intersects the salvage pathway of nicotinic acid (niacin, NA),
which was first characterized by Preiss and Handler in human erythrocytes (Preiss and Handler, 1958a,b). NA is coupled
to PRPP via a separate enzyme nicotinic acid phosphoribosyltransferase which has interesting biochemical properties, in that
it appears to couple NA and PRPP in a coupled reaction with ATP hydrolysis (Galassi et al., 2012; Vinitsky and Grubmeyer,
1993). This ATPase activity assists forward progress of the reaction via energy coupling (Vinitsky and Grubmeyer, 1993).
NaMN is subsequently adenylated to nicotinic acid adenine dinucleotide by one of three mammalian adenylyltransferases
(Lau et al., 2009; Schweiger et al., 2001) (NMNAT1, NMNAT2 or NMNAT3) and then the acid is converted to an amide via
a glutamine dependent NAD" synthetase (Bembenek et al., 2005; Bieganowski and Brenner, 2003). These reactions complete
the biosynthetic process that culminates in NAD" synthesis from de novo NA synthesis and NA salvage.

A separate salvage pathway is known, although only recently characterized, wherein NAM is coupled to PRPP to form
NMN, via an enzyme called nicotinamide phosphoribosyltransferase (Revollo et al., 2004; Rongvaux et al., 2002) (Nampt).
This latter enzyme has a weakly coupled ATPase activity, thereby having some similarity to the corresponding nicotinate
coupling enzyme (Burgos and Schramm, 2008). This enzyme has a very low K, for NAM, ranging from 1 pM to 5 nM (Burgos
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and Schramm, 2008) and is key to setting NAD" levels in cells (Revollo et al., 2004; Yang et al., 2007a). NAM recycling is of
singular importance, because of the abundance of ART activities in cells, which generate continuous flux of NAM, which sus-
tain in vivo tissue concentrations of NAM well above 20 pM (Qin et al., 2006). The importance of NAM recycling activity in
regulating NAD" biosynthesis is discussed in the following section. Importantly, the Nampt activity is not found in lower
metazoans, suggesting that this enzyme is a mammalian adaptation (although the last common ancestor is unidentified)
(Yang et al., 2007a).

In addition there has been an identification of two kinases encoded in mammalian cells called nicotinamide riboside ki-
nase 1 and 2 (Nrk1 and 2) (Bieganowski and Brenner, 2004; Tempel et al., 2007). These enzymes catalyze the efficient phos-
phorylation of nicotinamide riboside (NR) and nicotinic acid riboside (NaR) in vitro (Tempel et al., 2007). The K, and Kkca¢
parameters are as follows: human Nrk1 NR: kg, = 0.6 s, K, =88 uM, NaR: ke, =0.21 s, K =51 uM; human Nrk2 NR
kear =0.34 571 Ky = 190 pM; NaR: key = 0.34 571, K, = 63 pM (Tempel et al., 2007). A structural study of the human Nrk1 en-
zyme complexed with NR and a non-hydrolyzable ATP analog has confirmed that the enzyme accommodates NR into a
geometry that places the 5-OH of the ribose into close proximity to the terminal phosphate position of the ATP for efficient
phosphorylation (Tempel et al., 2007). Studies of the Nrk1 and Nrk2 roles in mammalian NAD" biosynthesis are very limited,
although studies of the human enzymes in yeast establish that they can complement loss of the corresponding Nrk1 in yeast
(Bieganowski and Brenner, 2004). Moreover, yeast can grow on NR if NAD* synthetase is deleted (Agns1), indicating that NR
is metabolized differently from nicotinamide or nicotinic acid (Bieganowski and Brenner, 2004). The putative role of NR as a
mammalian metabolite is supported by detection of NR in milk (Bieganowski and Brenner, 2004), although quantitative
information on its abundance in milk is currently unavailable. Detection of NR in liver tissues has been reported by the Imai
laboratory although quantitation was not provided (Yoshino et al., 2011).

The relative contributions of the different pathways of NAD* synthesis in mammals is only generally understood, and is
subject to many factors including diet (Rodgers and Puigserver, 2007; Yang et al., 2007a). Humans do not encode efficient
pathways for nicotinic acid synthesis, suggesting that nicotinic acid is not an abundant cellular metabolite. On the other
hand, plant and fermented food sources are likely fortified with NA, since plants, yeast and bacteria encode nicotinamidases
(French et al., 2010). Meats are enriched in NAM and have less NA.

1.1.2.2. Regulation of NAD" biosynthesis. The ability of cells to regulate NAD" synthesis was only recently appreciated. Consis-
tent with the centrality of NAM recycling as the ultimate regulator of NAD* levels in cells and tissues, it has been determined
that the enzyme Nampt is subject to dynamic regulation (Fulco et al., 2008; Yang et al., 2007a), and that it is also subject to
circadian influences (Nakahata et al., 2009; Ramsey et al., 2009). The NAM salvage pathway is thought to be central to mam-
malian NAD" homeostasis, since NAD" has a limited lifetime in tissues. For example NAD" has a reported half-life of 5-10 h in
liver (Ijichi et al., 1966). Sauve laboratory experiments in cell culture measure NAD* half-lives in the timeframe of 3-5 h in
unstressed cells. Several laboratories have examined the responsiveness of NAD* metabolism to level of Nampt expression,
and have determined that Nampt level determines cellular NAD" level (Yang et al., 2007a). Nampt appears to be induced by
different stresses, such as reduced nutrient availability and exercise (Costford et al., 2010). Fulco et al. established a link with
Nampt transcription linked to AMP-activated protein kinase (AMPK) activation (Fulco et al., 2008). Recent work by the Chang
laboratory has also established that cAMP production can activate NAD* biosynthesis, presumably also through AMPK acti-
vation (Park et al., 2012). Some other enzymes that may be dynamically regulated include NMNAT-2. This adenylyltransfer-
ase is limiting in injured axons, and its targeted degradation may lead to rapid NAD" depletion and may stimulate axon
degeneration (Gilley and Coleman, 2010).

Key questions of interest include why NAD" metabolism should be regulated in the first place? One possible explanation
is that NAD" levels are important for optimizing metabolic performance during different nutritional situations; in light of the
key involvement of NAD* in key metabolic pathways (glycolysis, fermentation, pyruvate dehydrogenase, TCA cycle and oxi-
dative phosphorylation). In fact, dynamic regulation of NAD* metabolism by nutritional stress, while not preserved in spe-
cific details, is phylogenetically conserved from yeast to humans. The downstream coupling of powerful signaling enzymes
called sirtuins, which are sensitive to NAD* concentrations, establishes a second set of effectors that are cued by these NAD*
biosynthetic changes.

1.2. Sirtuins as NAD* consuming enzymes

Sirtuins have emerged in the last decade as an essential family of enzymes in the regulation of eukaryotic metabolism. In
mammalians, sirtuins control whole body metabolic homeostasis and are postulated as promising targets for multiple path-
ophysiological states, including insulin resistance, cardiovascular disease, neurodegeneration and cancer (Houtkooper et al.,
2012; Nakagawa and Guarente, 2011).

The first sirtuin, Sir2 (silent information regulator 2) was identified almost three decades ago as a protein contributing to
gene silencing (Ivy et al., 1986; Shore et al., 1984). However, Sir2 remained as a largely overseen protein until Kaeberlein and
collaborators demonstrated in 1999 how Sir2 could influence yeast replicative lifespan (Kaeberlein et al., 1999). Additional
copies of Sir2 increased yeast replicative lifespan by 30%, while ablation of the Sir2 gene had the opposite effects, reducing
life span by 50% (Kaeberlein et al., 1999). A critical breakthrough in the sirtuin world came immediately after, when Sir2 was
demonstrated to be an NAD*-dependent deacetylase enzyme (Imai et al., 2000). Unlike all previously described deacetylases
(HDACs Type I and II), Sir2 coupled the removal of acetyl modifications on lysine residues to the consumption of NAD",
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Fig. 3. An overview of the deacetylation reaction catalyzed by SIRT1 and mono/poly(ADP-ribosyl)ation reactions catalyzed by PARPs.

providing NAM and O-acetyl-ADP ribose as side products (Fig. 3). The coupling of the deacetylase reaction to NAD" at a K,
around the intracellular concentration of NAD* immediately suggested a potential link between Sir2 activity and the meta-
bolic/redox status of the cell (Guarente, 2000; Imai et al., 2000). This notion was further supported by a possible implication
of Sir2 and its invertebrate orthologs as effectors of the metabolic adaptations triggered by caloric restriction (see Canto and
Auwerx, 2009, for review). However, the consistency and amplitude of the effects of Sir2 orthologs in organismal lifespan
and their role as key mediators by which calorie restriction enhances lifespan in lower eukaryotes are still a matter of debate
(Burnett et al., 2011; Kaeberlein and Powers, 2007; Lombard et al., 2011; Viswanathan and Guarente, 2011). While there are
also some caveats on the mammalian translation of the link between Sir2 and lifespan, it is nevertheless true that the mam-
malian sirtuins have key role in metabolic regulation, as will be discussed below.

Sir2 unfolded into seven mammalian homolog family members (SIRT1-7). The seven mammalian sirtuins share a con-
served catalytic domain of 275 aminoacids and their expression is quite ubiquitous (Michan and Sinclair, 2007). The different
members of the sirtuin family, however, show distinct features that might endow them with specific functions. An initial
difference can be found in their subcellular localization: SIRT1 can shuttle between the nucleus and the cytosol, and its pre-
dominant localization varies depending on the cell type and environmental cues (Michishita et al., 2005; Tanno et al., 2007).
SIRT2 is predominantly cytosolic (Michishita et al., 2005). In contrast, SIRT3, SIRT4 and SIRT5 are considered mitochondrial
proteins (Hallows et al., 2008; Michishita et al., 2005), whereas SIRT6 and SIRT7 are nuclear. However, while SIRT6 is located
in the heterochromatin, SIRT7 is mostly found in the nucleolus (Michishita et al., 2005).

A second key difference between sirtuins can be found at the level of their catalytic activity. Originally, Sir2 was charac-
terized as a deacetylase enzyme (Imai et al., 2000). However, its spectrum of functions has largely expanded in mammals.
SIRT1, SIRT2 and SIRT3 maintain a strong (North et al., 2003; Schwer et al., 2002; Vaziri et al., 2001), while, SIRT4-6 display
weak deacetylase activity. Instead, SIRT4 and SIRT6 might rather act as NAD"-dependent mono-ADP-ribosyltransferases
(Haigis et al., 2006; Liszt et al., 2005). SIRT5 has recently been reported to amplify the spectrum or sirtuin functions, being
able to act as a demalonylase and desuccinylase enzyme (Du et al., 2011). In this sense, it would not be surprising if new de-
acylation activites are identified within the sirtuin family in the near future. SIRT7 seems to predominantly act as a deace-
tylase, but only a few substrates have been identified, such as p53 (Vakhrusheva et al., 2008b) and H3K18 (Barber et al.,
2012).
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The activity of sirtuins is characterized by its NAD" dependence. Kinetic studies have determined that the K, of most sir-
tuins for NAD" are in the range of 100-300 puM (see Houtkooper et al., 2010, for review). Intracellular concentrations of bio-
available NAD" are still to this date not easy to determine. While most papers report fluctuations of NAD" concentrations
between 200 and 500 M (Houtkooper et al., 2010), these estimations do not take into account cellular compartmentaliza-
tion or whether the measured NAD" is freely available or protein-bound. Considering that freely available NAD" is only a frac-
tion of the total NAD" content of the cell, it is likely that the activity of sirtuins could truly be rate-limited by NAD" in certain
scenarios.

A number of interventions aimed to increase NAD" bioavailability have been shown to impact on sirtuin activity. For
example, dietary supplementation with NAD* precursors, such as NMN or NR enhances sirtuin, at least SIRT1 and SIRT3, acti-
vation in rodent tissues (Canto et al., 2012; Yoshino et al., 2011). Physiologically, NAD* levels generally fluctuate within a
twofold range (Chen et al., 2008; Houtkooper et al., 2010; Rodgers et al., 2005), which is a fine range to affect sirtuin activity.
In general, it has been observed that sirtuins are activated in situations of energy stress, including exercise (Canto et al., 2009,
2010), and nutrient deprivation (fasting or caloric restriction) (Canto et al., 2010; Rodgers et al., 2005). All these situations
are also characterized by increases in NAD" levels (Canto et al., 2009, 2010; Chen et al., 2008; Costford et al., 2010; Rodgers
et al., 2005). In addition, NAD* fluctuates in a circadian fashion according to feeding/fasting cycles (Nakahata et al., 2009;
Ramsey et al., 2009). While a causal link has not been demonstrated to date, the fact that SIRT1 activity also changes in a
circadian fashion (Asher et al., 2008; Nakahata et al., 2008) strongly suggest that NAD" levels could act as a determinant
for these shifts.

It is important to note that sirtuins are also tightly regulated by NAM, a product of their catalytic activity. Actually, NAM is
also a reaction product of other NAD" consuming enzymes, such as PARPs or cADP-ribose synthases (CD38 and CD157)
(Houtkooper et al., 2010). This way, enhanced activity of non-sirtuin NAD* consuming enzymes might not only influence sir-
tuin activity by reducing the availability for NAD", but also by increasing NAM levels. In this sense, it is important to note that
NAD" can be generated from NAM via salvage pathways, initiated and rate-limited in mammals by Nampt (Revollo et al.,
2004). The overexpression of Nampt favors NAD* synthesis while lowering NAM levels in virtually any mammalian cell
tested (Fulco et al., 2008; Pittelli et al., 2010; Rongvaux et al., 2008; van der Veer et al., 2005). Consequently, overexpression,
or knock-down of Nampt were associated with increases or reductions, respectively, of, at least, SIRT1 activity (Fulco et al.,
2008; Revollo et al., 2007; van der Veer et al., 2005, 2007).

Amongst the whole family of mammalian sirtuins, SIRT1 is the one more deeply studied. SIRT1 might play a crucial role in
metabolic homeostasis by regulating the activity of a number of transcriptional regulators (Canto and Auwerx, 2012). The
deacetylation by SIRT1 can lead to direct activation or inhibition of the target transcriptional regulator, as well as the mod-
ification of their interaction profiles. The spectrum of transcriptional targets for SIRT1 includes key controllers of mitochon-
drial biogenesis (peroxisome proliferator activated receptor y coactivator (PGC)-1a), lipid and carbohydrate metabolism
(peroxisome proliferator activated receptors (PPARs), sterol regulatory element binding protein (SREBP)-1, liver X receptor
(LRX), FOXOs, cAMP response element binding protein (CREB), CREB regulated transcription coactivator 2 (CRTC2), etc.) and
cellular proliferation (p53). Given the dual localization of SIRT1 in both the cytoplasmatic and nuclear compartment, it is not
surprising that SIRT1 also deacetylates a constellation of cytosolic proteins, including acetyl-coA synthase 1, endothelial
nitrogen monoxide synthase (eNOS) and components of the authophagy machinery, including the Atg family of proteins.
For an extensive overview on SIRT1 targets, we refer the reader to other recent reviews (Canto and Auwerx, 2012). Broadly,
the activation of SIRT1 leads to changes in the acetylation status of these targets, which co-ordinately orchestrate cellular
and whole-body metabolism to extract energy from non-carbohydrate sources and using respiration based-routes. This per-
fectly matches the fact that SIRT1 is activated in situations of nutrient scarcity. Further pinpointing the interaction between
SIRT1 and the metabolic status, SIRT1 expression is triggered by nutrient scarcity and other energy stresses, while blocked by
nutrient abundance. A number of transcription factors can regulate the expression of SIRT1 under fasting conditions, such as
CREB, PPARs, FOXOs or p53 (see Canto and Auwerx, 2012). Conversely, transcription factors activated by high glucose avail-
ability, such as ChREBP, downregulate SIRT1 levels (Noriega et al., 2011).

SIRT2 is the only sirtuin residing primarily in the cytoplasm (Michishita et al., 2005). An initial functional clue was pro-
vided by the finding that SIRT2 acts as a tubulin deacetylase (North et al., 2003). At the same time, SIRT2 was demonstrated
to be downregulated in human gliomas (Hiratsuka et al., 2003), the most frequent malignant brain tumors, which suggested
a tumor suppression role. The interest on SIRT2 has re-emerged recently as the identification of SIRT2 targets unfolds. SIRT2
has been shown to target also key metabolic regulators, such as FOXOs (Jing et al., 2007), the p65 subunit of NF-kB (Roth-
giesser et al., 2010) and phosphoenolpyruvate carboxykinase (PEPCK) (Jiang et al., 2011), suggesting a role in the regulation
of inflammation, gluconeogenesis and the responses to caloric restriction. In addition, SIRT2 has been linked to Hungtinton
disease (HD), by acting as a key regulator of sterol biosynthesis (Luthi-Carter et al., 2010). Surprisingly, experiments in SIRT2
knock-out mice do not support a major role of SIRT2 in tubulin acetylation, cholesterol biosynthesis or the progression of HD
(Bobrowska et al., 2012), indicating that either it is dispensable or that compensatory activities might exist. In all, the role of
SIRT2 in mammalian biology is still far from established. Transgenic models currently arising will help uncovering the roles
of SIRT2.

Probably SIRT3 is the sirtuin that has attracted most attention in the last few years. SIRT3, together with SIRT4 and SIRT5,
was identified as a mitochondrial sirtuin. Interestingly, only the deletion of SIRT3, but not other mitochondrial sirtuins, led to
mitochondrial protein hyperacetylation (Lombard et al., 2007). The target proteins of SIRT3 include mitochondrial respira-
tory complexes, TCA cycle proteins and enzymes related to lipid metabolism and reactive oxygen intermediates (ROI)
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detoxification (for review, see Giralt and Villarroya, 2012). While no robust phenotype is found on SIRT3~/~ mice in normal
conditions, they show many layers of defects when nutritionally challenged. For example, fasted SIRT3~/~ mice show defects
in fatty acid oxidation (Hirschey et al., 2010) and ketogenesis (Shimazu et al., 2010). Upon caloric restriction, SIRT3 also
determines isocitrate dehydrogenase (IDH)2 (Someya et al., 2010) and superoxide dysmutase (SOD)2 (Qiu et al., 2010) acet-
ylation, which act as key controllers of ROI levels. The impact of SIRT3 in the function of these proteins also provides a pos-
sible explanation on why SIRT3 seems protective against cancer development (Bell et al., 2011; Kim et al., 2010a). In general,
the activation of SIRT3 procures optimal mitochondrial function and energy synthesis. In agreement with this notion, SIRT3
is positively regulated at the transcriptional level by PGC-10a, a master orchestrator of mitochondrial biogenesis, and in re-
sponse to fasting and other energy stresses (Hirschey et al., 2010; Kong et al., 2010; Palacios et al., 2009). Fully confirming
the critical role of SIRT3 in energy homeostasis, SIRT3~/~ mice were more prone to obesity and metabolic disease upon a fat
regime (Hirschey et al., 2011). Of note, the defects of the SIRT3 null mice do not seem to be explained by a single tissue defi-
ciency (i.e. liver-specific or muscle-specific defects) (Fernandez-Marcos et al., 2012), suggesting that the coordinated defect
of SIRT3 in multiple tissues might be required to prompt these metabolic phenotypes.

The role of another mitochondrial sirtuin, SIRT4, is far less known. Initial studies identified SIRT4 as a mono-ADP-ribos-
ylase for the glutamate dehydrogenase (GDH) enzyme. Mono-ADP ribosylation by SIRT4 impaired GDH activity, compromis-
ing amino-acid induced insulin secretion (Haigis et al., 2006). SIRT4 deficient mice display no gross phenotyping
abnormalities, but have increased plasma insulin levels in fed, fasted and aminoacid-stimulated situations (Haigis et al.,
2006). Recently, SIRT4 has also been shown to act as a modulator of fat metabolism in hepatocytes and myocytes. In an op-
posed fashion to SIRT3, the downregulation of SIRT4 potentiates fatty acid oxidation (Nasrin et al., 2010). Given that SIRT4
promotes opposite effects to those of SIRT1 on insulin secretion (Bordone et al., 2006; Moynihan et al., 2005), or SIRT3 on fat
oxidation (Hirschey et al., 2010), it will be crucial to understand how the activation of these enzymes is regulated and phys-
iologically integrated. In addition, it suggests that mitochondrial sirtuin activation might not just depend on NAD" availabil-
ity, and that multiple other regulatory layers might exist.

As SIRT4, SIRT5 is a mitochondrial sirtuin with weak deacetylase activity (Du et al., 2011). Still, SIRT5 has been shown to
regulate the activity of the carbamoyl phosphate synthase 1 (CPS-1) enzyme through direct deacetylation (Nakagawa et al.,
2009). CPS-1 plays a crucial role in ammonia detoxification, as it is a critical step in the urea cycle. The deacetylation of CPS-1
by SIRT5 enhances CPS-1 catalytic activity in situations of fasting, allowing to handle ammonia detoxification during this
higher amino acid catabolism state (Nakagawa et al., 2009). A major breakthrough in the sirtuin field came recently with
the finding that the primary function of SIRT5 might not be to act as a deacetylase, but rather as a demalonylase and desuc-
cinylase (Du et al., 2011). The relevance of malonylation and succinylation events in the mitochondria will be fertile ground
for research in the upcoming years.

SIRT6 is another sirtuin that is gaining a lot of attention recently, due to its crucial roles in genomic DNA stability, metab-
olism and aging. Initially, SIRT6 was described as a mono-ADP-ribosylation enzyme (Liszt et al., 2005). Later studies, how-
ever, indicated that SIRT6 had also critical actions as a histone deacetylase (Michishita et al., 2008). SIRT6 null mice die
prematurely, displaying severe defects, such as lymphopenia, loss of subcutaneous fat, decreased bone mineral density,
hypoglycemia and reduced levels of insulin-like growth factor (IGF)-1 (Mostoslavsky et al., 2006). At least some of these ef-
fects might be explained by the overactivation of the hypoxia-inducible factor 1o (HIF-1at), which leads to abnormally high
glycolytic rates (Zhong et al., 2010). In this scenario, SIRT6 was found to act as a co-repressor of HIF-1a function (Zhong et al.,
2010). In line with the above results, liver-specific deletion of SIRT6 led to increased glycolysis, triglyceride synthesis, re-
duced beta oxidation, and fatty liver formation (Kim et al., 2010b). Strikingly, mice with a neuron-specific defect of SIRT6
are also smaller at birth, but recover normal body weight later and even develop obesity in late life stages (Schwer et al.,
2010). The mechanisms regulating these phenotypes are not clear yet. Additional knowledge on SIRT6 has been provided
by gain-of-function strategies. Overexpression of SIRT6 renders protection against high-fat diet obesity (Kanfi et al., 2010)
and has been recently shown to increase lifespan in mice (Kanfi et al., 2012). SIRT6, therefore, becomes the first sirtuin with
genetic evidence for a direct effect on mammalian lifespan.

Finally, SIRT7 might still be the less known sirtuin. SIRT7 is localized in the nucleolus and was described as a component o
the RNA polymerase I (Pol I) transcriptional machinery (Ford et al., 2006). However, the specific enzymatic activity of SIRT7
and its targets in these complexes remain unclear. Initial hints of a likely deacetylase activity of SIRT7 were confirmed when
SIRT7 was reported to be a p53 deacetylase in cardiomyocytes (Vakhrusheva et al., 2008b). This way, mice lacking SIRT7 dis-
play cardiac hypertrophy, linked to p53 hyperacetylaion. The defects in cardiac morphology dampen the mean and maxi-
mum lifespan of SIRT7 null mice (Vakhrusheva et al., 2008b). In addition, a role for SIRT7 in cancer, while hypothesized a
few years ago (Vakhrusheva et al., 2008a), has been recently confirmed by elegant studies showing how the deacetylation
of H3K18Ac by SIRT7 is necessary for maintaining essential features of human cancer cells (Barber et al., 2012). The possible
roles of SIRT7 in chromatin regulation, cellular transformation programs and tumour formation in vivo warrants future re-
search and might also unveil further links between metabolic sensing and tumor development.

When viewed as a whole, it is clear that sirtuins play a key role in metabolic adaptation and in all the processes in the cell
that are governed or require changes in energy substrate utilization: from caloric restriction to cell growth and proliferation
control. Still, the many ways by which sirtuins might be regulated are still unclear. Their catalytic reaction is NAD*-
dependent, but to this date it is still difficult to unequivocally demonstrate that sirtuin activity is determined by physiolog-
ical fluctuations in NAD". This does not rule out, however, than in extreme toxicity situations, where NAD" levels sharply
drop by 50-70% (Goodwin et al., 1978; Pillai et al., 2005; Skidmore et al., 1979), NAD" might truly become rate-limiting
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for the sirtuin reaction. The K, of most sirtuins for NAD" is still not well-determined (Houtkooper et al., 2010), however
seems different for the members of the sirtuin family suggesting that all sirtuins are not activated at the same time that
seems logical given the often opposing biological effect of these proteins. Compartmentalization of NAD" bioavailability
may also refine sirtuin activation, as it might allow sirtuin activation in a compartment specific fashion. Additionally, there
are a few examples of proteins whose deacetylation in vivo is primed or impeded by other post-translational marks (for
examples, see Canto et al., 2009; Murray-Zmijewski et al., 2008) which could help refining subsets of targets to be deacet-
ylated. A canonical example of how sirtuin activity specification must be required is the one constituted by SIRT3 and SIRT4,
both of which share cellular compartment and NAD*-dependence, but drive apparently opposite metabolic adaptations.
Altogether, logic dictates that sirtuins activity might be influenced by NAD*, but that many additional regulatory layers must
exist in order to achieve specific substrate deacetylation and fine-tune their activity to the cellular metabolic needs.

1.3. Enzymology, function and biological significance of poly(ADP-ribose) polymerases

Poly(ADP-ribosyl)ation (PARylation) was identified by Pierre Chambon and colleagues (Chambon et al., 1963) initiating a
half century long quest of understanding PARP enzyme action. PARP-1, the main enzyme responsible for that biochemical
activity, was recognized in 1967 (Shimizu et al., 1967). Recently several other PARP enzymes, possessing a catalytic domain
similar to that of PARP-1, were identified (PARP-1 to -17 in humans, PARP-1 to -16 in mice) (Ame et al., 2004). Besides the
PARP domain, responsible for catalytic activity, PARPs are equipped with numerous other domains enabling the execution of
a plethora of molecular functions (reviewed in Ame et al., 2004; Hottiger et al., 2010). Among others, there are domains for
DNA binding (e.g. the zinc fingers in PARP-1 (Langelier et al., 2008; Mazen et al., 1989; Menissier-de Murcia et al., 1989), or
SAP domain in PARP-2 (Huber et al., 2004)), protein-protein interaction (e.g. BRCT domain in PARP-1 (de Murcia et al., 1994),
or ankyrin repeats in tankyrases (Smith et al., 1998)), or the macro domain in the macro-PARPs for PAR binding (Karras et al.,
2005). In certain PARP enzymes nuclear, or nucleolar localization signals guide protein transport between organelles (Meder
et al., 2005; Schreiber et al., 1992).

Poly(ADP-ribosyl)ation (PARylation) is considered to be an ancient and evolutionarily conserved biochemical reaction. In
line with that PARP catalytic domain is highly conserved throughout evolution as shown in sequence analysis studies (Otto
et al., 2005) and by the discovery of PARP enzymes in plants (Doucet-Chabeaud et al., 2001; Lepiniec et al., 1995), in lower
animals (Tewari et al., 1995), or certain eubacteria, arhaebacteria and double-stranded DNA viruses (Hassa et al., 2006; Otto
et al., 2005). The catalytic domain of the chicken PARP-1 enzyme had been crystallized first (Ruf et al., 1996) giving insight
into PARP action. The structure of the known catalytic domains of other members of the PARP superfamily displayed high
sequence and structural homology with each other (Hottiger et al., 2010). Moreover, despite the poor sequence homology,
considerable structural homology was observed with the catalytic domain of bacterial ARTs (Hottiger et al., 2010; Ruf et al.,
1996).

PARP-1, considered as the prototypical PARP enzyme, cleaves NAD* and forms large, negatively charged poly(ADP-ribose)
(PAR) polymers on a large set of target proteins. The poly(ADP-ribosyl)ation reaction (PARylation) can be divided into three
steps: initiation, elongation and branching (Fig. 3) (Alvarez-Gonzalez and Mendoza-Alvarez, 1995). In the initiation phase,
reaction the glycosidic bond between nicotinamide and ribose is cleaved due to the nucleophylic attack of glutamate, aspar-
tate residues, or the carboxy terminal of acceptor proteins (Bellocchi et al., 2006) (positively charged lysine residues were
also shown to be PAR acceptors (Altmeyer et al., 2009)). Then the mono-ADPR units are bonded via an ester bond (Altmeyer
et al., 2009; Burzio et al., 1979; Ogata et al., 1980). The ADPR moiety remains bound to the acceptor protein, while NAM is
released in the reaction. Subsequently, the enzymes catalyze elongation and branching reactions using additional ADPR units
from NAD" leading to formation of branched polymers up to 200 ADPR units (Hayashi et al., 1983). The half-life of the poly-
mer is estimated to be less than 1 min, it is rapidly degraded by poly(ADP-ribose) glycohydrolase (PARG) and ADP-ribosyl
protein lyase (Kawaichi et al., 1983; Ueda et al., 1972).

How are PARPs activated? The first known activator of PARP-1 was DNA strand breaks (Benjamin and Gill, 1980) and
irregular DNA structures (Kun et al., 2002). PARP-1 binds to these structures through its zinc fingers that subsequently leads
to its activation. To date PARP-1, -2 and -3 had been shown to be induced by DNA damage (Ame et al., 1999; Boehler et al.,
2011; Menissier-de Murcia et al., 1989; Rulten et al., 2011). The majority of DNA-induced PARP activity is covered by PARP-1
(85-90%), while PARP-2 is considered to be responsible for the rest (Schreiber et al., 2002; Szanto et al., 2011). It seems that
not all PARPs are active, or build polymers: PARP-13 is inactive, PARP-7, PARP-10 and PARP-16 perform only mono-ADP-
ribosylation (Di Paola et al., 2012; Kleine et al., 2008; Leung et al., 2012; Ma et al., 2001), while PARP activity of PARP-9
and PARP-13 is under debate.

PAR molecules may be introduced onto PARP-1 itself (autoPARylation), or onto other proteins (transPARylation). PARP-1
autoPARylation efficiently inhibits PARP-1 activity (Kawaichi et al., 1981; Zahradka and Ebisuzaki, 1982) due to strong elec-
trostatic repulsion between DNA and PAR. PARP-2 has also been reported to perform autoPARylation (Ame et al., 1999) sug-
gesting the existence of a similar autoPARylation cycle as PARP-1. Inhibition of PARP-1 by autoPARylation seems an exquisite
mechanism to avoid uncontrolled and excessive PARP-1 activity. The inhibitory effect of autoPARylation can be reverted by
PARG that removes PAR polymers creating a reversible PARylation cycle for PARP-1 (Erdelyi et al., 2009; Ying and Swanson,
2000). Indeed, inhibition, or deletion of PARG blocks PARP-1 in a PARylated state and therefore protect against PARP-1 med-
iated NAD" and ATP depletion and the consequent cell death (Bakondi et al., 2004; Erdelyi et al., 2009; Ying and Swanson,
2000).
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There are numerous posttranslational pathways through which the activity of PARP enzymes can be regulated. Reversible
phosphorylation regulates PARP-1 (for a proteomic approach see Gagne et al., 2009, for review, see Virdg and Biirkle, in this
series) and tankyrases (Ha et al., 2012; Li et al., 2012; Yeh et al., 2006). PARP-1 is acetylated and activated by p300/CBP-asso-
ciation factor (PCAF) and p300 (Hassa et al., 2005; Rajamohan et al., 2009), while deacetylation by SIRT1 leads to radical de-
crease in PARP activity (Rajamohan et al., 2009). PARP-2 is acetylated by PCAF and GCN5L (Haenni et al., 2008). PIASy, a
SUMO ligase physically interact and modify PARP-1 upon heat shock (Martin et al., 2009). PARP-1 can be mono-ADP-ribosy-
lated and activated by PARP-3, or SIRT6 (Loseva et al., 2010; Mao et al., 2011). PARP-1 activity seems to be linked to cellular
calcium homeostasis (Bakondi et al., 2003; Wyrsch et al., 2012).

PARP enzymes were related to numerous biological processes. The first function to be discovered for PARP-1 (and later
PARP-2 and -3) was its involvement in DNA repair (Durkacz et al., 1980; Purnell and Whish, 1980). Later, the involvement
of these PARP enzymes and tankyrases in the maintenance of genomic integrity was evidenced (reviewed in this series by
Valérie Schreiber and Francoise Dantzer). In our current understanding, under non-stress conditions the action of PARP-1
and -2 are not essential for efficient DNA repair (Allinson et al., 2003; Bai et al., 2011a,b; De Vos et al., 2012). However, dele-
tion of PARP-1, PARP-2, or the application of PARP inhibitors leads to sensitization against DNA damaging agents (MNNG,
ionizing radiation, etc.) (Menissier-de Murcia et al., 1997, 2003; Wang et al., 1995). It seems that PAR polymers act as a scaf-
fold matrix around DNA damage sites that other DNA repair enzymes bind to (Karras et al., 2005; Mortusewicz et al., 2007;
Tartier et al., 2003). PARP-1 and -2 participate in the resolution of single strand breaks, base excision repair (Dantzer et al.,
2000; Schreiber et al., 2002) and double strand break repair (Langelier et al., 2012; Szanto et al., 2012). PARP-1 has antire-
combinogenic activity (Morrison et al., 1997) that consequently protects against retroviral infections (Ha et al., 2001).

Insufficient DNA repair on a longer timeline leads to either cell death, or to the accumulation of mutations, genomic insta-
bility that ultimately induce tumorigenic transformation. Indeed, the lack of PARP-1 enhanced the number of sister chroma-
tid exchange events when challenged by DNA damaging agents (Menissier-de Murcia et al., 1997; Schreiber et al., 1995;
Wang et al., 1995), however, to date, it seems that the lack of PARP-1, or -2 alone, under non-stress conditions, does not lead
to tumorigenic transformation (Menissier-de Murcia et al., 2003; Wang et al., 1995). It suggests that other parallel DNA re-
pair pathways cope with DNA damage in the absence of PARPs. However, the simultaneous removal of PARP-1 and -2, or
other DNA repair enzymes, such as ataxia-telangiectasia mutated (ATM) leads to embryonic lethality (Huber et al., 2004;
Menissier-de Murcia et al., 2003), or tumorigenic transformation as in the case of p53~/~ PARP-1~/~, or p53~/~ PARP-2/~
mice (Nicolas et al., 2010; Tong et al., 2001).

The extent of PARP activation has major influence on the fate of the cell (reviewed in this series by Laszl6 Virag, Agnieska
Robaszkievicz, Jose Vargas and Javier Oliver). Obviously, if DNA damage is repairable, PARP activation contributes to the sur-
vival of the cell as discussed above. Unrepairable DNA damage induces apoptosis that is an energy intensive process that
disposes of cells in a safe manner. Extensive PARP activation - as suggested by Berger and colleagues (Berger, 1985) —
may markedly reduce cellular NAD" content. NAD" resynthesis through NMNAT and phosphoribosyl pyrophosphate synthe-
tase (PPS) is energy consuming therefore reducing cellular ATP content. Further metabolic rearrangements encumber the
replenishment of ATP: slowdown of glycolytic flow due to NAD" loss (Ying et al., 2002), the reversal of the activity of
F1/FO ATPase (synthase activity shifts to ATPase activity) (Ha and Snyder, 1999) and the opening of mitochondrial transition
pores (Virag et al., 1998). The lack of energy prevents the progression of the apoptotic program and turns cell death into
necrosis (Leist et al., 1997, 1999). The fact that PARP activation affect cell survival, moreover switches apoptosis into necrosis
suggested that the application of PARP inhibitors may have beneficial effects in pathological states associated with oxidative
stress (e.g. reperfusion injuries, or inflammatory pathologies) (Virag and Szabo, 2002).

PARP-1 is involved in transcriptional regulation at numerous levels (reviewed in this series by Lee Kraus and Michael Hot-
tiger): it may modulate chromatin structure (de Murcia et al., 1986; Quenet et al., 2009), bind to enhancer sequences, or pro-
moters (Krishnakumar et al., 2008), act as a transcriptional cofactor (Oliver et al., 1999), or may promote chromatin
insulation (Yu et al., 2004) leading to complex gene expression rearrangements (Frizzell et al., 2009; Simbulan-Rosenthal
et al,, 2000). It is under debate whether the catalytic activation of PARP-1 is necessary in every transcriptional event (e.g.
in the case of NFKB activation (Hassa et al., 2001)), however it seems that global and local NAD* levels affect PARP action
at transcription foci (Kraus, 2008; Zhang et al., 2012). Besides, PARP-1, other PARP enzymes influence transcription (e.g.
PARP-2 (Szanto et al., 2012), or PARP-14 (Mehrotra et al., 2011)).

The above detailed biological functions of PARPs act jointly in complex physiological, or pathophysiological scenarios.
PARP enzymes have major impact on inflammatory diseases (Bai and Virag, 2012; Levaot et al., 2011; Mehrotra et al,,
2012; Yelamos et al., 2006). PARPs influence the maturation and function of immune cells (Bai and Virag, 2012). PARP-1
is necessary for the appropriate activation of numerous proinflammatory transcription factors (e.g. NFAT, NFkB, AP-1,
YY1, or sp1) that have key role in producing chemokines (Bai and Virag, 2012; Oliver et al., 1999), cytokines, adhesion factors
and other inflammatory mediators (matrix metalloproteinases, cyclooxygenase-2, or inducible NO synthase) (Virag and
Szabo, 2002). Under inflammatory conditions oxidative stress is largely enhanced that leads to cell death that is diverged
towards necrosis by PARP activation that further enhance the inflammatory response (Virag and Szabo, 2002). Vast amount
of data had been assembled suggesting that inflammatory processes can be quenched by the application of PARP inhibitors
(reviewed in Bai and Virag, 2012).

Recent data suggests the involvement of PARPs in metabolic regulation (Bai and Canto, 2012) that - similarly to the
inflammatory role of PARPs - stem from multiple roots. As discussed above, prolonged PARP activation through depleting
cellular NAD"* pools hamper cellular energy metabolism: glycolytic slowdown (Ying et al., 2002) and a rapid shutdown of

Please cite this article in press as: Canto, C., et al. Crosstalk between poly(ADP-ribose) polymerase and sirtuin enzymes. Molecular Aspects
of Medicine (2013), http://dx.doi.org/10.1016/j.mam.2013.01.004



http://dx.doi.org/10.1016/j.mam.2013.01.004

C Cantédrd /i/l(?‘g:lz‘sfﬂi gMedicine XXX (2013) Xxx-Xxx 11

mitochondrial function (Bai et al., 2001, 2007a; Cipriani et al., 2005; Virag et al., 1998). Inversely, upon the lack, or inhibition
of PARP-1, or -2 mitochondrial activity is not only preserved, but are further enhanced due to the activation SIRT1 (Bai et al.,
2011a,b). It seems therefore that the level and activity of PARP-1, or -2 activity is in strong correlation with mitochondrial
activity (Bai and Canto, 2012). PARPs are related to other metabolic processes by interacting with several metabotropic
receptors (Bai and Canto, 2012) and by influencing energy intake (Asher et al., 2010; Bai et al., 2011b). These metabolic
changes together influence insulin and glucose sensitivity, adipogenesis and body weight (Bai et al., 2007b, 2011a,b; Erener
et al.,, 2012a,b; Mangerich et al., 2010). PARP-5a, -5b, -7 and -14 also seems to influence metabolism, however their action is
yet blurry (Bai and Canto, 2012).

2. Levels of SIRT-PARP interaction
2.1. Interaction of PARPs and SIRTs through the common NAD” substrate

As discussed in Sections 1.2 and 1.3 both PARPs and SIRTs are NAD" dependent enzymes that makes it likely that they may
compete for the limiting NAD* substrate. Most studies report 200-500 uM intracellular NAD* concentrations, however the
NAD" levels in different compartments (mitochondria, nucleus, or cytosol) are still debated (Houtkooper et al., 2010). As dis-
cussed in detail in Section 1.2, SIRT1 activity (and probably the activity of further members of the sirtuin family) is linked to
fluctuations in NAD" levels (Asher et al., 2008; Canto et al., 2012; Imai et al., 2000; Nakahata et al., 2008) as the K, of SIRT1
falls in the range of physiological cellular NAD* changes (Houtkooper et al., 2010).

The K., of PARP-1 towards NAD" falls in the low micromolar range (20-60 uM) (Ame et al., 1999; Mendoza-Alvarez and
Alvarez-Gonzalez, 1993) suggesting that physiological fluctuations in NAD" levels are unlikely to affect PARP-1 activity. In
contrast, the K;;, of PARP-2 towards NAD" is higher (around 130 pM) (Ame et al., 1999) that is comparable to the one of SIRT1
(Houtkooper et al., 2010). Also, PARP-1 had been described as an effective enzyme in NAD* degradation (Ame et al., 1999)
displaying high catalytic turnover when compared to SIRT1 (Bai and Canto, 2012; Bai et al., 2011b). This is further high-
lighted by the fact that the maintenance of local NAD* levels seems important upon PARP-1 activation. NMNAT-1 has been
shown to recruit to sites of PARP-1 activation upon oxidative stress (Berger et al., 2007), or in transcriptional events (Zhang
et al., 2012). It seems that NMNAT-1 recruitment does not only enhance local NAD" availability, but activate PARP-1 in an
NAD*-independent manner (Zhang et al., 2012). PARP-1 is responsible for the majority of PARP activity (Section 1.3, Schre-
iber et al., 2002; Szanto et al., 2011), while the rest is mostly covered by PARP-2.

The drop in NAD" levels upon excessive DNA damage due to PARP activation is a long-known fact (Berger, 1985). Under
such conditions NAD" levels may drop to 20-30% of the original that is likely to rate limit sirtuin enzymes (Houtkooper et al.,
2010). SIRT1 activity is largely reduced under these conditions (Pillai et al., 2006; Qin et al., 2012; Rajamohan et al., 2009)
that might be followed by decreased SIRT1 expression (Qin et al., 2012). It is logical to assume that the activity of other nu-
clear sirtuins will drop under these conditions, however it is not known whether extranuclear sirtuins would respond to
these insults, or would remain intact.

When the biochemical changes upon deletion, or inhibition of PARP-1 were analyzed we found that NAD" levels were
induced (20-100% as a function of cell model, or tissue) in animal and cellular models (Bai et al., 2011b). It is likely that
PARP-1 activity is a major activity in NAD" degradation and consequently in NAD" turnover (Houtkooper et al., 2010), there-
fore the lack of PARP-1 activity elevates NAD" levels. That induction is translated into higher SIRT1 activity and better met-
abolic performance (Bai et al., 2011b).

As previously mentioned, the affinity of PARP-2 to NAD" and the rate of NAD" degradation is similar to SIRT1, therefore it
is unlikely that these enzymes could limit NAD" for one another. In line that we were unable to detect differences NAD" lev-
els of PARP-2*/* and /- cells and tissues under non-stress and oxidative stress conditions (Bai et al., 2011a; Szanto et al.,
2011).

A particularity on the interaction between PARP-1 and PARP-2 with sirtuins is that these two models seem to specifically
target SIRT1: neither cytoplasmic SIRT2, nor mitochondrial SIRT3 activities were increased by the absence of PARP-1 or
PARP-2 (Bai et al., 2011a,b). In the case of PARP-2, the nature of this selectivity is clearer, as it roots on the direct regulation
of the SIRT1 promoter (discussed in the following section). The case of PARP-1 is a bit more complicated, as the modulation
of NAD" levels could potentially impact on all sirtuins. The reasons for the specificity might be that the changes in NAD* lev-
els promoted the reduction of PARP-1 activity could be restricted to the nucleus (Bai et al., 2011b). This is logical, as PARP-1 is
predominantly a nuclear protein. Another possible explanation is that different sirtuins might have different windows of
sensitivity for NAD*. Confirming this, recent efforts from the Denu lab have demonstrated that SIRT6 binds to NAD*, even
in the absence of acetylated substrate, at a K4 around 27 pM, which is a concentration far lower than that of intracellular
NAD" content (Pan et al., 2011). This means that NAD* might rarely be rate-limiting. Hence, SIRT6 activity might not act
as an NAD" sensor and, rather, other regulatory mechanisms, such as specific protein binding or post-translational modifi-
cations, determine SIRT6 activity. In fact, it is conceivable that NAD* could just be permissive for certain sirtuins, and that the
true switch for their activity is found in changes in their protein interactions or post-translational modifications. This might
explain why only a subset of sirtuins (such as SIRT1 in the PARP-1 KO mice) is responsive to fluctuations in NAD". Of note,
also recent studies have highlighted how post-translational modifications might change the affinity of sirtuins for NAD",
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therefore enhancing or blocking their sensing capabilities. This is the case actually for SIRT1, as phosphorylation by PKA dur-
ing fasting enhances the sensitivity of SIRT1 for NAD" (Gerhart-Hines et al., 2011).

2.2. Post-translational modifications

While SIRT1 and PARP activities might influence each other through the competition for a limited NAD" pool, other
events, such as their interaction with different proteins and the impact of diverse post-translational modifications, act also
as key determinants.

A first crucial possibility would be the cross-action of both activities, i.e. that PARPs could PARylate SIRT1 and, conversely
that SIRT1 could deacetylate PARPs. Very little information exists on whether SIRT1 could be a substrate for PARylation.
However, SIRT1 is not PARylated in C2C12 myotubes when PARP activity is triggered by exposure to genotoxic hydrogen per-
oxide concentrations (Bai et al., 2011b). This suggests that endogenous SIRT1 might not be a direct PARylation target, even
though additional scenarios of enhanced PARP activity will have to be tested in order to solidify this conclusion.

Conversely, it could be hypothesized that PARP-1 might be targeted by SIRT1 deacetylase activity. In line with this
hypothesis, reduction of PARP activity is observed upon SIRT1 activation (Kolthur-Seetharam et al., 2006). Given the rela-
tively high K, and low V., of sirtuins, it is unlikely that sirtuin activity ever rate-limits NAD* availability for PARP-1, char-
acterized by a fivefold lower K, and much stronger V,.x of PARP-1 then the one of SIRT1 (Houtkooper et al., 2010) and
Section 2.1. Clues to our understanding on how SIRT1 might impact on PARP activity were given when PARP-1 was identified
to be an acetylated protein (Hassa et al., 2005; Rajamohan et al., 2009) and Section 1.3. In cardiomyocytes, PARP-1 acetyla-
tion was increased by mechanical stress, phenylephrine or angiotensin-II (Rajamohan et al., 2009). This increase in PARP-1
acetylation was coupled to enhanced catalytic activity and was enough to trigger PARP-1 activation in the absence of DNA
damage (Rajamohan et al., 2009).

Following the discovery that PARP-1 activity is influenced by its acetylation status, Rajamohan and colleagues demon-
strated that SIRT1 could directly deacetylate PARP-1. Overexpression of SIRT1 or treatment with resveratrol, as a SIRT1 ago-
nist, both led to the deacetylation of PARP-1 in cell cultured models (Rajamohan et al., 2009). Finally, the authors also
demonstrated that SIRT1-mediated deacetylation blocks PARP-1 catalytic activity (Rajamohan et al., 2009). Altogether, these
observations set a scenario in which enhanced SIRT1 activity would reduce PARP-1 activity via direct deacetylation. How-
ever, if PARP-1 activity is prompted through DNA damage, this will reduce NAD" availability, hence blocking the ability of
SIRT1 to retain PARP-1 in a deacetylated (low activity) state.

The direct influence of sirtuins on PARP activity was further reinforced when trying to elucidate why SIRT6 deficient mice
display genomic instability. Remarkably, it was found that SIRT6, but not other nuclear sirtuins, is directly recruited to the
sites of DNA double-strand breaks and enhances the efficiency of non-homologous end joining and homologous recombina-
tion after paraquat treatment (Mao et al., 2011). In these experiments, PARP-1 was found to be a mono-ADP-ribosylation
substrate for SIRT6 (Mao et al., 2011). Both proteins bind to each other, and the binding is somehow potentiated by DNA
damage. SIRT6 overexpression did not stimulate DNA repair in PARP-1 knock-out cells, indicating that PARP-1 is required
to mediate the effects of SIRT6 (Mao et al., 2011). Key experiments demonstrated that while PARP-1 can be mono-ADP-
ribosylated in at least six sites, only K521 is the only one affected by SIRT6. Of note, SIRT6 did not seem to affect the acet-
ylation status of PARP-1 (Mao et al., 2011).

As mentioned in previous chapters, it will be of crucial interest to understand in which scenarios sirtuins might be selec-
tively activated and how this is molecularly channeled. Illustrating this point, the cases above show how SIRT1 and SIRT6
exert theoretically opposite effects on PARP-1 activity (inhibition and activation, respectively). Hence, it should be expected
that the docking of specific sirtuins to DNA locations or differential protein interaction might crucially determine sirtuin
activity. An example of the latter case can be found in Deleted in Breast Cancer-1 (DBC-1), a protein that can selectively bind
the catalytic domain of SIRT1, negatively regulating its activity (Kim et al., 2008; Zhao et al., 2008). Upon genotoxic stress, a
condition that triggers PARP-1 activation, DBC-1 is phosphorylated by ATM at Thr454, creating a second binding site for
SIRT1 (Yuan et al., 2012; Zannini et al., 2012). This leads to enhanced binding between SIRT1 and DBC-1, hence abolishing
SIRT1 activity (Yuan et al., 2012; Zannini et al., 2012). This would provide a very elegant mechanism for shutting down SIRT1
and relieve the inhibition of PARP-1 exerted via deacetylation, while promoting simultaneously PARP-1 activation via SIRT6
mediated mono-ADP-ribosylation.

Acetylated residues have also been identified in other PARP enzymes, such as PARP-2 (Haenni et al., 2008). However,
whether the acetylation status of these residues is modulated by sirtuins is not currently clear. Similarly, the identification
of mitochondrial PARP activity (Du et al.,2003; Lai et al., 2008; Pankotai et al., 2009), opens a whole new world for possible direct
cross-regulation through posttranslational modifications between PARP enzymes with mitochondrial sirtuins (SIRT3-5).

2.3. SIRT-PARP interaction through the regulation of gene expression

Marked changes in SIRT1 expression is capable of influencing metabolic and energetic balance. In humans, SIRTT mRNA
levels and certain SNPs in the SIRT1 gene correlated well with enhanced energy expenditure, insulin sensitivity (Rutanen
et al., 2010), insulin secretion (Dong et al., 2011), or predisposition to obesity (Clark et al., 2012; Zillikens et al., 2009a).

The activity of the SIRT1 promoter had been shown to be controlled by several transcription factors, such as CREB (cAMP
response element-binding protein), ChREBP (carbohydrate response element binding protein) (Noriega et al., 2011), FOXOs
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(forkhead box transcription factor O), p53 (Nemoto et al., 2004), HIC1 (hypermethylated in cancer 1) (Chen et al., 2005;
Zhang et al., 2007), PPARs (peroxisome proliferator-activated receptors) (Han et al., 2010) and c-Myc (Yuan et al., 2009). Most
of these transcription factors integrate nutritional signal (Nemoto et al., 2004; Noriega et al., 2011). We have described the
presence of PARP-2 on the SIRT1 promoter and provided evidence that PARP-2 acts as a suppressor of SIRT1 transcription
(Bai et al., 2011a; Szanto et al., 2011).

PARP-2 binds to DNA in the proximal region of the SIRT1 promoter ("1 to 91 region of the mouse SIRT1 promoter) (Bai
et al.,, 2011a). This region is on one hand directly adjacent to the region where FOXOs bind (791 to ~202 region of the mouse
SIRT1 promoter) (Nemoto et al., 2004), while on the other it’s sequence is highly conserved among mammals and shows con-
servation when compared to the distantly related sequence of the promoter of SIRT1 in Xenopus (Bai et al., 2011a). Depletion
of PARP-2 enhanced the activity of the SIRT1 promoter that translated into higher SIRT1 mRNA and protein levels in skeletal
and smooth muscle, liver, brown adipose tissue and pancreas as shown in murine and cellular models (Bai et al., 2011a;
Szanto et al., 2011). Interestingly, although in brown adipose tissue SIRT1 protein levels are enhanced the induction of mito-
chondrial activity was not detected (Bai et al., 2011a) suggesting yet unknown tissue-specific mechanisms that limit the phe-
notypical manifestation of PARP-2, or SIRT1 action. Likewise, tissue specific gene expression changes alter the effects of SIRT1
induction in PARP-2~/~ mice, wherein in contrast to pancreatic SIRT1 overexpression that ameliorates B cell function
(Moynihan et al., 2005) PARP-2 deficiency hampers B cell expansion leading to pancreatic dysfunction (Bai et al., 2011a)
(discussed in detail in Section 3.1.4).

Alterations in NAD" levels upon the depletion of PARP-2 were minor or negligible in cellular models and inconsistent in
in vivo experiments (Bai et al., 2011a; Schreiber et al., 2002; Szanto et al., 2011). That suggest that activation of SIRT1 upon
PARP-2 depletion seems to rely primarily on transcriptional effects and unlikely on activation through enhanced NAD" avail-
ability. PARP-2 seems specific for the SIRT1 promoter, as the depletion of PARP-1 did not alter promoter activity (Bai et al.,
2011a). To date, no further direct regulation of other sirtuin genes by PARPs has been clearly evaluated.

3. Physiological processes influenced by SIRT-PARP interaction
3.1. Metabolism

Experiments in cell lines and animal models have shown that sirtuins act as key regulators of oxidative metabolism and
global metabolic homeostasis. The multiple levels of interaction between PARP enzymes and sirtuins (see Section 2), predict,
therefore, that the modulation of PARP activity could also have a strong impact on energy metabolism.

While many of the original studies showed a negative correlation of PARP activity and sirtuin activity in situations of
supraphysiological oxidative stress or DNA damage, it is worth mentioning that this relation has recently been found also
in physiological scenarios. For example, PARP activity is largely increased upon high-fat feeding, when SIRT1 activity is lower
(Bai et al., 2011b). Oppositely, PARP activity is lower in muscle after an overnight fast, where enhanced SIRT1 activity is ob-
served (Bai et al., 2011b). A recent report has also highlighted how higher PARP activity is observed in aged rodent tissues,
leading to decreased NAD" content and limiting SIRT1 activity, even though SIRT1 protein content is higher (Braidy et al.,
2011). All these observations indicate how genetical and physiological variations in PARP activity might have a large impact
on sirtuin activity, and, consequently, on global metabolism.

3.1.1. PARP-SIRT1 interactions in food intake behavior

PARP-1 null C57BI/6 mice display a clear metabolic phenotype, characterized by lower body weight gain upon aging and
high-fat feeding. Strikingly, this happens despite the increased food intake observed in PARP-1 knockout mice (Bai et al.,
2011b; Devalaraja-Narashimha and Padanilam, 2010). Moreover, recent data indicates that PARP-1 plays role in the regula-
tion of the circadian entrainment of feeding behavior and body temperature cycles (Asher et al., 2010). Interestingly, also
SIRT1 is a key regulator of the core circadian clock molecular machinery (Asher et al., 2008; Nakahata et al., 2008). The reg-
ulation of NAD" bioavailability might constitute an attractive mechanism tying the circadian fluctuations of PARP-1 and
SIRT1 activities. Essentially, the expression levels of Nampt, the critical rate limiting enzyme in the mammalian NAD" sal-
vaging pathway, display a robust diurnal oscillation, with a peak around the beginning of the dark period in mice, in line
with the maximal peak for the circadian fluctuation of SIRT1 activity (Nakahata et al., 2009; Ramsey et al., 2009). SIRT1 neg-
atively regulates CLOCK:BMAL-1 transcriptional activity, which is a key positive controller of Nampt expression (Nakahata
et al., 2009; Ramsey et al., 2009). Hence, the activation of SIRT1 shuts down Nampt expression. This will likely promote a
decrease in NAD" levels low enough to limit SIRT1. It is likely that PARP-1 activity could also rise simultaneously, as the de-
crease in SIRT1 activity should lead to increased PARP-1 acetylation and activity. This would further limit NAD" availability
for SIRT1, completely shutting down its activity. Once SIRT1 activity is low enough, CLOCK:BMAL-1 activity will be increased,
and Nampt expression will be slowly recovered, reaching full circle.

3.1.2. PARP-SIRT1 interaction in the regulation of energy expenditure

A key element driving the metabolic phenotype of the PARP-1 knock-out mice is their enhanced energy expenditure (Bai
et al,, 2011b). This effect likely derives, at least in part, from a potentiation in SIRT1 activity and the activation of key tran-
scriptional metabolic regulators, such as the transcriptional coactivator PGC-1a (Rodgers et al., 2005). It has been shown that
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PGC-1a activation is linked to enhanced mitochondrial biogenesis and a more oxidative profile of skeletal muscle fibers (Lin
et al., 2002). Another key downstream effector of SIRT1 contributing to the regulation of oxidative metabolism is the FOXO
family of transcription factors. FOXOs are deacetylated by SIRT1 (Brunet et al., 2004), prompting their activation and the
transcriptional activation of genes linked to lipid oxidation and stress resistance (Banks et al., 2011; Gross et al., 2008). It
was therefore reassuring to see that, consistent with SIRT1 activation, mice where PARP activity is impaired, either by genet-
ic or pharmacological means, show a marked deacetylation of PGC-1a and FOXO1 in a key metabolic tissue such as skeletal
muscle (Bai et al., 2011b). Consistent with the activation of gene programs related to mitochondrial biogenesis, the muscles
from PARP-1 deficient mice displayed a large increase in mitochondrial content and an enhanced oxidative profile of their
muscle fibers (Bai et al., 2011b).

Another key tissue influencing whole body energy expenditure is the brown adipose tissue (BAT), which has a key role in
thermogenesis. As seen in muscle, the BAT from PARP-1 deficient mice is characterized by increased NAD"* content and SIRT1
activity, as manifested in the deacetylation and activation of PGC-1a (Bai et al., 2011b). This leads to a marked increase in
mitochondrial content in the BAT of PARP-1 deficient mice (Bai et al., 2011b). Physiologically, this renders the PARP-1-/~
mice with a stronger ability to maintain body temperature when exposed to cold compared to their wild-type littermates.

In agreement with the observations in mice, the knock-down of PARP-1 in cultured HEK293 or inhibition of PARP activity,
using PJ34 (a pan-PARP inhibitor), in C2C12 myotubes is enough to drive an increase in mitochondrial gene expression and
0, consumption (Bai et al., 2011b). Noteworthy, the simultaneous knock-down of SIRT1 largely prevented the increase in
cellular respiration triggered by the reduction of PARP activity (Bai et al., 2011b). Importantly, when analyzing the expres-
sion of a panel of genes related to oxidative metabolism in response to PARP inhibition, it was clear that SIRT1 only partic-
ipated in the regulation of certain subsets, but not all (Bai et al., 2011b). This indicates that reductions in PARP activity leads
to a plethora of effects, and that SIRT1 solely controls a few contributing to enhanced mitochondrial respiration and energy
expenditure.

The evaluation of PARP-2 deficient mice further consolidated the link between sirtuins and PARP enzymes on energy
expenditure. PARP-2 mice also display resistance against high-fat diet-induced obesity, linked to increased energy expendi-
ture and an enhanced oxidative profile of skeletal muscle (Bai et al., 2011a). As mentioned in Section 2.3, defects in PARP-2
expression also enhance SIRT1 activity through enhancing SIRT1 expression. As PARP-2 is a repressor of the SIRT1 promoter,
PARP-2 deletion relieves the repression on the SIRT1 promoter and enhances SIRT1 mRNA and protein levels (Bai et al.,
2011a; Szanto et al., 2011). Experiments in C2C12 myotubes demonstrated that the knock-down of PARP-2 triggered mito-
chondrial gene expression in a SIRT1 dependent fashion.

3.1.3. PARP-SIRT1 interaction in the regulation of fat deposition

This leaner phenotype of PARP-1-/~ and PARP-2~/~ mice can be explained, at least in part, due to their enhanced energy
expenditure when compared to wild-type littermates. However, another attractive mechanism by which PARP deficiency
might impact on body weight relies on the direct regulation of fat deposition in white adipose tissues (WAT). Indeed,
PARP-1 and -2 deficient mice present a largely reduced size of their WAT depots (Bai et al., 2007b, 2011a,b). PPARY is a nu-
clear receptor that is mainly expressed in white adipose tissue and plays key roles in adipocyte differentiation, lipid synthe-
sis and storage (Heikkinen et al., 2007). The lower fat deposition in the PARP-1 and PARP-2 knock-out mice, therefore, might
be explained by affecting the activity of PPARy. PARP-1 and -2 had been shown to physically interact with PPARy (Bai et al.,
2007b; Miyamoto et al., 1999) and were already correlated with WAT tissue mass (Bai et al., 2007b; Erener et al., 2012a).
PARylation can be observed in differentiating 3T3-L1 preadipocyte cells and in subcutaneous adipose tissue (Gehl et al.,
2012; Janssen and Hilz, 1989), likely consequent to PARP-1 activation (Erener et al., 2012a; Janssen and Hilz, 1989; Simbu-
lan-Rosenthal et al., 1996; Smulson et al., 1995). Indeed, PARP-1 is recruited to PPARY target genes in a PAR-dependent man-
ner, allowing a sustained expression of PPARY and its target genes (Erener et al., 2012a). Also PARP-2 can contribute to the
adipogenic program, as the lack of PARP-2 hampers the adipocytic differentiation of embryonic fibroblasts and 3T3-L1 cells
(Bai et al., 2007b). PARP-2 binds to the same sites on promoters as PPARY and apparently acts as positive cofactor (Bai et al.,
2007b). Interestingly, the expression of some adipokines, such as leptin or adiponectin, is regulated by PARP-1 and -2 (Bai
et al., 2007b; Erener et al., 2012a),

Besides regulation through direct physical interaction the higher SIRT1 activity in PARP-1 and PARP-2 deficient models
might have a key role. SIRT1 is known to decrease PPARY transcriptional activity through direct interaction and docking
of transcriptional co-repressors, such as NCoR and SMART (Picard et al., 2004) and more recently, PPARY has been identified
as a deacetylation target for SIRT1 (Qiang et al., 2012). Activation of PPARY through TZD decreased PPARY acetylation levels
on K268 and K293 by prompting the binding of SIRT1 (Qiang et al., 2012). The deacetylation of PPARY at these two residues
allows the recruitment of the transcriptional coactivator PRDM16 and promotes adipokine production and an upregulation
of BAT-like gene expression (Qiang et al., 2012). Physiologically, the deacetylation of PPARY is also triggered by cold exposure
and blunted when mice are fed a high-fat diet (Qiang et al., 2012). This way, SIRT1-induced deacetylation of PPARY will pro-
mote a brown-like phenotype of the WAT, enhancing energy expenditure, lowering fat deposition and favoring insulin sen-
sitivity. Of note, PARP activity is enhanced upon high-fat feeding, which could limit SIRT1 activity and compromise PPARYy
deacetylation that is in line with the enhanced insulin sensitivity and lower fat storage of PARP-1 and PARP-2 null mice, even
if browning effects have never been closely examined. Of note, the regulation of SIRT1 alone might not be enough to directly
impact on PPARY activity, as the binding of both proteins seems to be ligand-dependent. This is in line with previous obser-
vations suggesting that SIRT1 in vivo does not deacetylate its substrates in an undiscriminated manner. Rather, substrates
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might be primed for deacetylation via different means, such as conformational changes upon ligand binding or through the
modulation of other post-translational modifications. Altogether, it seems clear that both SIRT1-dependent and -indepen-
dent mechanisms might contribute to the lower PPARY activity and the blunted fat deposition in PARP-1 and PARP-2
knock-out mice (Bai et al., 2011a,b).

An interesting question is whether reduced WAT depots could potentially lead to ectopic lipid deposition. A recent report
identified increased fat deposition in the livers of PARP-1~/~ mice when fed a HFD (Erener et al., 2012b). PARP-1 is poorly
expressed in the liver and global deletion of PARP-1 does not seem to have a major influence on hepatic expression of mito-
chondrial and lipid oxidation genes (Bai et al., 2011b), which might create a permissive scenario for lipid deposition. How-
ever, it is difficult to match this observation with the notion that PARP-1 deficiency dampens PPARY activity and with the
lower body weight of PARP-1~/~ mice. Similarly, the possible activation of sirtuins would be theoretically at odds with a pre-
disposition for lipid accumulation. Further evaluation of these models or the generation of tissue-specific deletions will be
required to clarify this apparent discrepancy.

Another apparent discrepancy lies in the fact that PARP-1 deletion on an SV129 background renders the mice susceptible
to obesity (Devalaraja-Narashimha and Padanilam, 2010). It is to be noted that the SV129 background is less suited for met-
abolic studies than C57BI/6] mice (Champy et al., 2008) that may provide a plausible explanation for the misalignment of
observations. Illustrating this latter point, the pharmacological inhibition of PARP activity in diverse human and murine cell
types prompts an increase in oxygen consumption and mitochondrial biogenesis, very much in line with the results obtained
in C57BI/6] mice (Bai et al., 2011b; Modis et al., 2012). Furthermore, the expression of an additional copy of PARP-1 in mice
leads to enhanced adiposity, perfectly mirroring once more the data obtained in the C57BI6/] mice (Mangerich et al., 2010).
The convergent results of these genetic, physiological, pharmacological and in vitro studies clearly support that a reduction in
PARP activity would result in the enhancement of energy expenditure and prevention against HFD-induced body weight
gain. The particular reasons by which the deletion of PARP-1 in the SV129 rendered an opposite phenotype are still elusive.
Analyses on disturbances on NAD" and sirtuin activity might bring some light into this question and will warrant further
investigation.

3.1.4. PARP-sirtuin interaction in whole body glucose metabolism

The large influence of PARP enzymes on highly metabolic tissues, such as muscle and brown adipose tissue, predicts
that PARP enzymes should have a major impact on whole body glucose homeostasis. PARP-1 and PARP-2 deficient mice
displayed increased glucose clearance in response to an insulin tolerance test compared to their wild-type littermates (Bai
et al,, 2011a,b). This is likely to be consequent to increased insulin-stimulated muscle glucose uptake, as skeletal muscle
accounts for ~80% of the whole body glucose disposal in insulin-stimulated conditions (DeFronzo et al., 1985) involving
many different factors. For example, oxidative muscle fibers are generally more insulin sensitive than glycolytic fibers
(Hom and Goodner, 1984), and, as described above, PARP-1, or -2 deficiency is linked to a higher oxidative profile of mus-
cle fibers. A second key factor is that PARP-1 and -2 deficient mice are leaner due to enhanced energy expenditure and
have an impaired ability to accumulate fat (Bai et al., 2011a,b). This grants the muscle protection against the chronic depo-
sition of lipid species that could be detrimental for an efficient insulin signaling (Petersen and Shulman, 2006). Finally, the
higher mitochondrial content in oxidative fibers gives the organism a greater potential to obtain energy from fatty acids,
also contributing to the prevention of fat deposition. While no causality links can yet be established between these obser-
vations and sirtuin activation, there are a number of interesting correlations. Notably, most transgenic and pharmacolog-
ical approaches aimed to increase SIRT1 activity also lead to enhanced insulin sensitivity (Banks et al., 2008; Canto et al.,
2012; Feige et al., 2008; Lagouge et al., 2006; Pfluger et al., 2008). The link between other sirtuins and insulin sensitivity is
not so well established. While SIRT3 might be protective against insulin resistance and obesity upon high-fat feeding
(Hirschey et al., 2011), most evidences do not support the activation of SIRT3 or any other non-nuclear sirtuin upon PARP
inhibition (Bai et al., 2011a,b). However, we cannot rule out that other nuclear sirtuins could contribute to the insulin-sen-
sitizing effect of reducing PARP activity. In this sense, it should be pointed out that mice overexpressing SIRT6 are not
more insulin sensitive (Kanfi et al., 2010). These observations points towards SIRT1 as a very likely mediator of the insulin
sensitizing effects of PARP deficiency. It will be important in the future to evaluate whether PARP inhibition can render
insulin-sensitization in SIRT1-deficient tissues.

The enhanced insulin sensitivity of PARP-1 and PARP-2 deficient mice should theoretically be aligned with a better glu-
cose tolerance. While this is certainly the case in PARP-1~/~ mice (Bai et al., 2011b), it was surprising to observe that PARP-
27/~ mice became markedly glucose intolerant upon high fat feeding (Bai et al., 2011a). This glucose intolerance was rooted
in pancreatic B-cell dysfunction. Upon high-fat feeding, the pancreatic B-cell mass increases in order to compensate for
peripheral insulin resistance (Buteau and Accili, 2007). In the PARP-2~/~ mice, however, this hyperplasic response is largely
impaired, resulting in a blunted ability to release insulin upon a glucose load. This way, PARP-2~/~ mice have a lower average
B-cell islet size and pancreatic insulin content (Bai et al., 2011a). The molecular mechanism by which PARP-2 deletion im-
pairs B-cell proliferation might be consequent to a constitutive SIRT1 activation, which leads to FOXO1 deacetylation and
activation. FOXO1 is a well-known repressor of Pdx-1, a key regulator for B-cell proliferation and development (Bai et al.,
2011a; Buteau and Accili, 2007). An interesting question, yet unresolved, is why this is not observed in the PARP-1~/~ mice.
PARP-1 is also expressed in the B-cell and might have also have a critical role on its functionality. A role for PARP-1 in B-cells
was first unraveled by studies showing how PARP inhibitors improved diabetes mellitus in partially depancreatized rats
(Yonemura et al., 1984, 1988). These studies revealed that PARP inhibitors allowed more efficient p-cell regeneration after
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pancreatectomy and a faster normalization of blood glucose. Posterior studies reinforced such concept by demonstrating
that mice lacking PARP-1 are completely resistant to the development of diabetes upon streptozocin (Burkart et al.,
1999b). When compared to their wild-type littermates, PARP-1~/~ mice remained normoglycemic and maintained normal
pancreatic insulin content and islet morphology (Bai et al., 2011a; Burkart et al., 1999b). Parallel research demonstrated that
PARP-1 is actually a master controller of B-cell death upon exposure to nitric oxide or oxygen radical generating compounds
and that the inhibition of PARP-1 allows to retain B-cell survival in such circumstances (Burkart et al., 1999a). Also important
for pancreatic B-cell function, PARP inhibition prevents the detrimental effects of glucotoxicity on insulin promoter activity
and biosynthesis (Ye et al., 2006). Despite the major effects of PARP-1 in situations of toxicity for B-cells, PARP-1 ablation
does not seem to have a major impact on the endocrine pancreas p-cell function in the basal state (Bai et al., 2011a) suggest-
ing that the protective phenotype of PARP-1 inhibition is only effective under B cell stress. Given the above observations on
the PARP deficient mice models, would the inhibition of PARP activity be beneficial or detrimental for p-cell function? A pri-
ori one would argue that in the absence of p-cell toxicity PARP activity would be detrimental, as supported by the marked
B-cell dysfunction in PARP-2~/~ mice and the lack of phenotype in the PARP-1~/~ mice. However, in situations of p-cell tox-
icity, PARP inhibitors might prevent B-cell death and allow a better regeneration of the tissue.

Overall, the ability of PARP enzymes to modulate SIRT1 activity and the fact that human studies have provided evidence
on the connection between SIRT1 gene expression and insulin sensitivity (Rutanen et al., 2010; Zillikens et al., 2009b), fur-
ther strengthens the promising possibility of modulating PARP activity in the management of metabolic disease. In this
sense, preliminary evidence indicates that short term pharmacological inhibition of PARP activity is able to decrease plasma
glucose, triglyceride and free fatty acid levels (Bai et al., 2011b). However, more protracted treatments will be required to
evaluate the feasibility of engaging long-term inhibition of PARP activity and whether this might have a negative impact
on DNA damage and chromosome maintenance. Furthermore, while the regulation of SIRT1 activity might help granting
insulin sensitivity in the PARP deficient models, this does not exclude that other mechanism yet to be found might be equally
important in explaining this phenotype. Amongst them, it will be important to evaluate possible direct PARylation targets
that could influence glucose homeostasis.

3.2. Interplay between PARPs and SIRTs in oxidative stress response

Reactive species are partially reduced, highly reactive molecules (radicals and non-radicals). Most reactive species can be
classified as reactive oxygen intermediates (ROI), or reactive nitrogen intermediates (RNI) depending on the central atom.
The major source of ROIs in unstimulated cells is the leakage of mitochondrial electron transport chain that creates super-
oxide anion that serves as a parent molecule of downstream ROIs, such as hydrogen peroxide, or hydroxyl radical. Besides
the mitochondrial origin, ROIs can stem from the oxidation of certain xenobiotics, activated neutrophils and macrophages, or
from xanthine oxidase (Ray et al., 2012; Virag and Szabo, 2002).

The parent molecule of RNIs is nitrogen monoxide (NO) that is formed by nitrogen monoxide synthase enzymes termed
neuronal (nNOS), endothelial (eNOS) and inducible (iNOS) (Forstermann and Sessa, 2012; Nathan, 1992). While NO is an
important signaling molecule and considered cytoprotective (Pacher et al., 2007), its downstream derivatives such as perox-
ynitrite (formed in reaction with superoxide (Pacher et al., 2007)), or nitroxyl radical (formed by NO reduction (Bai et al.,
2001)) are cytotoxic. In oxidative stress-related diseases the balance between free radical species and antioxidant defence
systems is hampered. Free radicals, in abundance, damage lipids, DNA and proteins, or may react with protein-bound metals
affecting all vital components of cells and tissues (Pacher et al., 2007). Various enzyme systems are on duty to cope with free
radical-induced damage and hence to protect against free radical-provoked diseases, among them PARPs and SIRTs play
prominent roles.

As reactive species cause DNA damage and consequently induce PARP activation in the effort to restore DNA integrity
(Virag and Szabo, 2002). As discussed previously (Section 1.3), PARP activation has pleiotropic effects (induction of necrosis,
mitochondrial damage, proinflammatory actions, reprogramming of gene expression) that worsen free radical-mediated
pathologies (Modis et al., 2012; Szanto et al., 2012; Virag and Szabo, 2002). The idea that PARP inactivation may provide pro-
tection against free radical production-mediated PARP activation and the consequent cell, or tissue stress is almost 15 years
old (Szabo et al., 1998) and it had been successfully tested in a plethora of animal and cellular models (reviewed in Virag and
Szabo, 2002).

In contrast to PARP activation the induction of SIRT1 protects against oxidative stress. The protective effects of SIRT induc-
tion involve numerous mechanisms.

(1) SIRT1 modify numerous components of the cell cycle coordination machinery (e.g. p53 and FOXO) upon oxidative
injury that leads to cell cycle arrest and suppression of apoptosis (Brunet et al., 2004; Han et al., 2008; Luo et al., 2001).

(2) SIRTT1 activation induces antioxidant defence systems, such as manganese superoxide dismutase (MnSOD) (Danz et al.,
2009), or catalase (Hasegawa et al., 2008).

(3) Mitochondrial biogenesis is hampered upon oxidative stress that is restored upon SIRT1 induction (Danz et al., 2009;
Szanto et al., 2011).

(4) In oxidative stress SIRT1 induction induces autophagy (Alcendor et al., 2007).
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Table 1
Occasions of SIRT1-PARP interaction in oxidative stress-related pathologies.
Organ system Disease Partners Models Mechanism Effect Ref.
Cardiovascular Angiotensin-  PARP-1 PARP-1-/~ mice, primary ~ PARP-1 activation inhibits Both SIRT1 activation and Pillai
system induced SIRT1 cardiomyocytes treated SIRT1 through NAD* depletion ~ PARP inhibition protect et al.
cardiac with resveratrol, SIRT1 against angiotensin II- (2006)
hypertrophy siRNA, or by SIRT1 mediated and oxidant-
overexpression mediated cardiomyocyte
cell death
Heart failure  PARP-1 Cardiomyocytes PARP-1 limits NAD" levels and  SIRT1 induction protect Pillai
(aortic SIRT1 overexpressing PARP-1, hence SIRT1 activity through against oxidant-induced et al.
banding SIRT1, or treated with limiting NAD" for SIRT1 action  cardiomyocyte cell death (2005)
model) resveratrol, sirtinol, SIRT1 and probably by repressing
siRNA SIRT1 expression
Shear stress PARP-1 HUVEC cells undergoing Shear stress decrease NAD* Proinflammatory Qin
on SIRT1 shear stress treated with  levels, SIRT1 activity and conditions and cell death et al.
endothelial ABT888 and PARP-1 expression that is reverted by provoked by shear stress is  (2012)
cells siRNA PARP-1 depletion, or inhibition = reduced
DOX- PARP-2  PARP-2 knockout mice SIRT1 promoter is released Vascular protection against  Szanto
induced SIRT1 and PARP-2 knockdown from suppression upon PARP-2  DOX damage upon SIRT1 et al.
vascular MOVAS cells depletion that induces induction after PARP-2 (2011)
damage mitochondrial biogenesis depletion
Central nervous  Trophic PARP-1 Near-pure cortical PARP-1 activation inhibits Both SIRT1 activation and Sheline
system deprivation SIRT1 neuronal cell cultures SIRT1 through NAD* depletion.  PARP inhibition protect et al.
and oxidant from PARP-1~/~ mice. Protective effect of SIRT1 against neurotoxicity (2010)
mediated Same neurons treated activation is not explained
neuronal cell with fisetin, resveratrol
death and sirtinol
Glutamate/ PARP-1 Dissociated cerebral NMDA treatment reduces SIRT1  Reduction of cell death Liu
NMDA SIRT1 cortical cell cultures from activation probably due to upon SIRT1 activation and et al.
neurotoxicity embryonic rat treated PARP activation and NAD* PARP inhibition (2008,
with sirtinol and depletion. Protective effect of 2009)
resveratrol SIRT1 activation is not
explained
Gastrointestinal ~ Glucose PARP-1 HepG2 cells treated with ~ PARP-1 activation decreases Glucose toxicity is reverted Pang
tract toxicity on SIRT1 PJ34 and PARP-1 siRNA SIRT1 activity that is restored by PARP inhibition et al.
hepatocytes by PARP inhibition probably (2011)

through conservation of NAD*
levels

Abbreviations in text. Fistein and resveratrol are SIRT1 activators, sirtinol is a SIRT1 inhibitor, 3-amino-benzamide (3AB) and PJ34 are PARP inhibitors.
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Fig. 4. The molecular level interactions between SIRT1 PARP-1 and -2 under oxidative stress conditions. The pathways enhancing oxidative stress-mediated
tissue damage are in red, in turn, protective pathways are in green. Oxidative stress induces PARP-1 that through the depletion of NAD* pools inhibits SIRT1.
That pathway seems to participate in the tissue damage inflicted by PARP activation. On the contrary, SIRT1 activation by pharmacological agents (e.g.
resveratrol, fistein) or by induction of its expression (e.g. PARP-2 ablation) leads to SIRT1-mediated deacetylation and inactivation of PARP-1 that seems a
crucial pathway in the cytoprotective action of SIRT1 activation.

SIRT1 itself is redox sensitive, its protective actions can be hampered under oxidative stress conditions by carbonylation
of SIRT1 (Caito et al., 2010a) and the disregulation of thiol redox balance (Caito et al., 2010b) both impairing SIRT1 activity.
Recent data by Caito and colleagues (Caito et al., 2010b) have shown the redox-dependent phosphorylation of SIRT1 that
may have a role in the oxidant-mediated reduction of SIRT1 activity.
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Apparently SIRT1 and PARP activation have opposing characteristics under oxidative stress conditions. As PARP activation
seems to be a key factor of cellular and tissue damage under oxidative stress (Pacher and Szabo, 2008) these observations
prompted research to understand PARP-SIRT interaction under pathological scenarios. The interaction of SIRT1 and PARPs
had been associated with pathologies of the cardiovascular system, the central nervous system and the liver in the gastro-
intestinal tract (summarized in Table 1).

The pathological states listed are characterized by increased production of reactive species either from an internal source
like angiotensin II (Angll), N-methyl-p-aspartic acid (NMDA) receptor activation, high glucose levels, pressure overload in the
heart, shear stress on endothelial cells and from an external noxa such as oxidants, or doxorubicin treatment (Moncada and
Bolanos, 2006; Pacher et al., 2002b, 2003; Qin et al., 2012; Soriano et al., 2001; Wilson, 1990) that lead to PARP activation
contributing to cellular and organ dysfunction (Moncada and Bolanos, 2006; Pacher et al., 2002a; Pillai et al., 2006; Soriano
et al., 2001; Szabo et al., 2004). In the case of trophic deprivation, heart failure, Angll, NMDA and glucose toxicity extensive
PARP activation decreased SIRT1 activity (Liu et al., 2009; Pang et al., 2011; Pillai et al., 2005, 2006; Qin et al., 2012; Sheline
et al., 2010) through reducing NAD" levels that compromised SIRT1 activation and hence the protective effects of SIRT1 acti-
vation (Fig. 4). This hypothesis is further underlined by the fact that preventing NAD* depletion was protective in most of
these pathologies (Houtkooper et al., 2010; Liu et al., 2008). As discussed in Sections 1.3 and 2.1, enhanced PARP activation
depletes cellular NAD* (Berger, 1985) that limits substrate availability for SIRT1 (Kolthur-Seetharam et al., 2006). On the
other hand SIRT1 induction limits PARP-1 through deacetylating and hence inactivating it (Rajamohan et al., 2009) (Fig. 4).

Alternative, non-NAD* dependent pathways may also exist between SIRT1 and PARP-1. It would be easy to speculate that
PARP-1 could inhibit SIRT1 activity through direct PARylation of SIRT1, although we were unable to show SIRT1 PARylation
under oxidative stress (Bai et al., 2011b and Section 2.2). It is also plausible that other transcription factors are PARylated
(e.g. c-fos/c-jun PARylation upon angiotensin II treatment (Huang et al., 2009)) that modify oxidative stress sensitivity of
cells, however that field is largely unexplored.

Kolthur-Seetharam and colleagues (Kolthur-Seetharam et al., 2006) have identified a possible alternative connection be-
tween SIRT1 and PARP-1 that may influence oxidative stress-induced cell death. PARylation has been shown to induce the
nuclear translocation of apoptosis inducing factor (AIF) in certain cell lines contributing to cell death (Yu et al., 2002). In the
absence of SIRT1 enhanced PARylation was observed that is further accentuated upon oxidative damage (Kolthur-Seetharam
et al., 2006) (Fig. 4). In line with that observation in SIRT1~/~ cells nuclear translocation of AIF is induced that may contribute
to cell death.

The depletion of PARP-2 protected partially the vasculature against doxorubicin toxicity (Szanto et al., 2011). The protec-
tive enhancement of SIRT1 activity upon PARP-2 depletion relies on the induction of the SIRT1 promoter (Szanto et al., 2011)
(Fig. 4). Importantly, PARP-2 depletion and the consequent enhancement of SIRT1 activity did not reduce PARP-1 activation
under oxidative stress conditions (Szanto et al., 2011).

Apparently PARP-1 and SIRT1 under oxidative conditions regulate the activity of each other through various mechanisms.
SIRT1 induction leads to protection against oxidative damage, while PARP-1 activation is a detrimental consequence of oxi-
dative stress. There is a large overlap between the oxidative stress-mediated pathologies that are corrected by SIRT1 induc-
tion (Chong et al., 2012; Chung et al., 2010), or PARP inhibition (Virag and Szabo, 2002) due to joint regulation of key
enzymes involved in these pathologies (e.g. matrix metalloproteinase activation in cardiovascular and dermatological dis-
eases (Bai et al., 2004, 2009; Brunyanszki et al., 2010; Choi et al., 2005; Lee et al., 2010; Nakamaru et al., 2009; Ohguchi
et al.,, 2010; Pacher et al., 2002a) suggesting that there are way more pathologies (e.g. diabetic complications, stroke, multi-
ple sclerosis, inflammation) where PARPs and SIRTs collaborate on the outcome.

3.3. PARP-SIRT interaction in the maintenance of genomic stability

PARP-1, -2, -3 and tankyrases are involved in DNA repair and the maintenance of genomic integrity, as discussed in Sec-
tion 1.3, SIRT1 and SIRT6 had been shown to be involved in DNA repair (Mostoslavsky et al., 2006; Oberdoerffer et al., 2008).
The interaction between PARylation and SIRT1 in DNA repair events were first suggested by Zhang in 2003 (Zhang, 2003).
First experimental evidence for that interaction in chromatin remodeling was presented by Tulin and co-workers (Tulin
et al., 2006) showing that PARG and SIR2 co-localized in cell nuclei of Drosophila larvae and localization of SIR2 was depen-
dent on PARG expression suggestive of the involvement of PAR levels (Tulin et al., 2006).

The apparent functional convergence of SIRT1 and PARP activation in DNA repair and genomic maintenance was assessed
in detail by ElI-Ramy and colleagues (El Ramy et al., 2009) by studying the double deletion of PARP-1 and SIRT1 in mice. The
deletion of SIRT1 induced early postnatal lethality, chromosomal and DNA repair defects as expected from previous studies
(Cheng et al., 2003; McBurney et al., 2003; Oberdoerffer et al., 2008). Although, the concurrent deletion of PARP-1 did not
prevent postnatal lethality, it did influence DNA repair defects (El Ramy et al., 2009).

The absence of SIRT1 have led to telomere dysfunction, the spreading of heterochromatic regions, rearranged nucleolar
architecture by increasing the number of nucleoli and hampered mitotic cell division by inducing the number of mitotic divi-
sions, however also enhanced the number of aberrant divisions, the incidence of unequal distribution of chromosomes be-
tween daughter cells and the extent of DNA damage associated with mitosis (occurrence of micronuclei) (El Ramy et al.,
2009). PARP-1 had been shown to act as an actor in maintaining genome stability under genotoxic stress and to protect
against the above features (De Vos et al., 2012), however unexpectedly it was the deletion of PARP-1 that was protective
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against the SIRT1-induced genome instability except for maintenance of telomere integrity (El Ramy et al., 2009). Yet the
exact molecular mechanism of the above detailed phenomenon is unknown.

Among sirtuins, besides SIRT1, SIRT6 is involved in the regulation of DNA repair events (Mostoslavsky et al., 2006). The
absence of SIRT6 enhances the sensitivity of fibroblasts to ionizing radiation and brings about genomic instability (increased
number of chromosome fragmentation, centromere default, abnormal metaphase, chromosome translocations)
(Mostoslavsky et al., 2006). SIRT6 translocate to the damage sites where it promotes DNA repair (Mao et al., 2011;
Mostoslavsky et al., 2006). SIRT6 has pivotal role in the appropriate function of base excision and double strand break repair
(Mao et al., 2011; Mostoslavsky et al., 2006). SIRT6 mono-ADP-ribosylate PARP-1 on K521, whereby the activity of PARP-1 is
induced that contribute to successful resolution of double strand breaks, however the deacetylase activity of SIRT6 has equal
contribution to DNA repair as its mono-ADP-ribosyl transferase activity (Mao et al., 2011) suggesting unknown parallel DNA
repair pathways influenced by SIRT6.

It remains a question whether other PARPs involved in genome maintenance (PARP-2, -3, or tankyrases) would similarly
interact with SIRT1 in DNA repair events, or whether the interaction of SIRT1 and PARP-1 would take place also in the res-
olution of double and single strand breaks. It is plausible that the interaction of SIRTs and PARPs in the maintenance of geno-
mic integrity has prominent role in senescence, apoptosis, cell cycle regulation and tumorigenesis.

3.4. PARP-sirtuin interaction in aging

Higher PARP activation capacity had been associated with successful aging in mammals (Burkle et al., 1994) and in hu-
mans (Muiras et al., 1998). It was postulated that the benefit of the higher PARylation capacity is more reliable DNA repair
that prevents the occurrence of DNA damage-associated diseases (e.g. neoplasms). Although, as of yet the lack of PARP-1 has
not been associated with spontaneous tumorigenesis without tumorigenic challenge in vivo unless other DNA repair en-
zymes (e.g. p53) were removed too (Nicolas et al., 2010; Tong et al., 2001). Recent data, however validate that concept:
the hPARP-1 mouse strain, that overexpresses an extra copy of PARP-1, are protected against neoplastic diseases (Mangerich
et al., 2010). However the incidence of other age-related pathologies increase upon PARP-1 overexpression: obesity, glucose
intolerance and certain inflammatory pathologies (Mangerich et al., 2010) suggesting that the previous model might need to
be refined.

Aging is associated with the dysregulation of the oxidative balance enhancing oxidative stress. Upon aging PARylation
capacity increases (Braidy et al., 2011; Massudi et al., 2012) that upon stress puts heavy burden on NAD" homeostasis. In-
deed, lower NAD" levels were detected in aged animals and humans that coincided with lower SIRT1 activity despite the
induction of SIRT1 expression (Braidy et al., 2011; Massudi et al., 2012). As decrease in SIRT1 activity leads to decrease in
mitochondrial biogenesis it is tempting to speculate that the crosstalk between PARP-1 and SIRT1 might be a cause of the
age-associated loss of mitochondrial function and vice versa, influencing that angle could be exploited to combat age-asso-
ciated loss of mitochondrial function. The dysregulation of the PARP-1-NAD*-SIRT1 balance may stay behind some of the
pathologies observed in the hPARP-1 mice (Mangerich et al., 2010). As hampered mitochondrial biogenesis is a hallmark
of aging and it is probably a major cause of several age-associated metabolic and central nerve system diseases (Lopez-Lluch
et al., 2008) fine tuning of the PARP-1-SIRT1 interaction may prove to be a successful strategy to counteract these diseases
and provide longer healthspan (Canto and Auwerx, 2011b).

4. Pharmacology of NAD*, SIRT1 and PARPs
4.1. NAD* modulating agents

The idea that PARPs and sirtuins may be affected by NAD" metabolism, and that in turn, activities of these enzymes mod-
ulate NAD" levels is cells has indicated that NAD* metabolism itself is an interesting target for pharmacological modulation.
It is important to bear in mind that NAD" itself and associated metabolites (Fig. 5) are active forms of Vitamin B3, whose
levels are sensitive to pharmacologic interventions featuring different forms of Vitamin B3. Importantly, as was discussed
in Section 1.1, different vitamin forms are metabolized through distinct pathways, indicating that each has unique pharma-
cologic and metabolic properties. This has been noted particularly for nicotinic acid, which has remarkable anti-lipogenic
effects, as well as the ability to lower LDL cholesterol and raise HDL cholesterol. These effects are not found for pharmaco-
logic use of NAM. Thus, different precursors to NAD* have distinct therapeutic as well as nutritional significance.

4.1.1. Niacin

The distinctive effects of NA (niacin) supplementation are thought to include systemic NAD" increase, as revealed by sup-
plementation studies of NAM or NA in rats (Jackson et al., 1995). These authors supplemented each of the two Vitamin B3
compounds in 30, 100, 500, and 1000 mg/kg for three weeks and then tissue NAD* was analyzed by HPLC. Animals fed at the
highest dose NA experienced 1.44 (packed RBC), 1.54 (liver), 1.62 (heart), 1.12 (lung), and 1.88 (kidney) increased NAD"* con-
tents (measured as fold over control), whereas NAM at the highest dose yielded 1.44 (packed RBC), 1.47 (liver), 1.20 (heart),
1.18 (lung), and 1.03 (kidney) increases in NAD" contents (measured as fold over control). It is apparent from these data that
NA generally provides greater NAD* enhancements than NAM in mammalian tissues. This observation has been rationalized
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Fig. 5. Compounds that modulate NAD* concentrations or modulate GPR109A.

by observations that NAM and NA are metabolized to NAD" differently, and that NA production is typically low in mamma-
lian tissues, enabling enhanced biosynthesis of NAD* when NA is provided via a pharmacologic route. NA administration en-
hances NAD" availability, therefore is protective in PARP-mediated pathologies (Benavente et al., 2009; Hageman and
Stierum, 2001; Weidele et al., 2010).

NA is distinct versus NAM in its ability to bind a G-protein coupled receptor (GPR109A, or HM74A) (Soga et al., 2003;
Tunaru et al., 2003; Wise et al., 2003), which increases vasodilation and leads to uncomfortable flushing (Benyo et al.,
2005). This effect appears to be mediated by release of prostaglandins D2 and E2 from epidermal Langerhans cells (Benyo
et al., 2006). In fact, three distinct receptors for NA have been identified in mammalian cells. The high affinity receptor
has a measured affinity to NA of 63-250 nM (Soga et al., 2003; Wise et al., 2003). The knockout of the murine homologue
PUMA-G appears to ablate many of the effects of NA in lipid lowering (Tunaru et al., 2003). Some authors have argued that
GPR109A activation is responsible for the entirety of the anti-lipidemic effects of NA (Wanders and Judd, 2011). This view is
in part supported by the effects of a NA mimic acipomox, which has been used extensively in Europe for treatment of hyper-
lipidemias. Acipomox does not have an apparent pathway for stimulation of systemic NAD" increase, suggesting it parces the
non-NAD" component in NAs effects. However, acipomox has been reported to exhibit smaller effects than NA in lipid mod-
ulation (Seed et al., 1993), and acipomox did not cause statistically significant increase of HDL in one study (Seed et al.,
1993).

The latter result suggests that some of NA effects could act through NAD* metabolism, and through NAD" modulation of
signal transducers (such as sirtuins and PARPs) that can impinge on lipid metabolism. Even those who are strong advocates
of GPR109A as responsible for mediating NA’s effects acknowledge that some of NA effects are unclear, such as how exactly
NA causes the magnitudes of lipid modulations as well as how NA causes increases in HDL levels (Wanders and Judd, 2011).
It is important to bear in mind that NAD* metabolism could play key, but yet to be determined roles, in these effects.

Niacin’s lipid altering effects, were first reported in 1955 (Altschul et al., 1955) and niacin has been widely used clinically
since that time for modulating serum lipids. As such, niacin supplementation therapy is the oldest known therapy for mod-
ulating cholesterol and lipids, and predates the development of the statin drugs. High dose niacin is still widely prescribed as
a treatment for lipidemia, in the form of Niaspan (Abbott Laboratories), for treating elevated cholesterol and for raising HDL
levels. Niacin increases HDL cholesterol, better than any other known pharmacologic agent, and decreases LDL and VLDL cho-
lesterol (Capuzzi et al., 2000). It also can decrease serum fatty acids. Data on its effectiveness indicate that niacin reduces
long-term cardiac disease mortality compared with untreated patients (Berge and Canner, 1991). Because, niacin can pro-
foundly increase HDL cholesterol, high dose niacin was evaluated as a supplement to statin therapy (simvistatin) for possible
benefit in a large 3414 patient study called AIM-HIGH (www.aimhigh.com). This study was halted in 2011 after no benefit
was found in the Niaspan treated arm of the study as measured by rates of cardiovascular events. There was a slightly in-
creased risk of stroke in the Niaspan arm (28 events versus 12 events) which prompted the study to be terminated.

4.1.2. Nicotinamide

Nicotinamide does not behave like NA as a serum cholesterol modulation agent (Altschul et al., 1955). It also cannot acti-
vate the GPR109A receptor (Wise et al., 2003). Not surprisingly, NAM does not activate flushing in people. However, as al-
ready discussed, data suggests that NAM is not particularly effective for increasing NAD" levels in tissues, suggesting it has
limited potential as an NAD* enhancement agent. Nevertheless, NAM can increase liver NAD* contents substantially (Jackson
et al., 1995). NAM is a known inhibitor of several ADP-ribosyl transferase enzymes, including sirtuins (Jackson et al., 2003;
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Sauve and Schramm, 2003) and PARPs (Preiss et al., 1971; Virag and Szabo, 2002), causing its effects on NAD* metabolism to
be in part due to decreasing rates of NAD" turnover.

The ability of NAM to attenuate rate of depletion of NAD" by inhibition of PARP probably accounts for some of the
protective effects identified for NAM in models of disease (Virag and Szabo, 2002). NAM has been shown to provide protec-
tion in stroke and hypoxic neural injury (Feng et al., 2006; Liu et al., 2009), fetal alcohol syndrome (leraci and Herrera, 2006)
and in acute neurotrauma (Hoane et al., 2003, 2006a,b,c). NAM also provides protection against streptozotocin induced B cell
loss in the pancreas (Lazarus and Shapiro, 1973). A large clinical study using NAM to treat prevent Type I diabetes in Europe
failed to show a clinical benefit (Gale et al., 2004), but reinforced the safety of longterm high dose NAM administration to
healthy patients.

4.1.3. Tryptophan

Tryptophan is a precursor of NAD* via degradation through the oxidative kynurenine pathway. The value of tryptophan as
an NAD" precursor is limited. It has been estimated that only 1 of 67 mg of tryptophan is shunted into NAD* synthesis in
human females. This indicates that 1 mg of niacin is equivalent to 67 mg of tryptophan for NAD" biosynthesis (Fukuwatari
et al., 2004). Nevertheless defects in tryptophan metabolism to NAD* have been suggested in some diseases, such as neuro-
degenerative disorders, through accumulation of quinolinic acid (Schwarcz et al., 1983). Inhibition of a key enzyme in this
pathway, kynurenine 3-monooxygenase provides relief in a transgenic model of Alzheimer’s disease (Zwilling et al., 2011).

4.1.4. Nicotinamide riboside

Limited data exists for the use of NR as an NAD" precursor in human or mammalian cell types. Sauve and co-workers were
first to establish that NR can be broadly useful for increasing NAD" levels in a variety of mammalian cell types (Yang et al.,
2007b). NR was found to be protective in a model of optic neuritis by direct injection into the eye (Shindler et al., 2007). More
recently, NR was shown to increase NAD" levels in muscle and other tissues when administered to mice in food (Canto et al.,
2012). NR was able to stimulate mitochondrial biogenesis, increase insulin sensitivity, lower cholesterol, and reduce weight
gain in mice fed a high fat diet (Canto et al., 2012). NR supplementation was able to provide in vivo activation of sirtuins
SIRT1 and SIRT3 (Canto et al., 2012). The beneficial effects observed in vivo, in combination with high levels of NAD"
enhancements on cells (Yang et al., 2007b) suggests this compound could be of interest for nutritional supplements and
for possible therapeutic formulations.

4.2. Sirtuin modulating agents

The quest for sirtuin activators (Fig. 6) began short after the finding that Sir2 could modulate replicative lifespan in
yeast. These efforts culminated when, in 2003, Howitz and collaborators identified resveratrol and a few other polyphe-
nols, including quercetin and piceatannol, as natural compounds that could directly bind and enhance SIRT1 activity
(Howitz et al., 2003). A number of studies have subsequently shown that resveratrol treatment leads to enhanced SIRT1
activity in diverse cells, tissues and organisms (Baur, 2010). In line with this, resveratrol has been shown to promote
calorie-restriction like health benefits in numerous organisms. Notably, resveratrol largely prevented the onset of
diet-induced obesity and metabolic disease upon high-feeding, ultimately protecting against the lifespan curbing associ-
ated with high caloric intake (Baur et al., 2006; Lagouge et al., 2006). The same study demonstrated that resveratrol also
improved mitochondrial function and fatty acid oxidation (Lagouge et al., 2006). In line with the possible inhibitory role
of SIRT1 on PARP activity, it has been reported that resveratrol-treatment can lead to reductions in PARP activity (Kol-
thur-Seetharam et al., 2006).

A major caveat in the identification of resveratrol as a direct SIRT1 activator relies in the use of a fluorescently labeled
substrate in the original screening. These results were questioned by convincing evidence demonstrating that the nonphys-
iological fluorescent “Fluor de Lys” substrate can lead to artifactual results (Borra et al., 2005; Kaeberlein et al., 2005). This
suggested that the actions of resveratrol on SIRT1 might be indirect, igniting a new quest for the possible early drivers of
resveratrol action. A likely candidate to initiate the metabolic actions of resveratrol is the AMPK. Many works have reported
how resveratrol treatment leads to AMPK activation (see Canto and Auwerx, 2011a, for review). Elegant studies by the Har-
die lab demonstrated that AMP-insensitive forms of AMPK are resistant to activation by resveratrol, clearly indicating that
AMPK activation in response to resveratrol relies on an AMP/ATP imbalance. In line with this hypothesis, resveratrol has been
shown to interfere with the mitochondrial respiratory chain (Zini et al., 1999), providing a likely mechanism by which res-
veratrol might affect AMP/ATP balances and activate AMPK. The link between AMPK and SIRT1 activation is provided at least
by a couple of different mechanisms. First, AMPK activation is followed by an increase in NAD* levels. On an initial phase this
increase is powered by increased fatty acid oxidation flux (Canto et al., 2009), which is later sustained by enhanced Nampt
expression (Canto et al., 2009; Fulco et al., 2008). A second mechanism recently proposed relies on the direct phosphoryla-
tion of SIRT1 by AMPK, which would disrupt the ability of DBC-1 to interact and inhibit SIRT1 (Nin et al., 2012). Another layer
of complexity is provided by the possible impact of SIRT1 in AMPK activity. Indeed, some labs have shown that SIRT1 might
also influence AMPK activity (Hou et al., 2008; Lan et al., 2008; Price et al., 2012; Suchankova et al., 2009). This would create
a positive feedback loop between both signaling events to amplify the signal., The fact that AMPK is activated by resveratrol
in SIRT1 defective cells and that defective AMPK activity compromises resveratrol-induced SIRT1 activation (Canto et al.,
2010; Dasgupta and Milbrandt, 2007; Um et al., 2010), indicates that AMPK might be the initial trigger of this signal loop.
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Fig. 6. Examples of compounds that (A) activate and (B) inhibit SIRT1 or other sirtuins.

This, however, might largely depend on the dose of resveratrol used (Price et al., 2012). In any case, a clear implication of this
relationship is that AMPK activation should have similar silencing effects on PARP activity as SIRT1 activation. Surprisingly,
however, the only study directly studying a possible relation between AMPK and PARPs described how AMPK could phos-
phorylate PARP-1 in vitro and enhance its activity in certain scenarios (Walker et al., 2006). These observations are in appar-
ent contradiction with the metabolic observations in animal models, which indicate that AMPK rather mimics the
transcriptional adaptations promoted by decreased PARP activity (Bai et al., 2011a,b; Canto and Auwerx, 2010). These dis-
crepancies might be explained by the very different contexts and degrees of PARP and AMPK activation reached in the di-
verse experimental settings. In this sense, it is common that the conditions used in cell culture-based experiments
activate these enzymes to supra-physiological levels. Therefore, the possible existence of interaction and phosphorylation
events between AMPK and PARP-1 requires further confirmation and evaluation to validate its physiological relevance.

Following the footsteps of resveratrol, a more recent and ambitious screening for SIRT1 activators provided a new collec-
tion of compounds, amongst which N-[2-[3-(piperazin-1-ylmethyl)imidazo[2,1-b][1,2]thiazol-6-yl]phenyl]quinoxaline-
2-carboxamide (SRT1720, Fig. 6) has been the one receiving most attention. SRT1720 is structurally different from resvera-
trol and acts as a more potent and efficient SIRT1 activator (Milne et al., 2007). As expected from a SIRT1 activator, the treat-
ment of mice with SRT1720 enhanced oxidative metabolism and mitochondrial biogenesis, leading to protection against
obesity and benefits on glucose homeostasis (Feige et al., 2008; Milne et al., 2007). However, it was recently pointed out that
the screen that identified SRT1720 as a direct SIRT1 agonist had similar flaws as the one that identified resveratrol, namely:
confusing results derived from the use of the “Fluor de Lys” fluorescent moiety (Huber et al., 2010; Pacholec et al., 2010).
Therefore, a shadow of doubt stands on whether SRT1720 can be truly considered a direct SIRT1 agonist. Of note, the much
higher potency of SRT1720 as a SIRT1 activator found in the in vitro screen was not translated in vivo (Feige et al., 2008),
suggesting a rather indirect activation of SIRT1 or poor bioavailability. Whatever the case, no study to this data has clearly
evaluated any possible impact of SRT1720 on PARP activity.

4.3. Agents modulating poly(ADP-ribosyl)ation

Most PARP activity in cells is driven by PARP-1, while the rest is mostly covered by PARP-2 both under non-stress con-
ditions and upon oxidative injury (Bai et al., 2011a; Schreiber et al., 2002; Szanto et al., 2011). PARP activation - as discussed
in Section 1.3 - can be triggered by DNA damage. PARP activation is induced voluntarily mostly under experimental condi-
tions, by oxidants (e.g. hydrogen peroxide, peroxynitrite, radical donor compounds, certain cytostatic drugs), or by DNA
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Fig. 7. Compounds that inhibit PARPs as discussed in the text.

alkylating agents (e.g. MNNG, or streptozotocin), or ionizing radiation (Schreiber et al., 2006). Besides DNA damage, PARP-1
can be activated by posttranslational modifications (see Section 1.3 and Gibson and Kraus, 2012), however it remains a ques-
tion to be answered whether pharmacological modulation of these signaling pathways can efficiently modulate cellular
PARP activity.

The first compound identified as PARP inhibitor was benzamide (ICso = 22 uM) (Shall, 1975) and its 3-substituted versions
(3-amino-benzamide is used the most frequently (ICso = 33 tM)) that are simple analogs of NAM (ICso = 210 puM) that is a by-
product of the PARylation reaction. Benzamide and its analogs are applied in cellular assays in the millimolar range that may
lead to aspecific interactions (Milam and Cleaver, 1984; Milam et al., 1986). Interestingly, certain dietary compounds (the-
ophylline, caffeine and certain dietary flavonoids) that possess pleiotropic biological effects were also shown to inhibit PARP
activity in cellular models in the submillimolar range (>100 uM) (Geraets et al., 2006, 2007; Moonen et al., 2005).

The careful modification of the backbone provided by nicotinamide and benzamide gave rise to current cutting edge PARP
inhibitors (elegantly reviewed in Ferraris (2010) and (Curtin (2006)) (Fig. 7). These inhibitors bind to the NAM-binding pock-
et of PARP-1, hence act as competitive inhibitors of NAD*-binding (Curtin, 2006; Ferraris, 2010; Jagtap and Szabo, 2005) with
ICs0 values in the low nanomolar range (1-5 nM) (Javle and Curtin, 2012). Targeting NAD" binding, to date, seems the only
successful way to design specific PARP inhibitors, as an alternative approach to inhibit PARP-1 via impeding DNA binding
through impairing the zinc fingers was not a viable strategy (Liu et al., 2012). PARG inhibitors would provide another alter-
native indirect approach for PARP inhibition (Erdelyi et al., 2009; Ying and Swanson, 2000), however the specificity of tannin
derivatives used as PARG inhibitors had been questioned (Erdelyi et al., 2005).

Current PARP inhibitors are considered pan-PARP inhibitors, as they inhibit both PARP-1 and PARP-2 (Wahlberg et al.,
2012). There is a current quest for the design of PARP-1/-2 specific inhibitors, however to date the best achieved specificity
is 60-fold higher affinity towards PARP-2 than PARP-1 (Moroni et al., 2009), or ~10-fold preference towards PARP-1 than
PARP-2 (Ferraris, 2010) in in vitro assays. These inhibitors are unlikely to act as highly selective agents in an in vivo setting.
It seems that due to the large structural similarity between the PARP-1 and -2 catalytic domains (Oliver et al., 2004), the
design of a highly specific inhibitor is a difficult task to accomplish (reviewed in Szanto et al., 2012).

The application of PARP inhibitors seems a promising strategy in a large number of physiological and pathophysiological
states. Experimental evidence suggest the applicability of these compounds provide means to combat oxidative stress re-
lated diseases such as reperfusion injuries (gut, eye, kidney, myocardium), stroke, neurotrauma, inflammatory pathologies,
shock, or diabetes and its consequent complications (Bai and Canto, 2012; Virag and Szabo, 2002, and in the present series a
review by Nicola Curtin and Csaba Szabé). Several PARP inhibitors are currently making their ways through the different
phases of clinical trials for the treatment of different solid and lymphoblastoid neoplasias as single agents or in combination
(reviewed in Javle and Curtin, 2011, and in the present series a review by Nicola Curtin and Csaba Szabé). Importantly, in
clinical studies PARP inhibitors were reported to have good tolerability that further ensure the applicability of these agents
(Fong et al., 2009).

PARP inhibitors were protective as shown in multiple models of oxidative stress and aging, through guarding cellular
NAD" levels by preventing excessive PARP activation and therefore inducing SIRT1 activity (Braidy et al., 2011; Liu et al.,
2009; Massudi et al., 2012; Pang et al., 2011; Pillai et al., 2005, 2006; Qin et al., 2012; Sheline et al., 2010). PARP inhibitor
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treatment of C2C12 myotubes, or C57/BI6] mice induced NAD* levels and SIRT1 activity (Bai et al., 2011b) that further con-
solidates the importance of the NAD" link between PARP-1 and SIRT1. PARP inhibitor treatment did not alter NAD" levels and
sirtuin activity in other compartments such as cytosol, or mitochondria evidenced by the lack of SIRT2 and SIRT3 activation
(Bai et al., 2011b).

Yet the effects of longer PARP inhibitor treatment on NAD" homeostasis and SIRT1 activity has not been studied, moreover
the chronic applicability of PARP inhibitors raise concerns, due to reduction of DNA repair capacity and consequently to en-
hanced genomic instability that requires further studies.

5. Concluding remarks, perspectives

NAD" is a cofactor, or substrate of numerous enzymes that suggest widespread influence for NAD" over a plethora of cel-
lular functions (Houtkooper and Auwerx, 2012; Houtkooper et al., 2010). Out of these enzymes we focused the subject of our
review on two major NAD"-dependent enzyme families: PARPs and sirtuins.

The interaction of SIRT and PARP enzymes has multiple layers. Both enzyme families consist of multiple members that
show different affinities towards NAD". Obviously, as both enzymes are NAD"-dependent in some occasions they may limit
NAD" availability for one another. Furthermore, sirtuin and PARP enzymes interact through modifying acetylation levels, or
in some cases these enzymes may interact through mutual regulation of gene expression. These interactions were described
to modulate a series of biological processes ranging from metabolism, oxidative stress-mediated diseases through DNA re-
pair to aging. Apparently, the appropriate balance between sirtuin and PARP activity is crucial to adequately regulate these
processes. In some instances these balances are disturbed (e.g. in aging (Braidy et al., 2011; Massudi et al., 2012)) that pre-
sumably contributes to these pathologies.

Both SIRT1 and PARPs can be modulated pharmacologically (Feige et al., 2008; Fong et al., 2009; Jagtap and Szabo, 2005;
Lagouge et al., 2006) enabling the modulation of both ends of this molecular seesaw. Importantly, there is ample data that
not only the genetical, but pharmacological modulation of PARP, or SIRT1 activity affects the other partner (Bai et al., 2011b;
Liu et al., 2008, 2009; Pang et al., 2011; Pillai et al., 2006; Rajamohan et al., 2009) suggesting that it is possible to appropri-
ately arrange the SIRT-PARP balance by applying pharmacological agents.

It should be noted that the activity of SIRTs and PARPs can be modulated through cellular NAD" levels (Chambon et al.,
1963; Imai et al., 2000) suggesting the applicability of NAD" precursors, such as NR, NA, or NAM. These agents impact pro-
foundly on pathologies involving SIRTs or PARPs (Canto et al., 2012; Jackson et al., 1995; Schwarcz et al., 1983; Virag and
Szabo, 2002) making them likely tools to fine tune PARP and SIRT enzymes, however their exact mode of action on both en-
zyme families had not been sufficiently mapped. The physiological and pathophysiological processes that govern NAD" levels
are summarized in Fig. 8.

It is very likely that the occasions of sirtuin-PARP interaction is way more widespread than demonstrated experimentally
- as discussed in Section 3.2 - suggesting that the circle of pathological states, where PARP-SIRT disbalance takes place can
be enlarged and better defined. In fact, this notion raises the question whether other sirtuins, or PARPs may interact. It will
be also important to distinguish between the gene-specific effects and the side effects of the available pharmacological
agents (Antolin et al., 2012; Nicolescu et al., 2009; Pacholec et al., 2010) and to clearly define effects that are PARP, or SIRT
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Fig. 8. Physiological and pathophysiological processes modulating NAD" levels. Physiological and pathological processes (in blue boxes) that enhance NAD*
content, or availability are marked by green arrow, while those ones that lead to NAD" degradation are in red.
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independent in these pathologies (Bai et al., 2011b). Our current knowledge on the SIRT-PARP interaction represent only the
tip of the iceberg and the field is expanding that will warrant further research in that field.
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While originally described as DNA damage repair agents, recent data suggest a role for poly(ADP-ribose)
polymerase (PARP) enzymes in metabolic regulation by influencing mitochondrial function and oxidative
metabolism. Here we review how PARP activity has a major metabolic impact and the role of PARP-1 and

PARP-2 in diverse metabolic complications.

Introduction

Poly(ADP-ribose) polymerases (PARPSs) catalyze a reaction in
which the ADP-ribose moiety of NAD™" is transferred to a re-
ceptor amino acid, building poly(ADP-ribose) (PAR) polymers.
PAR polymers are an evolutionarily conserved posttranslational
modification affecting a large array of proteins. However, the
roles of PAR polymers remain uncertain. Recent research sug-
gests they may constitute a protein-binding matrix, and several
PAR-binding motifs have been proposed (Krishnakumar and
Kraus, 2010).

Human PARPs comprise a family of 17 enzymes sharing a
conserved catalytic domain (Krishnakumar and Kraus, 2010).
The first PARP enzyme described, PARP-1, is responsible for
the majority (85%-90%) of PARP activity in the cell, while the
remainder is predominantly PARP-2. Other PARP family mem-
bers bear mutations in the catalytic triad of amino acids that
are crucial for polymer elongation, and these mutations critically
impair their PARylating activity (Krishnakumar and Kraus, 2010).
The function and localization of many PARP family members is
still largely unknown.

PARP-1 and PARP-2 are highly conserved proteins, ubiqui-
tously expressed in mammalian tissues and with predominant
nuclear localization. While low in the basal state, the activity of
PARP-1 and PARP-2 is enhanced allosterically through binding
to several nuclear proteins and to a wide range of DNA or chro-
matin lesions. PARP-1 activity can also be modified through
phosphorylation, acetylation, sumoylation, and ubiquitination.
Importantly, PARP-1 can auto-PARylate itself, which inhibits its
activity, creating an autoregulatory negative feedback (Krishna-
kumar and Kraus, 2010).

PARP-1 and PARP-2 have historically been described as
key DNA damage repair enzymes (Krishnakumar and Kraus,
2010). However, under normal conditions, PARP-1~~ and
PARP-27'~ mice show similar rates of spontaneous DNA
damage to wild-type littermates, suggesting that the activity of
either PARP-1 or PARP-2 is not essential for viability or DNA
maintenance in the absence of genotoxic stress (Bai et al.,
2011a, 2011b). Rather, these transgenic models have illustrated
that PARP-1 and PARP-2 regulate a plethora of other processes,
including tumorigenesis, inflammation, and cell differentiation
(Krishnakumar and Kraus, 2010). Additionally, the PARP-1~/~

290 Cell Metabolism 16, September 5, 2012 ©2012 Elsevier Inc.

and PARP-2~'~ mouse models also uncovered a major meta-
bolic role for PARP enzymes.

Acute Metabolic Consequences of PARP Activation
NAD* Metabolism and ATP Crisis

PARP-1 activity constitutes a major NAD" catabolic activity in
the cell, depleting NAD* to 10%-20% of its normal levels within
minutes upon DNA damage (Houtkooper et al., 2010). This
unsustainable NAD™ consumption rate forces the cell to synthe-
size NAD" using salvage pathways in order to maintain cellular
viability. However, NAD* salvage is an ATP-consuming process
(Houtkooper et al., 2010). Hence, persistent PARP activation
also results in ATP depletion, creating a feedback loop that
can compromise cell survival.

The reduction of NAD* levels promoted by PARP overacti-
vation is sufficient to impair glycolysis, where NAD" is a key
cofactor (Houtkooper et al., 2010). Reduction of the glycolytic
rate shuts down a major source of rapid ATP formation that could
be used for NAD™" resynthesis. In addition, it reduces the flow of
glucose-derived metabolites into the TCA cycle for oxidation,
further compromising energy balance. This decrease in mito-
chondrial ATP production has a critical role in mediating the
apoptotic effects of chronic PARP activation, as illustrated by
the fact that addition of TCA substrates can rescue PARP over-
activation-induced cell death (Ying et al., 2002).

Direct PARylation Effects on Mitochondrial Energy
Production

PARP-1 activation rapidly impairs mitochondrial function (Can-
uelo et al., 2012), though it is difficult to dissect whether this
impairment is related to the decreased availability of NAD™,
reduced glycolysis, or to a direct effect of PARP-1 on mitochon-
drial respiration. Recently, elegant experiments showed that
heterologous expression of a truncated, but active version of
PARP-1 containing a mitochondrial localization signal, led to
mitochondrial PAR accumulation and respiratory impairment,
despite elevated glycolytic flux (Niere et al., 2008). This indicates
that increased mitochondrial PARP activity alone is sufficient to
directly impair mitochondrial function, irrespective of glycolytic
rates. However, the significance of mitochondrial PARP activity
in physiological scenarios is far from understood. While classi-
cally regarded as a nuclear protein, both PARP-1 and PARylation
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events have been detected in mitochondria (Lai et al., 2008).
Therefore, the PARylation of mitochondrial proteins could poten-
tially affect their enzymatic activity. Supporting this hypothesis,
the overexpression of mitochondrial PAR degrading enzymes,
such as PAR glycohydrolase (PARG) or ADP-ribosylhydrolase
3 (ARH3), rescues mitochondrial PARylation and dysfunction
upon PARP-1 activation (Lai et al., 2008; Niere et al., 2008).
These findings would suggest the controversial hypothesis that
direct PARylation events in the mitochondria contribute to the
reduction of respiration rates upon PARP-1 activation. Under-
standing the physiological regulation of mitochondrial PARP
activity and its impact on mitochondrial function will be an inter-
esting field for future investigation.

PARP-1 and PARP-2 as Metabolic Transcriptional
Regulators

PARP-1 localizes to the promoters of actively transcribed genes,
though it only regulates a subset of them, exerting both positive
and negative effects on transcription (Krishnakumar and Kraus,
2010). PARP-1 and PARP-2 act as transcriptional coregulators
by influencing the recruitment of histone acetyltransferases and
corepressors into different transcriptional complexes (Krishna-
kumar and Kraus, 2010). From a metabolic perspective, PARP-
1 and PARP-2 interact with a large number of nuclear receptors
and transcription factors regulating mitochondrial and lipid
oxidation genes, such as PPARy, FOXO1, and ER, among others
(Bai et al., 2007; Krishnakumar and Kraus, 2010; Sakamaki et al.,
2009). In some cases, PARP activation represses their transcrip-
tional activity, for example by impeding correct DNA binding
through direct PARylation of the transcription factors or their
cofactors (Krishnakumar and Kraus, 2010). The PARylation of
transcriptional metabolic regulators remains, however, a vastly
unexplored field. PARP activity can also enhance transcription
via the indirect modification of inhibitory histone marks or the
facilitation of DNA cleavage and transcriptional activation (for
review, see Krishnakumar and Kraus, 2010). PARP-1 may also
exert noncatalytic effects on transcriptional regulation (Sakamaki
et al., 2009), potentially through binding interactions in transcrip-
tional complexes. The molecular mechanisms by which PARP-1
can display both coactivating and corepressing functions are
still elusive.

The Interrelationship of PARP-1, PARP-2, and SIRT1
SIRT1 is an NAD*-dependent type Il deacetylase that regulates
oxidative metabolism and global metabolic homeostasis. Phar-
macologically or genetically induced increases in SIRT1 activity
protect against high-fat diet (HFD)-induced metabolic damage in
mice. To do so, SIRT1 deacetylates and regulates the activity
of a number of crucial enzymes and transcriptional regulators
(Houtkooper et al., 2010). A priori, SIRT1 has a Ky for NAD*
that lies within the range of the most commonly reported total
intracellular NAD* concentrations (Houtkooper et al., 2010).
This could explain why most strategies designed to increase
intracellular NAD* generally resulted in higher SIRT1 activity
(Houtkooper et al., 2010). These observations suggest that
NAD™ bioavailability may control SIRT1 activity, leading to the
hypothesis that SIRT1 might act as a metabolic sensor that
fine tunes transcriptional programs to the use of different ener-
getic substrates. However, the interpretation of NAD*-related
data should be taken cautiously, as most techniques used to

date fail to provide complete information on subcellular NAD*
compartmentalization or to differentiate between free and pro-
tein-bound NAD™.

The NAD* dependence of SIRT1 and PARP-1 activities promp-
ted the hypothesis that these enzymes could compete for a
limited NAD™ pool. Indeed, SIRT1 and PARP-1 activities can influ-
ence each other in different cellular and in vivo models. The
mechanisms for this reciprocal regulation, however, may be dif-
ferent. The Ky, of PARP-1 for NAD* is five to ten times lower than
intracellular NAD" levels (Houtkooper et al., 2010). Therefore, it is
unlikely that SIRT1 activity decreases NAD* concentrations to
levels that are limiting for PARP-1 activity. Instead, SIRT1 has
been shown to reduce PARP activity in certain contexts via direct
binding and deacetylation of PARP-1 (Rajamohan et al., 2009).

PARP-1, in contrast, is an avid NAD* consumer (Houtkooper
et al., 2010). Therefore PARP-1 may compromise SIRT1 activity
by reducing NAD™ bioavailability. This idea is further sup-
ported by recent observations indicating that pharmacological
or genetic reductions of PARP activity increase intracellular
NAD* levels and enhance SIRT1 activity (Bai et al., 2011b).
Potentially, PARP-1 could also influence SIRT1 activity through
direct PARylation. However, SIRT1 is not PARylated in myotubes
when PARP-1 is activated in response to oxidative stress (Bai
et al., 2011b). Therefore, PARP-1 most likely influences SIRT1
activity indirectly through the modulation of NAD* levels. Inter-
estingly, in contrast to SIRT1, neither cytoplasmic SIRT2, nor
mitochondrial SIRT3 activities were increased by PARP-1 dele-
tion (Bai et al., 2011b). This suggests that the increase in NAD*
promoted by PARP-1 deletion might be restricted to the nucleus,
where PARP-1 predominantly resides. Accordingly, it will be im-
portant in future studies to monitor the activity of the other
nuclear sirtuins, SIRT6 and SIRT7, upon altered PARP-1 activity.

PARP-2 deletion also enhances cellular SIRT1 activity, appar-
ently without direct impact on NAD" levels (Bai et al., 2011a).
Instead, PARP-2 deletion resulted in a 2- to 3-fold increase in
SIRT1 levels, both in cultured cells and mouse tissues (Bai
et al., 2011a). PARP-2 binds to the SIRT71 promoter in the basal
state and represses its transcriptional activity (Bai et al., 2011a).
Hence, PARP-2 deletion relieves the repression on the SIRT1
promoter, increasing basal SIRTT mRNA and protein levels
(Bai et al., 2011a). Therefore, the higher SIRT1 activity observed
in PARP-2~'~ mice is not necessarily related to increased NAD*
levels, but to increased SIRT1 expression.

The negative correlation of PARP and SIRT1 activities is also
found in physiological scenarios. PARP activity increases upon
HFD, while SIRT1 activity is lower (Bai et al., 2011b). In contrast,
PARP activity is lower in muscle after an overnight fast, when
SIRT1 activity is high (Bai et al., 2011b). Interestingly, higher
PARP activity is observed in aged rodent tissues, leading to
decreased NAD* content and limited SIRT1 activity (Braidy
et al., 2011). These observations suggest that physiological vari-
ations in PARP activity may have a significant impact on SIRT1.

Metabolic Actions of PARP-1 and PARP-2 in Health

and Disease

Regulation of Energy Intake

Several observations suggest that PARP-1 may influence feeding
behavior. PARP-1 deletion in two different mouse strains led to
increased food intake (Bai et al., 2011b; Devalaraja-Narashimha
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and Padanilam, 2010). Also, PARP-1 seems crucial for the circa-
dian entrainment of feeding behavior (Asher et al.,, 2010). In
contrast, the deletion of PARP-2 does not lead to significant
changes in food intake or daily behavior (Bai et al., 2011a). This
indicates that PARP-1 might influence food intake in two different
ways: either through PARylation of substrates that PARP-2 does
not target or through mass disturbance of NAD* metabolism,
which determines circadian behavior (Nakahata et al., 2009).
Regulation of Mitochondrial Biogenesis

and Energy Expenditure

Both PARP-1~'~ and PARP-2~'~ mice display enhanced energy
expenditure (EE) (Bai et al., 2011a, 2011b). This effect could
derive, at least in part, from an increase in SIRT1 activity, as
described above. SIRT1 can regulate EE by deacetylating and
activating master transcriptional regulators of oxidative metabo-
lism, such as PGC-1a and the FOXO family of transcription
factors (Houtkooper et al., 2010). Consistently, PARP-1~"~ and
PARP-27'~ muscles showed a marked deacetylation of PGC-
1a and FOXO1, which was linked to enhanced mitochondrial
biogenesis and a more oxidative profile of muscle fibers (Bai
et al.,, 2011a, 2011b).

The brown adipose tissue (BAT) of PARP-1~/~ mice is also
characterized by increased mitochondrial content (Bai et al.,
2011b). Physiologically, this renders PARP-1~'~ mice more
able to maintain body temperature when exposed to cold. Inter-
estingly, the deletion of PARP-2 does not influence mitochon-
drial biogenesis in BAT, despite increasing SIRT1 content (Bai
et al., 2011a). It is possible that there are either limiting NAD*
levels in the BAT of PARP-2~/~ versus PARP-1~'" mice or that
there are additional mediators of the PARP-1~'~ phenotype
other than the SIRT1/PGC-1a axis.

Regulation of Adipogenesis, Fat Deposition

and Body Weight

The deletion of either PARP-1 or PARP-2 in C57BI/6 mice
protects against age- and HFD-induced body weight (BW) gain
(Bai et al., 2011a, 2011b; Erener et al., 2012b). This phenotype
is explained, at least in part, by their enhanced EE. However,
a direct regulation of fat deposition by PARP enzymes may
also contribute.

PARP-1 activity is necessary for white adipocyte differentia-
tion, and increased PARylation can be observed in differentiating
3T3-L1 adipocytes (Erener et al., 2012a). PARP-1 is recruited to
PPARY target genes in a PAR-dependent manner, allowing sus-
tained expression of PPARY and its target genes (Erener et al.,
2012a). Accordingly, PARP-1~'~ mice display reduced fat
mass deposition (Bai et al., 2011b; Erener et al., 2012b). The
histological analysis of white adipose tissue (WAT) from PARP-
17/~ mice revealed a dramatic decrease in adipocyte size (Ere-
ner et al., 2012b). In addition, adipose stem cells from PARP-
17/~ mice displayed lower expression of PPARy target genes
upon differentiation, as well as a reduced ability to accumulate
triglycerides (Erener et al., 2012b). Therefore, PARP-1 acts as
a positive regulator of adipogenesis and adipocyte function.
Fully supporting this, transgenic mice harboring an ectopic inte-
gration of human PARP-1 (hPARP-1 mice) display enhanced
adiposity (Mangerich et al., 2010). Interestingly, the lack of
PARP-2 also hampers the adipocytic differentiation of embry-
onic fibroblasts and 3T3-L1 cells (Bai et al., 2007). Similarly to
PARP-1, PARP-2 binds and positively regulates PPARy-driven
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promoters (Bai et al., 2007), enhancing adipogenic differentiation
and fat deposition.

The activation of SIRT1 may also contribute to downregulation
of PPARy activity and reduced fat storage in PARP-1- and
PARP-2-deficient models. SIRT1 decreases adiposity through
various mechanisms, including the reduction of PPARY tran-
scriptional activity by promoting the direct docking of tran-
scriptional corepressors (reviewed in Houtkooper et al., 2010).
An interesting question is whether reduced WAT depots could
potentially lead to lipid redistribution. Indeed, a recent report
identified increased fat deposition in the livers of PARP-1~~
mice when fed a HFD (Erener et al., 2012b). Interestingly,
PARP-1 is poorly expressed in the liver, and its deletion does
not seem to have a major influence on hepatic expression of
mitochondrial and lipid oxidation genes (Bai et al., 2011b),
potentially creating a permissive scenario for lipid deposition.
These observations, however, are at odds with the notion that
PARP-1 deficiency dampens PPARYy activity and with the lower
BW of PARP-1~'~ mice. Further research will be required to
clarify this apparent discrepancy.

Strikingly, PARP-1 deletion on an SV129 background renders
mice susceptible to obesity (Devalaraja-Narashimha and Padani-
lam, 2010). As discussed recently (Bai et al., 2011b), however,
a wealth of pharmacological, physiological and genetic data
supports the observations in the C57BI/6 strain. The particular
reasons why PARP-1 deletion in a SV129 background rendered
an opposite phenotype are unknown.

PARP-1 and PARP-2 in Glucose Metabolism

and Insulin Sensitivity

PARP-1~'~ and PARP-2~~ mice display increased glucose
clearance in response to an insulin tolerance test (Bai et al.,
2011a, 2011b). The ability of PARP-1 and PARP-2 deletion to
enhance the muscle oxidative profile might contribute to this
phenotype, as oxidative muscle fibers are more insulin sensitive
than glycolytic fibers. In addition, the greater potential to oxidize
fat might prevent the chronic deposition of lipid species detri-
mental for insulin action.

While enhanced insulin sensitivity is generally correlated with
better glucose tolerance, PARP-2""" mice were markedly glu-
cose intolerant when fed a HFD (Bai et al., 2011a). This glucose
intolerant phenotype stems from pancreatic B cell dysfunction.
Upon HFD, the pancreatic B cell mass increases in order to com-
pensate for peripheral insulin resistance. In PARP-2~'~ mice,
however, this hyperplastic response is impaired. PARP-27/~
mice display smaller B cell islets and reduced insulin content, re-
sulting in a blunted ability to release insulin after a glucose load
(Bai et al., 2011a). The mechanism by which PARP-2 deletion
impairs B cell proliferation may involve constitutive SIRT1 activa-
tion, which leads to FOXO1 deacetylation and activation (Bai
et al., 2011a). FOXO1, in turn, represses B cell proliferation and
development. Yet why is pancreatic dysfunction not observed
in PARP-1~"~ mice? From one side, the actions of PARP-2 might
be noncatalytic. Another likely possibility is that PARP-1 dif-
ferentially affects NAD* homeostasis and SIRT1 activity in dif-
ferent tissues, depending on its basal activity. Alternatively, other
actions specifically triggered by PARP-1 deficiency might pre-
vent B cell dysfunction.

In fact, a major role for PARP-1 in  cell physiology was re-
vealed by experiments determining how PARP inhibitors improve
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Table 1. Key Observations on How PARP-1 and PARP-2

Intertwine with Metabolic Homeostasis

Model Phenotype Reference
PARP-1
Knockout in Altered circadian (Asher et al., 2010)
C57BI/6 mice food entrainment
behavior
Knockout in Increased energy (Bai et al., 2011b)
C57BI/6 mice expenditure and
mitochondrial
biogenesis
Knockout in Lower body weight (Bai et al., 2011b;
C57BI/6 mice gain when fed Erener et al., 2012b)
high-fat diets
Knockout in Both higher and lower (Bai et al., 2011b;
C57BI/6 mice glucose tolerance Erener et al., 2012b)
have been reported
Knockout in Higher hepatic lipid (Erener et al., 2012b)
C57BI/6 mice accumulation
Knockout in Increased NAD* (Bai et al., 2011b)
C57BI/6 mice content and SIRT1
activity
Knockout in Enhanced (Devalaraja-Narashimha

129/SvimJ mice

Knockout in
1298SVxC57BI/6
mice

Mice harboring an
ectopic integration
of human PARP-1

Mice harboring an
ectopic integration
of human PARP-1
Mice harboring an
ectopic integration
of human PARP-1
Knockdown in
HEK293T cells

Knockdown in
HEK293T cells
Knockdown in
3T3-L1 adipocytes

susceptibility

to high-fat diet-
induced obesity
Protection against
streptozotocin-
induced diabetes

Premature
development of
age-associated
pathologies

Enhanced adiposity

Glucose intolerance

Enhanced mitochondrial

gene expression and
respiration

Higher NAD* content
and SIRT1 activity
Reduced adipocyte
differentiation and
PPARvy-dependent
gene expression

and Padanilam, 2010)

(Burkart et al., 1999)

(Mangerich et al., 2010)

(Bai et al., 2011b)

(Erener et al., 2012a)

Table 1. Continued
Model Phenotype Reference
Knockout in Decreased pancreatic
C57BI/6 mice B cell mass
Knockout in Lower WAT mass (Bai et al., 2007)
C57BI/6 mice on chow diet
Knockdown in Increased SIRT1 (Bai et al., 2011a)
C2C12 myotubes  levels and

mitochondrial

Knockout murine
embryonic
fibroblasts

gene expression
Reduced adipocyte
differentiation and
PPARYy-dependent
gene expression

(Bai et al., 2007)

PARP Inhibition

C2C12 myotubes
(PJ34; 1 uM)

Partially
depancreatized
rats (0.5 g/kg NAM

Enhanced
mitochondrial gene
expression and
respiration

Better B cell
regeneration and
prevention of

(Bai et al., 2011b)

(Yonemura et al.,
1984)

PARP-2
Knockout in Increased energy (Bai et al., 2011a)
C57BI/6 mice expenditure and
mitochondrial
biogenesis
Knockout in Lower body weight
C57BI/6 mice when fed high-
fat diets
Knockout in Glucose intolerance
C57BI/6 mice despite high insulin

sensitivity

and 0.05 g/kg
3-ABA per day)

diabetes mellitus

Mice (PJ34; Better lipid metabolic (Bai et al., 2011b)

10 mg/kg/day) profile after a 5 day
treatment

Physiology

High-fat diet Enhanced PARP (Bai et al., 2011b)
activity and PARP-1
protein levels

Aging Enhanced PARP (Braidy et al., 2011)
activity

Fasting Lower PARP activity (Bai et al., 2011b)

The table summarizes how changes in PARP-1 or PARP-2 activity influ-
ence metabolism and vice versa.

diabetes mellitus in partially depancreatized rats, namely by
promoting faster B cell regeneration and normalization of blood
glucose (Yonemura et al., 1984). Subsequent studies demon-
strated that PARP-1~/~ mice are resistant to the development
of streptozotocin-induced diabetes and maintain normal pancre-
atic insulin content and islet morphology (Burkart et al., 1999).
The normal pancreatic B cell function of PARP-1~/~ mice in the
basal state, however, suggests the detrimental effect of PARP-
1 activity in the pancreas is only apparent in situations of oxida-
tive stress.

Future Perspectives

Most classical work characterized PARP-1 and PARP-2 as
genome integrity maintenance enzymes. Several findings, how-
ever, highlight novel roles for PARP-1 and PARP-2 in metabolic
regulation (summarized in Table1). PARP activation impacts on
cellular metabolism through diverse mechanisms, including
alterations in NAD* metabolism, direct PARylation events and
transcriptional reprogramming of the cell. In general, PARP inhi-
bition enhances oxidative metabolism and mitochondrial con-
tent. This suggests that reducing PARP activity might prevent

Cell Metabolism 76, September 5, 2012 ©2012 Elsevier Inc. 293
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Fasting
PARylation

NAD+

PARPs

PARylation

PARP inhibition
Genetic deletion

« Effective DNA repair
* NAD* depletion and energy crisis
* Reduction in glycolytic flux

potentially through direct PARylation of
mitochondrial proteins

Short-term
consequences

«Direct and indirect transcriptional regulation
and downregulation of SIRT1 activity

* Reduction in mitochondrial respiration rates,

* Protection against oxidative stress-induced
cell death

* Increase in intracellular NAD+

*Enhanced SIRT1 activity due to increased
NAD* availability (PARP-1 inhibition) and
higher SIRT1 expression (PARP-2 inhibition)

* Reduced mitochondrial biogenesis and
lipid oxidation gene expression

* Cell death

* Transgenic mice with higher PARP-1
expression are more susceptible to age-
related diseases and alterations in glucose

Long-term
consequences

* Enhanced mitochondrial biogenesis and
lipid oxidation gene expression

*Protection against diet and age-induced
body weight gain.

* Reduced PARP-1 activity improves B-cell
regeneration, but PARP-2 deletion has
detrimental effects on B-cell proliferation.

Cell Metabolism

Figure 1. Metabolic Consequences of PARP
Activation or Inhibition

Diverse physiological situations—such as high-
fat feeding, oxidative stress, spontaneous DNA
damage, and aging—increase PARP activity. In
the short term, PARP activity is required for effi-
cient DNA repair, but can also lead to NAD*
depletion, consequently slowing down ATP pro-
duction. PARP-1 and PARP-2 might also directly
affect ATP production through direct PARylation of
enzymes, as has been proposed for mitochondrial
proteins. When prolonged, the effects of PARP
activity on transcriptional regulators can compro-
mise the maintenance of mitochondrial function
and, as evidenced by transgenic models, might
enhance susceptibility to age-related diseases
and alterations in glucose metabolism. In contrast,
nutrient deprivation decreases PARP activity. The
evidence from pharmacological or genetic reduc-
tions in PARP activity indicates that lower PARP
activity increases NAD* bioavailability and en-
hances mitochondrial biogenesis. These changes
confer protection against age and diet-induced
body-weight gain. These potential benefits of
PARP inhibition need to be balanced with the
detrimental effects on pancreatic B cell function
caused by PARP-2 deletion, as well as with the
eventual possibility for detrimental effects on
chromosome stability.

events on metabolic regulators is still
weak. Of note, it will be interesting to

metabolism

* Cumulative defects in DNA repair?

examine which metabolic effects of
PARP inhibition are mimicked by the

age- and metabolic-related diseases, often characterized by
impaired mitochondrial function (Figure 1). In line with this,
a gain of function model for PARP-1, the hPARP-1 mice, dis-
played premature development of age-associated pathologies,
enhanced adiposity, and glucose intolerance (Mangerich et al.,
2010). However, we will need to evaluate the feasibility of long-
term inhibition of PARP activity without a negative impact
on genomic stability. Possible strategies to limit potential side
effects on DNA damage or B cell dysfunction could rely on deter-
mining the minimum level of PARP inhibition required to reach
therapeutic metabolic effects and on the design of specific
inhibitors for PARP-1 and PARP-2. Importantly, while we have
focused on PARP-1 and PARP-2, we need to emphasize that
other PARP family members can also have important metabolic
functions (Table S1 available online), further emphasizing the
need for specific PARP inhibitors to elicit selective metabolic
responses. Finally, most of the in vivo data gathered to date
comes from germline PARP-1 or PARP-2 deletion. The genera-
tion of tissue-specific PARP deficient models will allow us to
dissect the key tissues that should be pharmacologically tar-
geted to achieve optimal metabolic outcomes.

Another challenge will be elucidation of the key effectors medi-
ating the long-term benefits of PARP inhibition. While SIRT1
activation is a major candidate, PARP inhibition triggers both
acute and transcriptional effects that are SIRT1-independent
(Bai et al., 2011a, 2011b). Our knowledge of direct PARylation

294 Cell Metabolism 16, September 5, 2012 ©2012 Elsevier Inc.

activation of PAR degrading enzymes. In

conclusion, PARP inhibition holds prom-

ising possibilities for the treatment of
metabolic damage, but achieving healthy aging through PARP-
based therapies will require further understanding of PAR
biology and fine-tuning the dynamics and specificity of PARP
inhibitors.

SUPPLEMENTAL INFORMATION

Supplemental Information includes one table and can be found with this article
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Table S1. Metabolic Roles

Described for Other PARP Family Members, Related to the

Main Text
Enzyme | Model Metabolic effect Ref.
PARP5a | 3T3-L1 cells - TNK1 associates with GLUT4 vesicles (Chi and Lodish,
(TNK1) Knockout mice through the insulin —responsive 2000; Sbodio et

aminopeptidase (IRAP). Whether TNK1
activity has the ability to influence insulin-
stimulated glucose uptake is not clear.

- TNK1 deletion enhances energy expenditure
through the skeletal muscle, ketogenesis and
fatty acid oxidation in the liver, pancreatic
hyperfunction and B cell hyperproliferation.

al., 2002; Yeh et
al., 2009; Yeh et
al., 2007)

PARP5b | 3T3-L1 cells Influence Glut4 translocation in adipocytes (Chi and Lodish,
(TNK2) through IRAP. 2000; Shodio et
al., 2002)

PARP-7 Chicken embryos PARP-7 activity decrease NAD" levels, leads (Diani-Moore et
(TIPARP) | hepatocytes to hyperacetylation of PGC-1o and suppress al., 2010)

hepatic glucose production probably through

influencing SIRT1.
PARP-14 | HT-1080 human Protects phosphoglucose isomerase from | (Yanagawa et al.,

fibrosarcoma cells,
Hs68 human skin
fibroblast cells

ubiquitination and eventual breakdown.

2007)

The table summarizes reported metabolic roles for PARP enzymes other than PARP-1 or
PARP-2.
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Abstract Poly(ADP-ribose) polymerase (PARP)-2 is a
nuclear enzyme that belongs to the PARP family and PARP-2
is responsible for 5-15 % of total cellular PARP activity.
PARP-2 was originally described in connection to DNA
repair and in physiological and pathophysiological processes
associated with genome maintenance (e.g., centromere and
telomere protection, spermiogenesis, thymopoiesis, azoo-
spermia, and tumorigenesis). Recent reports have identified
important rearrangements in gene expression upon the
knockout of PARP-2. Such rearrangements heavily impact
inflammation and metabolism. Metabolic effects are medi-
ated through modifying PPARy and SIRT1 function. Altered
gene expression gives rise to a complex phenotype charac-
terized primarily by enhanced mitochondrial activity that
results both in beneficial (loss of fat, enhanced insulin sen-
sitivity) and in disadvantageous (pancreatic beta cell
hypofunction upon high fat feeding) consequences.
Enhanced mitochondrial biogenesis provides protection in
oxidative stress-related diseases. Hereby, we review the
recent developments in PARP-2 research with special atten-
tion to the involvement of PARP-2 in transcriptional and
metabolic regulation.
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The PARP superfamily

Poly(ADP-ribosyl)ation is a transient post-translational
modification of proteins mediated by poly(ADP-ribose)
polymerase (PARP) enzymes. This is a dynamic process
during which the enzymes catalyze the formation of ADP-
ribose polymers onto different acceptor proteins using
NAD™ as a substrate. The half-life of the polymer is very
short since it is quickly degraded by poly(ADP-ribose)
glycohydrolase (PARG). PARPs constitute a family of 17
members, encoded by 17 different genes sharing a con-
served sequence coding for the catalytic domain that
contains the PARP signature motif, a highly conserved
sequence that forms the active site [1]. Based on sequence
and structural homologies and the similarity of the reac-
tions catalyzed, Hottiger and colleagues recently proposed
to unite all ADP-ribose transferases (PARPs and mono-
ADP-ribosyl transferases) in one protein family [2]. The
same study proposed a new nomenclature for these
enzymes, where PARP-2 was renamed ARTD2 (ADP-
ribosyltransferase diphtheria toxin-like 2).

The prototypical enzyme of the PARP family is PARP-1
(ARTDI1). PARP-1 cleaves NAD' to ADP-ribose and
nicotinamide followed by the attachment of the first ADP-
ribose moiety to a glutamate or aspartate residue of target
proteins. During the elongation of the polymer further
ADP-ribose moieties are attached to these protein-bound
monomers. In the absence of DNA damage the constitutive
polymer levels are usually very low and appear as mono- or
oligo(ADP-ribose). However, in response to DNA strand
breaks, the levels of poly(ADP-ribose) (PAR) polymers

@ Springer
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increase 10-500 fold and large [3, 4] branched PAR
polymers occur on different acceptor proteins and PARP-1
itself (auto-PARylation) (Fig. 1). Upon extensive PARP-1
activation, cellular NAD™" levels are markedly reduced [5].
Poly(ADP-ribosyl)ation, at any level, is likely to have
important effects on the acceptor’s properties, hence
PARylation and PARPs are involved in the regulation of
various cellular processes [6]. In cells, polymers can be
detected as early as 2 to 3 min after the one-off induction
of DNA damage, and then PAR polymers are quickly
degraded by PARG. In tissues, PAR levels can be detected
on a longer timeline as reflecting a steady state between
synthesis and degradation. Some PARP enzymes carry
mutations in the catalytic domain and hence are either
inactive or perform only mono-, or oligo(ADP-ribo-
sylation [1, 2, 7].

The structure of the PARP-2 gene and PARP-2 protein

PARP-2 was discovered when residual DNA-dependent
PARP activity was detected in PARP-1""~ murine
embryonic fibroblasts (MEFs) [8]. So far PARP-1, PARP-
2, and PARP-3 are the only PARP enzymes whose catalytic
activity is stimulated by DNA strand breaks suggesting that
they function as crucial members in the cellular pathways
responding to DNA damage [8-11].

The PARP-2 gene is located on chromosome 14 in
humans. The gene is driven by a bidirectional promoter
that PARP-2 shares with RNase P [12]. Such a combination

DNA damage, or
signal transduction pathways

PARP-1

NAD*

PARP-2 NAM other
target
proteins
ADPR w&) \?.f}‘
PARP-1
th other
! target
target proteins
proteins PARG PARP-2
DNA repair proteins

Chromatin bound proteins
PAR binding proteins
Transcription factors, etc.

¥ PAR

Fig. 1 The poly(ADP-ribosyl)ation cycle. NAM nicotinamide, ADPR
ADP-ribose, PAR poly(ADP-ribose), all other abbreviations are in the
text
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of RNA polymerase II and RNA polymerase III genes is
relatively rare. A functional TATA box and DSE/Oct-1
expression control elements were identified in the promoter
regulating PARP-2 expression [12]. Due to alternative
splicing, two isoforms of PARP-2 exist with the longer
isoform containing an extra set of 13 amino acids on the
border between the DNA binding domain and domain E.
The longer isoform has been identified, or predicted in
humans [13], common chimpanzee (Pan troglodytes) [14],
northern white-cheeked gibbon (Nomascus leucogenys)
[15] and sumatran orangutan (Pongo abelii) [16] according
to the NCBI database. The sequences of different mam-
malian PARP-2 genes are highly homologous (Fig. 2).
Although PARP-2 is absent in birds, sequences similar to
PARP-2 can be found in lower vertebrates (Danio rerio,
Xenopus), lower animals (e.g., sponges) and in Arabidopsis
thaliana [17].

The tissue-specific expression of PARP-2 was primarily
characterized by in situ hybridization. Liver expression of
PARP-2 was high at fetal age 12.5 days, decreased at
18.5 days fetal age, and was even lower in newborn mice
[8, 18]. In adult mice, the expression of PARP-2 is low in
the liver (the lowest among the metabolic tissues; Bai P,
unpublished data). It is tempting to speculate that the
gradual decrease in PARP-2 expression by age during fetal
and postnatal development points toward the possible
involvement of PARP-2 in early stage hemopoiesis that
takes place in the liver.

In the central nervous system, PARP-2 content was high
in the spinal ganglia and in certain parts of the brain. In the
neocortical areas, PARP-2 expression is elevated as com-
pared to lower brain regions. High PARP-2 expression was
detected in stratum granulosum of the dentate gyrus and the
stratum pyramidale of the hippocampus and was even
higher in the cortex and the olfactory bulb [18]. Apart from
the previously mentioned tissues, PARP-2 1is highly
expressed in the cortical region of the kidneys, the spleen,
adrenal glands, stomach, thymus, and intestinal epithelium
[18]. The testis was also positive for PARP-2 expression.

In humans, a slightly different expression pattern was
detected. PARP-2 was very abundant in the skeletal mus-
cle, brain, heart, testis, it was high in pancreas, kidney,
placenta, ovary, spleen, and low PARP-2 expression was
detected in the lungs, leukocytes, gastrointestinal tract
(both colon and small intestine), thymus, and liver [19].

Translation of the PARP-2 mRNA yields a protein
product of 62-kDa apparent molecular weight. The PARP-
2 protein can be divided into similar functional regions as
PARP-1: the N-terminus of mouse PARP-2 contains the
DNA binding domain (DBD), followed by domain E and
the catalytic domain (domain F) [8]. The DBD is formed
by a SAP domain that is responsible for DNA binding [20],
and contains a functional nuclear localization signal (NLS)
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Fig. 2 The structure of the PARP-2 gene and PARP-2 protein. The
PARP-2 gene is driven by a bidirectional promoter and consists of 16
exons. The protein product of the gene can be divided into three
domains: DBD, domain E, domain F. Numbers below the protein
product indicate amino acids on the border between domains. The
arrows point to caspases-3 and caspases-8 cleavage sites. The
highlighted amino acid sequence is the conserved 13 amino acid
sequence of the longer PARP-2 isoform. Eighteen mammalian PARP-
2 sequences of the shorter isoform (Ailuropoda melanoleuca [118],
Bos taurus [119], Callithrix jacchus [120], Canis lupus familiaris
[121], Cavia porcellus [122], Cricetulus griseus [123], Equus

[21] and a nucleolar localization signal (NoLS) [22]. A
caspase-3 cleavage site defines the border between the
DBD and domain E, which is homologous to the caspase-3
site in the E domain of PARP-1 [23]. Domain E serves as a
homodimerization interface, an automodification domain
and a protein—protein interaction domain as well [24].
Auto-poly(ADP-ribosyl)ation of PARP-2 takes place on

1 ! MY R
Ll |
I

N KA 'y
|

|:| SAP domain
|:| PARP catalytic domain
. PARP consensus sequence

caballus [124], Homo sapiens [13], Loxodonta africana [125],
Macaca mulatta [126], Monodelphis domestica [127], Mus musculus
[128], Nomascus leucogenys [15], Oryctolagus cuniculus [129], Pan
troglodytes [14], Pongo abelii [16], Rattus norvegicus [130], and
Sus scrofa [131]) were compared with Clustal W2 software
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) and relative conserva-
tion of the amino acids were plotted. Higher values indicate higher
levels of conservation. DBD DNA binding domain, AM automodifi-
cation, VLS nuclear localization signal, NoLS nucleolar localization
signal, SAP SAP domain

domain E [25] and on lysine 36 and 37 that are targets of
simultaneous acetylation [26, 27]. The PARP-2 interac-
tome was mapped by Isabelle and coworkers [28], who
identified a large number of proteins. These proteins cov-
ered a wide array of functions such as cell cycle, cell death,
DNA repair, DNA replication, transcription, metabolism,
energy homeostasis, and RNA metabolism.
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Domain F on the C-terminus of PARP-2 harbors the
PARP signature motif carrying the essential amino acid
residues for catalysis [8]. Domain F is separated from
domain E by a caspase-8 cleavage site [29]. PARP-2 and
PARP-1 share a catalytic domain of 69 % similarity, with
the exception that PARP-2 contains an additional three-
amino-acid insertion in the loop connecting the f-strands
k and [ in PARP-1 [8, 30, 31] (Fig. 3). The three-dimen-
sional structure of the catalytic domain also shows high
similarity; however, the catalytic domain of PARP-2 has a
narrower catalytic cleft that likely explains the lower
substrate affinity and turnover rate of PARP-2 as compared
to PARP-1 (Ky for NAD' 50/130 uM; kea/Km
6,000 s~' M~'/323 s7! M~ for PARP-1/-2, respectively)
[8, 30]. PARP-2 accounts for 5-15 % of total PARP
activity in cells depending on the model used [8, 32, 33].
PARP-2 performs auto [18] and hetero-PARylation of
proteins. Troiani and coworkers have identified possible
targets of PARP-2 activity that covered proteins involved
in transcription, translation and mitochondrial organization
[34].

PARP-2 in DNA repair and genomic integrity

PARP-1 is a well-established DNA-repair protein [6],
therefore the functional similarity with PARP-2 suggested
a role for PARP-2 in the maintenance of DNA integrity.
Upon the induction of DNA damage (ionizing irradiation
or laser irradiation), PARP-2 accumulates at the damage
foci [35] with a slower kinetics than PARP-1, and PARP-2
persisted longer at DNA damage sites [36]. In murine
embryonic fibroblasts (MEFs), the loss of PARP-2 leads to
hypersensitivity to ionizing irradiation and cell-cycle arrest
in G1 [23], although PARP-27'~ cells are less sensitive to

Fig. 3 Three-dimensional
structure of the catalytic domain
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ionizing radiation than PARP-1""" cells [23, 24]. In line
with these observations, female lethality due to X chro-
mosome instability was observed in PARP-17"~ PARP-
27" mice [23].

PARP-2 preferentially binds to one-nucleotide gaps
[25] and it is involved in single-strand repair processes.
As shown in murine models, upon the loss of PARP-2,
base excision repair (BER) slows down [18]. Moreover,
PARP-2 interacts with numerous members of the BER
machinery such as XRCCI1, PARP-1, DNA polf, and
DNA ligase III [18] that further signifies its importance in
BER. It is tempting to hypothesize that the early embry-
onic lethality of the PARP-I/PARP-2 double knockout
mice [23] might be due to the strong impairment of DNA
repair processes.

PARP-1 has been described to participate in double-
strand break repair [37]. Nicolas and coworkers [38] have
identified the accumulation of double-strand breaks in
PARP-2""" murine thymocytes. This observation is in line
with a previous report by Yelamos and colleagues [24]
who suggested that PARP-2 interacts with the Ku pro-
teins, mediators of double-strand break repair. Moreover,
Robert and colleagues [39] have identified PARP-2 as a
suppressor of recombination during immunoglobulin class
switch events in murine and human B cells, while Bryant
et al. have suggested that both PARP-1 and -2 are
essential in resolving blocked replication forks by
homologous recombination in CHO and murine embry-
onic fibroblasts (MEFs) [37, 40]. The fact that the ATM/
PARP-2 double-knockout genotype is embryonic lethal
[20] further supports the involvement of PARP-2 in
double-strand break repair during replication. Moreover,
the fact that mitomycin C treatment that leads to DNA
double-strand breakage provoked the induction of PARP-2
expression and other double-strand break repair proteins

/ extra loop

of PARP-1 and PARP-2. Crystal - catalytic catalytic
structure of PARP-1 (3GN7) and ] \, cleft ’ ; 2, cleft
PARP-2 (3KJID) were retrieved «i% o Fo 4 y J
from the protein data bank & B A | .
(PDB, http://www.rcsb.org). 1 r ]
Both structures contain an 2 e | T L M
. .=
inhibitor (in color), the PARP-1 % y s .""\A ‘ A { y b v 1
catalytic domain is in complex v . : / - v
with A861696, while the PARP- = O ( L ) 4 »
2 catalytic domain is in complex 1% P N e #1‘) \
with ABT-888 [31]. The 5 A\ ) b of
catalytic cleft and the PARP-2- 7 ] S A ) =
specific loop is indicated P2 £ ,: 4
o ;
N
__d
PARP-1 PARP-2
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Fig. 4 Tissue-specific functions of PARP-2

in human cervical carcinoma cells also underlines the
involvement of PARP-2 in double-strand break repair
[41].

Appropriate telomere and centromere maintenance
requires PARP-2. PARP-2 binds to and negatively reg-
ulates the DNA binding of telomere-binding protein,
TRF-2 in different rodent and human cell models. The
loss of PARP-2 expression increased the frequency of
spontaneous chromosome and chromatid breaks and the
number of DNA ends lacking detectable telomere repeats
[42].

PARP-2 localizes to centromeres in human and murine
cells in a cell-cycle-dependent manner and interacts with
the kinetochore proteins centromere protein A (CENPA),
centromere protein B (CENPB), and mitotic spindle
checkpoint protein BUB3 in prometaphase and metaphase
[43]. Interestingly, this centromeric accumulation of
PARP-2 is increased when microtubule dynamics are
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disrupted, suggesting a dominant role of PARP-2 in accu-
rate chromosome segregation [44].

Incomplete or insufficient DNA repair may ultimately
lead to either cell death or cellular transformation and
tumorigenesis. PARP-1 has been associated with both cell
death [45] and tumorigenesis [46]. PARP-2 seems to be
involved in cell death regulation similarly to PARP-1 [44,
47]. However, Cohausz and colleagues have found differ-
ences in the expression of cell death genes upon N-methyl-
N'-nitro-N-nitrosoguanidine (MNNG) treatment in PARP-1
and -2 knockdown cells. Furthermore, PARP-2 is also
engaged in tumorigenesis. In mice, the double deletion of
PARP-2 and p53-induced spontaneous lymphomas and
certain sarcomas [38] and decreased expression of PARP-2
correlated with increased susceptibility to alkylator-
induced acute myeloid leukemia (AML) [48]. Results from
these experimental models suggest that PARP-2 has a
dominant role in suppressing leukemias [49].
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Role of PARP-2 in chromatin remodeling and genome
maintenance during spermiogenesis

PARP-2 is expressed in the testis of mice [18] and rats
[50], and is highly expressed in human testis [19].
Moreover, PARP-2 is found in the ejaculated spermato-
zoa in both mice and in humans [44, 51]. However,
PARP-2 seems to be responsible for a smaller portion of
PARP activity than PARP-1 in rat testis [52]. These
observations prompted the study of the possible testicular
functions of PARP-2 in mice. Dantzer and coworkers
have revealed that upon crossing of PARP-27'~ males
and females litter size was lower than in colonies bred
by crossing wild-type mice. A smaller testis size and
high number of abnormal spermatids in the distal
epidymis have also been reported [44].

Decreased spermatogenesis is likely to have multiple
roots that all trace back to insufficient maintenance of
genomic integrity during spermatocyte differentiation (Fig.
4). The differentiation of spermatozoa was found to be
hampered and large numbers of apoptotic cells were
detected in murine testis [44]. Cell death is probably linked
to hampered meiotic sex chromosome inactivation, and the
block of cell division in meiosis I, whereby chromosome
missegregation was detected [44]. Jha and colleagues [53],
based on studies on 18 healthy and 12 infertile humans,
also proposed a role for PARP-2 in the preservation of
genomic integrity by protecting DNA against oxidative
stress. Spermiogenesis involves the compaction of DNA
and the exchange of histones to different protamines [54].
In this process PARP-2 (and PARP-1) regulate the activity
of topoisomerase 11 that is essential for appropriate DNA
organization (e.g., removal of histone 1) [55], transition
protein 2 (TP2) and the transition chaperone HSPA2 [56]
as shown in mice.

Different SNPs impacting PARP-2 functionality may
also hamper human spermiogenesis. Sakugawa and col-
leagues [51] have shown on a cohort of 18 Japanese men
that such PARP-2 SNPs coincide with azoospermia in
humans. Sakugawa and colleagues identified five SNPs.
Three of them fall into the coding region, while two into
the 3’ UTR. The SNPs in the coding region are all in the
catalytic domain. One is synonymous (1159C/T), while
two others (1359G/A and 1469A/C) lead to an amino
acid change: Arg/Gln and Asn/His, respectively. It is
tempting to speculate that changes in the catalytic
domain may affect the catalytic activity of PARP-2.
SNPs in the 3’ UTR (1789A/C and 1790T/C) may
interfere with mRNA stability leading to the reduction of
PARP-2 mRNA copy number and consequently
decreasing PARP-2 protein levels. Lower PARP-2 levels,
or lower PARP-2 activity may interfere with spermio-
genesis as described above.
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The role of PARP-2 in thymopoiesis and inflammatory
regulation

The earliest reports on PARP-2 described high PARP-2
expression in the subcapsular zone of the thymus where
lymphocyte proliferation is the most intense. PARP-2
expression gradually decreases towards the center of the
thymus as lymphocytes differentiate and mature [18, 47].
PARP-2 transcripts were detected in the white pulp of the
spleen and Peyer patches in mice, which also points toward
the involvement of PARP-2 in the proliferation of lym-
phocytes [18].

In line with these observations, the deletion of PARP-2
in mice led to decreases in the weight of thymus and in the
total cell numbers and number of CD4 ", CD8™" thymocytes
in thymus [47] (Fig. 4). The loss of the double-positive
thymocytes was due to enhanced p53-mediated apoptosis
[47]. Increased expression of a pro-apoptotic, bcl-2
homolog NOXA showed correlation with the enhanced
apoptosis [47]. Apoptosis can be reversed by the removal
of p53 [38], suggesting that cell death is induced by
unresolved DNA damage. In line with this observation,
when PARP-2""" mice were bred on a p53_/ ~ background,
spontaneous lymphomas and to a smaller extent other
sarcomas developed in the double-knockout mice [38],
indicating a functional interplay between these two pro-
teins in protecting genome integrity.

It remains to be seen whether atrophy of thymus and the
higher rate of thymocyte apoptosis in PARP-2""" mice
results in a restricted T cell repertoire and altered T cell
responses. In fact, PARP inhibition or PARP-1 depletion
has provided marked protection in most animal models of
inflammation with many of them being dependent on T cell
functions [45, 57]. The defect of PARP-2 seems to be
associated with a narrower spectrum of diseases in murine
models. The lack of PARP-2 impairs astrocyte activation
[58] and provides protection against colitis [59], while it
has no effect in models of contact hypersensitivity [60],
irritative dermatitis [60], or pancreatitis [61]. Interestingly,
a common set of genes (iNOS, II-1, TNF«) has been
shown to be regulated by both PARP-1 and PARP-2,
suggesting similar or overlapping mechanisms in inflam-
matory regulation by the two PARP isoforms. However,
the exact mechanism of protection by genetic PARP-2
deletion is unknown [58, 59].

PARP-2 in the regulation of gene expression

Recent reports revealed that the depletion of PARP-2
modifies the activity of multiple transcription factors [62—
64]. In HepG2 cells depleted of PARP-2 by shRNA, we
have found the dysregulation of more than 600 genes in
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microarray experiments (Szdnté and Bai, unpublished
data), indicating an important role for PARP-2 in the reg-
ulation of gene expression.

PARP-2 acts at multiple levels on gene transcription.
PARP-2 might be capable of modifying chromatin through
regulating transcriptional intermediary factor (TIF)-1f and
heterochromatin protein (HP)-1« [65]: depletion of PARP-
2 modified the expression of two genes (Mest and HNF4)
that are dependent on the TIF1S-HPla complex [65].
Poly(ADP-ribosyl)ation and PARP-1 have eminent roles in
epigenetic control [66—-69]. Based on the similarities of
PARP-1 and PARP-2-catalyzed reactions, and partially
overlapping interactome and acceptor protein profile, it is
tempting to assume that similar epigenetic roles may also
be assigned to PARP-2.

PARP-2 can influence gene expression through more
direct interactions. PARP-2 interacts with topoisomerase I
and topoisomerase I [40, 55] and may thus regulate the
rearrangement of DNA structure in conjunction with RNA
transcription. Moreover, PARP-2 has been shown to
interact with nucleophosmin/B23 [22] that is involved in
rRNA transcription [70]. RNA polymerase I inhibition
removes PARP-2 from the nucleolus; however, the deletion
of PARP-2 does not change rRNA expression. Thus, the
exact mechanism whereby PARP-2 regulates rRNA
expression requires further investigation. On the course of
mRNA expression, also known as RNA polymerase II-
mediated transcription, PARP-2 can act as either a positive
co-factor, or a repressor of gene expression. Transcription
factors regulated by PARP-2 are summarized in Table 1.

Nuclear receptor signaling

PARP-2 has been shown to interact with several members
of the nuclear receptor superfamily such as the peroxisome
proliferator-activated receptors (PPARs) and estrogen
receptor (ER)a.

The group of PPARs has three members, PPARGu,
PPARJS, and PPARy [71] that heterodimerize with the
retinoid X receptor (RXR) and thus binds to DNA [72, 73].
PPARs bind different lipophilic ligands [74] that regulate
their transcriptional activity. PPARs control the expression
of a large set of genes involved in the regulation of energy,
lipid, and glucose homeostasis [75]. The binding of ligands
to the receptors leads to receptor activation and the release
of corepressor proteins and the subsequent binding of
activators [76]. PARP-1 has been suggested to be involved
in nuclear receptor function. Ju and colleagues [77] have
shown that upon estrogen receptor activation, topoiso-
merase IIf creates DNA strand breaks that are resolved
through the action of PARP-1. Moreover, inhibition of
topoisomerase IIf or PARP-1 hampered efficient gene
expression [77].

PARP-2 serves as a cofactor for the members of the
PPAR transcription factor family. The absence of PARP-2
impairs PPARy activation but enhances PPARo and
PPARJ activation [63]. PARP-2 binds to PPARy-driven
promoters and its absence decreases the expression of
genes such as adipocytes protein 2 (aP2), CD36, lipopro-
tein lipase (LPL), and fatty acid synthase (FAS) [63]. Since
PARP-2 is a DNA repair protein and can interact with
topoisomerase I1f [55], it is possible that PARP-2 may also
play a role in resealing transcription-related DNA breaks.
The effects of PARP-2 depletion on PPARa and PPARS
activation were demonstrated only in reporter assays [63],
therefore further molecular and in vivo verification of these
interactions is necessary.

Estrogen receptor (ER)x activation is repressed by the
depletion of PARP-2 in luciferase reporter assays (P. Bai,
unpublished data). The effect of PARP-2 on PPARy and
ERo may share similar molecular characteristics. Further
investigation is required to reveal possible physiological
consequences of the reduced ERo activity upon PARP-2
ablation. It is important to note that PARP-2 does not
interfere with the activation of ERf5, therefore ERf; and its
target genes (e.g., keratin 19) are ideal negative controls in
studies addressing the role of PARP-2 in nuclear receptor-
mediated gene expression [63].

Interaction with SIRT1

SIRT1 belongs to the family of sirtuins. Sirtuins have seven
homologs in humans and mice (SIRT1-7) [78, 79]. SIRT1
is considered to be a nuclear enzyme [80], although it may
also appear in the cytosol [81]. SIRT1 is an NAD™-
dependent protein deacetylase [82] that enables SIRT1 to
sense the energetic status of cells (e.g., changes in NAD"/
NADH ratio) [83]. SIRTI1 is activated by increases in
NAD™ levels, or indirectly by different small molecule
activators such as resveratrol [84], SIRT1720 [85], AMPK
activators [86], or PARP inhibitors [87]. SIRT1 activation
leads to the deacetylation and activation of numerous
metabolic transcription factors such as PPAR gamma
coactivator (PGC)-1a [88], FOXOs [89], and p53 [90].
Their activation leads to increased mitochondrial biogen-
esis and oxidative metabolism through enhancing the
expression of key mitochondrial enzymes involved in ter-
minal oxidation, fatty acid degradation, and mitochondrial
uncoupling in several target tissues [88, 91].

It has been shown that PARP-2 can directly regulate the
expression of SIRT1 [62]. PARP-2 serves as a negative
regulator of SIRT1 expression, as the absence of PARP-2
induces SIRT1 expression and results in higher SIRTI
activity [33, 62]. PARP-2 binds to the murine SIRTI1
promoter in a region between —1 and —91, which is a
highly conserved region among mammals, showing
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Table 1 Transcription factors directly regulated by PARP-2

Name Mode of action Effects Model system Known tissue References
specificity
ER«x Unknown Depletion of PARP-2 Luciferase reporter system  Unknown -
suppress ERo activation in PARP-2-specific
shRNA-treated
HEK293T cells
RXR/PPARo.  Unknown Depletion of PARP-2 Luciferase reporter system  Unknown [59]
enhance PPAR« in PARP-2-specific
activation shRNA-treated
HEK293T cells
RXR/PPARO Unknown Depletion of PARP-2 Luciferase reporter Unknown [59]
enhance PPARJ HEK?293T in PARP-2-
activation specific sShRNA-treated
HEK293T cells
RXR/PPARy  Cofactor of receptor Modulates transcription of  Luciferase reporter system  White adipose tissue  [59]
PPARYy target genes, in PARP-2-specific
Depletion of PARP-2 shRNA-treated
leads to WAT HEK?293T cells; PARP-2
hypofunction knockout mice;
embryonic fibroblasts
from PARP-2 knockout
mice
SIRT1 Transcriptional repressor of PARP-2 depletion induces PARP-2 knockout mice; Skeletal muscle, liver [58, 83]
the SIRT1 promoter. SIRT1 and consequently Luciferase reporter
enhance mitochondrial system in PARP-2-
biogenesis in skeletal specific sShRNA-treated
muscle and liver HEK?293T cells; PARP-2
knockdown C2C12 cells
TTF1 Transcriptional cofactor Regulates the expression of Luciferase reporter system  Lungs [60]

surfactant protein B

in PARP-2-specific
shRNA-treated HeLa/
MLE1S5 cells; interaction
mapping in mice and in
cells

homology even in Xenopus [62]. It must be noted that the
ablation, or pharmacological inhibition of PARP-1 also
induces SIRT1 activity. However, SIRT1 activation in the
absence of PARP-1 depends on enhanced NAD" avail-
ability and the ablation of PARP-1 does not alter the
activity of the SIRT1 promoter [87].

SIRT1 induction upon PARP-2 ablation causes the
deacetylation of PGC-1a and FOXO1, which in turn boost
mitochondrial biogenesis by enhancing the expression of
PGC-1a, uncoupling protein (UCP)-2, muscle isoform of
carnitine O-palmitoyltransferase 1 (mCPTI), acyl coen-
zyme A oxidase I (ACOXI), medium-chain specific acyl-
CoA dehydrogenase (MCAD), malonyl-CoA decarboxylase
(MCD), Ndufa2, cytochrome c (cyt c) and COX IV [62]. The
action of PARP-2 has been shown in multiple organs and
tissues such as skeletal muscle, liver, smooth muscle [33,
62], and an unexpected disadvantageous effect has been
shown in the pancreas [62]. The depletion of PARP-2 was
found not to interfere with SIRT2 or SIRT3 activation [62].

@ Springer

Similar to PARP-2 gene inactivation, SIRT1 activation
has been shown to inhibit the production of inflammatory
mediators and suppress certain forms of inflammation [92—
94]. It is therefore plausible that the induction of SIRTI
may be responsible for the antiinflammatory effect of
PARP-2 depletion in colitis [59] and in astrocyte activation
[58].

Thyroid transcription factor-1

Nkx-2 transcription factors constitute a family of
homeodomain-containing transcription factors. Thyroid
transcription factor (TTF)-1 belongs to the Nkx-2 family
and TTF-1 plays a dominant role in lung morphogenesis,
respiratory epithelial cell morphogenesis, and differenti-
ation [95, 96]. In cultured lung epithelial cells, PARP-2
interacts with TTF1 [64]. By affecting TTF1 activity
PARP-2 may regulate the expression of surfactant
protein-B (Fig. 4).
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The role of PARP-2 in metabolic regulation

Alterations in gene expression accompany various biolog-
ical phenomena ranging from inflammatory responses
(NOXA, TNFa, IL-1f, etc.) to metabolic regulation. The
transcriptional regulatory role of PARP-2 has been linked
to cellular metabolism. PARP-2~"" mice are smaller and
leaner as they have less body fat than their wild-type lit-
termates [62, 63]. At the same time, PARP-2~'" mice
showed higher oxygen consumption rates and lower
respiratory quotients during the active (dark) phase, which
points toward higher fatty acid oxidation [62].

When examining the skeletal muscle of PARP-2
mice, increased mitochondrial content was observed in line
with higher expression of genes related to oxidative
metabolism and fatty acid oxidation, which is in line with
the above-described phenotype [62]. The increase in oxi-
dative metabolism can be explained by higher SIRT1
expression due the loss of the transcriptional repressor
activity of PARP-2. It is the increase in SIRT1 expression
that induces mitochondrial biogenesis through PGC-1a and
FOXO1 deacetylation [62] (Fig. 4).

The liver of the PARP-2~"~ mice displayed character-
istics similar to the ones in skeletal muscle: SIRTI
induction and consequently enhanced mitochondrial bio-
genesis and oxidative metabolism [62] (Fig. 4).
Interestingly, the brown adipose tissue was not involved in
the development of the energy expenditure phenotype in
contrast to PARP-1~"" mice [62, 87)].

The increased energy expenditure fueled by enhanced
mitochondrial biogenesis in skeletal muscle and liver had
beneficial effects on the metabolism of PARP-2~" mice.
PARP-2~"" mice are protected against diet-induced obes-
ity, and insulin resistance of the animals was retained even
after high-fat feeding [62]. Interestingly, PARP-2~"" mice
proved to be glucose intolerant after high-fat feeding [62].
The pancreas in PARP-2~"~ mice failed to appropriately
respond to diet-induced insulin resistance as it showed no
signs of hyperproliferation or reduction in pancreas weight,
islet size, and pancreatic insulin content [62]. Reduced
expression of pancreatic and duodenal homeobox 1 (pdx-1)
is likely to be responsible for the pancreatic hypofunction
in PARP-2~"" mice [62] (Fig. 4).

Functions of the white adipose tissue (WAT) are orches-
trated by the RXR/PPARy receptor [72]. We have shown that
PARP-2 acts a cofactor of the RXR/PPARY dimer [63, 97].
The loss of PARP-2 hampers RXR/PPARY receptor activa-
tion and decreases the expression of certain PPARy-driven
genes (e.g., LPL, CD36, etc.). Due to that alterations in gene
expression, the WAT of PARP-2~"" mice turned hypomor-
phic and hypofunctional [63] (Fig. 4). Moreover, in cellular
models of adipocyte differentiation, the lack of PARP-2
resulted in decreased adipocytic differentiation [63]. It is of
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note that SIRT1 induction may inhibit PPARy [98] that may
provide an auxiliary mechanism underlying WAT hypo-
function in the absence of PARP-2.

PARP-2 in oxidative stress-related diseases

PARP-1 depletion, or pharmacological PARP inhibition is
protective against numerous oxidative stress-related dis-
eases [45]. Depletion of PARP-2 also resulted in a
protective phenotype against diseases associated with
increased oxidative stress. Genetic deletion or silencing of
PARP-2 has provided protection in models of focal and
global cerebral ischemia [99, 100], colitis [59], and doxo-
rubicin-induced vascular smooth muscle damage [33].
Since PARP-2 accounts for a small fraction of total cellular
PARP activity [8, 32, 33], it is unlikely that the ablation of
PARP-2 could protect against the loss of cellular NAD™
and ATP, suggesting different mechanisms of cell death as
compared to the case of PARP-1 ablation.

Cerebral ischemia and doxorubicin-induced vascular
impairment involve mitochondrial damage [101, 102] and
preventing mitochondrial damage proved to be a successful
novel treatment in these pathologies [103-108]. Since
SIRT1 has been demonstrated to enhance or restore mito-
chondrial activity in various tissues [62, 87, 91, 109-111],
it is logical to assume that the interference between PARP-
2 and SIRT1 expression [62] could be key for the protec-
tive phenotype. Indeed, in the case of doxorubicin-induced
vascular damage, enhanced SIRT1 expression and conse-
quent stabilization of the mitochondrial membrane
potential was proposed to be responsible for the protection
provided by the PARP-2""~ phenotype [33] which might
be a prototypical mechanism by which PARP-2 mediates
oxidative stress-related pathologies (Fig. 4). Moreover,
ablation of PARP-2 led to the mitochondrial retention of
apoptosis inducing factor (AIF) [100]. AIF is a mitochon-
drial protein that shuttles to the nucleus upon oxidative
stress-evoked cell death in a PARP-1-dependent manner
[112]. In a model of focal cerebral ischemia, ablation of
PARP-2 only slightly reduced PAR formation but mark-
edly inhibited the nuclear translocation of AIF [100]. This
interesting finding may also be linked to the stabilization of
mitochondrial membrane upon SIRT1 induction.

The involvement of PARP-2 in oxidative stress-related
pathologies points towards the applicability and hence the
development of PARP-2-specific inhibitors. However, all
known PARP inhibitors are capable of inhibiting both
PARP-1 and -2, which is not surprising since the catalytic
domain of the enzymes are very similar and most PARP
inhibitors bind there [30, 31]. In the quest for synthesizing
PARP-2-specific inhibitors, the laboratory of Gilbert de
Murcia suggested the targeting of a loop that is unique in
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PARP-2 [25, 30]. Efforts to develop highly PARP-2-
selective compounds have given rise to inhibitors that have
10-60 fold higher affinity for PARP-2 as compared to
PARP-1 [113-117]. One of these inhibitors, UPF-1069,
which has 60-fold higher affinity towards PARP-2 than
PARP-1, was shown to provide protection against cerebral
ischemia [117]. Although at the moment such selectivity is
the highest achievable, it is possible that in cellular models
or in in vivo settings these inhibitors may partially inhibit
PARP-1, too. Nevertheless, the development of highly
PARP-2-specific inhibitors is of current interest. Since
PARP-2 is a minor PARP isoform, its inhibition is an
attractive way to counteract certain drawbacks of pan-
PARP inhibition or PARP-1-specific inhibitors. Since
PARP-2 accounts for only 5-15 % of PARP activity [8, 18,
32, 33], it is therefore tempting to speculate that its loss
probably would not drastically hamper PARylation-depen-
dent DNA repair. Thus, highly PARP-2-specific inhibitors
may provide a preferable alternative for the treatment of
metabolic diseases, whereas pan-PARP inhibitors may be
superior in severe oxidative injury. However, DNA damage
assessment in such cases is an absolute necessity.

Conclusions and perspectives

PARP-2 has been shown to participate in multiple cellular
processes such as DNA repair, maintenance of genomic
integrity, spermiogenesis, and thymopoiesis. On the other
hand, PARP-2 is involved in transcriptional regulation of
metabolism and oxidative stress response. In fact, this
plethora of functions partly overlaps with the functions of
PARP-1 [24]. A better understanding of the similarities and
differences between the actions of PARP-1 and -2 is of
outmost importance. On the one hand, PARP-1 and -2 can
act synergistically, while on the other hand isoform-spe-
cific functions of the PARP enzymes also exist. Specific
targeting of PARP-2 may help overcome unwanted side-
effects of pan-PARP inhibition.

Understanding the role of PARP-2 in DNA repair may
hold importance in tumor biology. The better understand-
ing of the role of PARP-2 in DNA repair may provide new
knowledge on tumorigenesis, and can be capitalized in
inducing synthetic lethality by joint inhibition of parallel
DNA repair pathways [49].

The metabolic effects of PARP-2 can be exploited in
multiple manners. Obviously, the depletion of PARP-2 can
be utilized in combating metabolic diseases and mito-
chondrial stabilization may overcome oxidative stress-
evoked damage. Better understanding the properties of
PARP-2 may in turn facilitate the development of PARP-2-
specific inhibitors that may have advantages over pan-
PARP inhibitors.
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