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1. BEVEZETES

1.1. A jelatvitel szerepe a proliferacio és a differencialéodas szabalyozasaban

Az emberi szervezetben talalhatd szervek és szdvetek folyamatos (gyakran
élethosszig tartd) fejlédése, ndvekedése, valamint a sérilést kdvetd atépilése-
regeneracidja a kilso és bels6 kérnyezethez vald alkalmazkodas alapfeltétele. Ezen,
az adott egyed mindenkori igényeit messzemenben figyelembe vevd
mechanizmusok élettani mikdédését az egyes sejtek osztédasanak (sejtproliferacio);
egyéni, az adott sejtre jellemzd ,specializalt” fejlodésének (differencialodas); valamint
a sejtek élettartamanak és tulélésének (programozott sejthalal, apoptozis)
dinamikusan valtoz6 szabalyozasa teszi lehetévé (1,2).

A finoman hangolt” proliferacios, differencialodasi és tulélési folyamatok
mikddése soran az egyes sejtek genetikai programja igen sokréti kontroll alatt all,
melyben gyakorlatilag a szervezet valamennyi szabalyoz6 rendszere résztvesz. A
szereppel birnak a kozvetlen sejt-sejt és sejt-matrix kapcsolatok; a humoralis
faktorok (pl. hormonok, citokinek, ndvekedési faktorok, vazoaktiv agensek,
gyulladasos mediatorok) altal Iétrehozott auto-, para- és endokrin intercellularis
kommunikacidés halézatok; a ndvekvo-differencialodo sejteket ellatd neuronalis
végzbdések trofikus hatasai (pl. mitogén hatasu neurohormonok és -peptidek
felszabaditasa réven), stb. (3,4).

A fenti ,neuro-immuno-endokrin” rendszerek elsédleges hirvivéi komplex,
tébblépcsds szignalizacios mechanizmusok aktivitasat megvaltoztatva szabalyozzak
a célsejtek ndvekedését (5,6). Ezen jelatviteli folyamatok magukba foglaljak, tébbek

k6zott, kalénféle sejtfelszini  (metabotrdép, ionotrép) és/vagy intracellularis



(citoplazmatikus, nuklearis) receptorok aktivalédasat; masodlagos hirvivé molekulak
(pl. kalcium, ciklikus nukleotidok, lipidek) képz6dését; protein kinaz és foszfataz
rendszerek aktivitasanak moédosulasat; bizonyos gének kifejez6désének és
atirodasanak megvaltozasat, stb. (5,6). Mivel a kulénféle kommunikaciés
csatornakon keresztul befutd jelek szuperpozicidja, valamint az egymassal szamos
szinten kapcsolddd jelatviteli utvonalak interferencidja hatarozza meg az adott sejt
,sorsat” (proliferacié és/vagy differencialodas és/vagy apoptozis), a folyamatsor
megértéséhez elengedhetetlentl szikséges a sejtszinten zajlé ddéntési
mechanizmusokat befolyasol6 szignalizacios utvonalak felderitése.

A jelatviteli rendszerek mikdédésének patologias mddosulasa mélyrehatd
valtozasokat eredményezhet a sejtek proliferacios és differencialodasi folyamataiban,
mely olyan sulyos kdvetkezményekkel jarhat, mint pl. a daganatos transzformacio,
autoimmun betegségek kifejlédése vagy gyulladasos allapotok kialakulasa (7).
Ismervén ezen korképek incidenciajanak és foként mortalitasanak riasztdéan
emelked6 adatait nem meglepd, hogy a fenti 6sszefliggések is a transzmembran és
intracellularis  jelatviteli folyamatok  aktivitasat = szabalyozo molekulak

tanulmanyozasara iranyitottak a figyelmet.

1.2. A vizsgalt jelatviteli rendszerek
Kisérleteinkben harom jelatviteli rendszer szerepét vizsgaltuk az in vitro és in

vivo sejtproliferacié szabalyozasaban.

1.2.1. A tranziens receptor potencial vanilloid-1 (TRPV1) ioncsatorna
A TRPV1 egy jelentds Ca®'-permeabilitissal rendelkezé nem-szelektiv

kationcsatorna, mely a ,cellularis szenzorokként” mikédé TRP ioncsatornak



csaladjanak egyik képvisel6je (8,9). A csatornat els6ként a csipdspaprikabdl izolalt
kapszaicin cellularis célmolekulajaként irtak le (,kapszaicin receptor”) a spinalis hatsé
gyoki és trigeminalis szenzoros ganglionok kis méret( sejttesttel és C-tipusu axonnal
jellemezheté polimodalis nociceptorain (10). Megallapitottdk tovabba, hogy a
szenzoros neuronokon kifejez6dé receptor kdzponti szerepet télt be a fajdalomérzés
€s a neurogén gyulladas folyamataiban (11,12).

A TRPV1-et a kapszaicinen és a rokon vanilloid vegyuleteken (pl. a
resiniferatoxin) kivul tdbbféle, a szervezetben képz6dd ,endovanilloid” agens is
képes aktivalni és/vagy szenzitizalni. Ezek kézil a TRPV1 legfontosabb endogén
aktivatora a hémérséklet emelkedése (>43°C) és a pH csdkkenése (aciddzis, <pH
5,5). Ezen hatasok mellett szamos, leginkabb gyulladasos mediatornak tekinthet6
anyag (pl. bradikinin, ATP, arachidonsav-szarmazékok, leukotriének, a lipid-
peroxidacié termeékei, az endogén kannabinoidként leirt anandamid, stb.) is képes a
TRPV1 szenzitizaciéjara. Ezek a mediatorok részben direkt modon, részben sajat
(fékent metabotrop) receptoraikhoz koétdédve intracellularis jelatviteli utvonalak
(kinazok, intracellularis hirvivék) modositasa révén szabalyozzak a TRPV1
mikodését (9,11-14).

Féként sajat (az Ertekezésben bemutatott kisérleteket megalapozo)
kutatasainknak k&észénhetben kiderult ugyanakkor az is, hogy a TRPV1 szamos
nem-neuronalis sejtféleségen is kifejez6dik. Megallapitottuk, hogy a TRPV1
funkcionalis formaban expresszalodik emldés hizo- és gliasejteken, és olyan
folyamatok szabalyozasaban vesz részt, mint pl. a sejtek proliferacioja,
differencialodasa, vazoaktiv mediatortermelése és citokinfelszabaditasa (15,16). Ezt
kévetben mas munkacsoportok is kimutattak a TRPV1 molekularis jelenlétét, tébbek

k6zott, pl. epidermalis keratinocitakon, a gasztrointesztinalis és urogenitalis traktus



szamos sejtféleségén, a bronchusok epitéliuman és tébbféle mononuklearis sejten is
(17-19). Kisérleteink megkezdésekor ugyanakkor felderitésre vart a TRPV1-kapcsolt
szignalizacié funkcionalis, a sejtek ndvekedését regulald szerepének, valamint a

molekula szabalyozasanak leirasa, foként human nem-neuronalis sejtpopulaciokon.

1.2.2. Az endokannabinoid rendszer (ECS)

Az elmult két évtizedben a Cannabis sativa névényben megtalalhatd talan
legfontosabb anyag, a névény pszichoaktiv hatasat kifejtd A%-tetra-hidro-kannabinol
(AQ—THC) vizsgalata soran kiderult, hogy a A°-THC szamos, az emberi szervezet altal
termelt endogén vegyllet hatasat ,utanozza”. Ezen Ilipid természeti
endokannabinoid vegyuletek, mint pl. az anandamid vagy a 2-arachidonoil-glicerol
(2-AG), az Oket felismer6 receptorok, valamint az endokannabinoidat szintetizald és
lebontd enzimhalbzat egyuttesen képezi az ECS-t (20-22).

Az endokannabinoidokat el6szor a kdzponti idegrendszerben, mint retrograd
neurotranszmittereket, illetve neuromodulatorokat jellemezték. Megallapitottak, hogy
ezen vegylletek — féként az 1-tipusu, G-protein kapcsolt kannabinoid receptor (CB1),
valamint tobb jelatviteli mechanizmus (pl. cAMP, kinaz rendszerek) aktivalasan
keresztll — kézponti szereppel birnak pl. a tanulas (long-term potentiation), a
memoria és a viselkedési folyamatok szabalyozasaban. Ezzel szemben az
ugyancsak G-protein kapcsolt CB2-t f6ként az immunrendszer sejtjein irtak le, ahol a
receptor aktivacidja mélyrehatd valtozasokat eredményezett a gyulladasos és
immunologia folyamatokban (23-26). Bebizonyosodott tovabba, hogy a fenti
metabotrép receptorokon kivil szamos egyéb molekula (igy egyes TRP csatornak,

mint pl. a TRPV1) is képes a kannabinoidok cellularis hatasainak kdzvetitésére (26).



Erdekes moédon az elmult néhany év kutatasainak készénhetéen kideriilt az is,
hogy az ECS elemei (receptorok, enzimek) szinte minden periférias szervben (igy pl.
sziv, maj, izom, zsirszévet, stb.) megtalalhatbak (23,24). Kisérleteink
megkezdésekor ugyanakkor nem volt ismert az, hogy a kutatasaink kézéppontjaban
allé (human) bérben hogyan mikdédik az ECS, valamint, hogy szerepet jatszik-e a
folyamatos  proliferacios-differenciadlodasi  programmal  jellemezhetdé  sejtek

ndvekedésének szabalyozasaban.

1.2.3. A protein kinaz C (PKC) izoenzimek

A sejten bellli jelatvitel egyik kdzponti molekularis rendszere a PKC
izoenzimcsalad (27). Ezen szerin-treonin kinazok csoportjaban a mai napig 11
kulonb6z6 PKC izoenzimet  kulonbdztettek meg, melyeket aktivacios
mechanizmusaik és szerkezeti sajatsagaik alapjan 4 nagyobb csoportba sorolhatunk.
A ,klasszikus” csoportba (cPKC) a cPKCa, BI, Bll és y izoenzimek tartoznak, mely
fehérjek aktivalodasukhoz diacil-glicerolt (DAG) és kalciumot igényelnek. A masodik
csoportba a ,novel” kalcium-fuggetlen, de DAG-figgd nPKC9, €, n és 6 izoenzimek
tartoznak. A harmadik csoportba az ,atipusos” aPKCC( és M izoenzimek sorolhatok,
melyek aktivalédasukhoz sem kalciumot, sem DAG-analdég forbol-észtert nem
igényelnek. A negyedik csoportot egyetlen enzim a PKCp (ujabb nevén a PKD)
alkotja, mely mind aktivaciojat, mind strukturajat tekintve rendhagy¢ izoformanak
tekinthet6 (28-30).

Szervezetiinknek nincs olyan sejttipusa, amely ne rendelkezne valamely PKC
izoformaval, illetve izoformakkal. Fontos tény ugyanakkor, hogy nem mindegyik
izoenzim talalhatd6 meg minden sejttipusban (28); azaz a PKC izoenzimek a

szervezetben az adott szbvetre, valamint sejtre jellemz6 megoszlast és mintazatot



hoznak létre. Ezen megoszlas gazdagsagabdl fakad, hogy a PKC enzimek az
élettani szabalyoz6 folyamatok legszélesebb skalajat képesek befolyasolni. Alapvetd
és differencialédasanak szabalyozasaban, a programozott sejthalal (apoptdzis)
folyamatsoraban, meghatarozott sejttipusok altal termelt mediatorok (vazoaktiv
anyagok, ndvekedési faktorok, citokinek) szintézisében, ingerlékeny szdvetek
elektrofiziologiai jellegzetességeinek (csatorna-aktivitas, akcios potencial kédolas,
izomkontrakcid) optimalis kialakitasaban, a kdzponti idegrendszer integritdsanak és
mikddésének fenntartdasaban, a szervezet védekez6 mechanizmusaiban
(fagocitdzis, immunglobulin termelés), stb. (6sszefoglalva 31).

Az utdbbi idében egyre tébb bizonyiték szdél amellett, hogy a PKC izoenzimek
nemcsak szerkezeti, aktivacios és megoszlasi heterogenitast mutatnak, hanem
regulaciojuk és bioloégiai szerepuk is jelentdsen kiulénbdzhet egymastol. Felmerdlt
emellett az is, hogy egy adott sejtvalasz (kulénds tekintettel a proliferacio,
differencialodas és regeneracid) kialakitasaban a kulénb6z6 PKC izoformak
nemcsak eltéré aktivitassal vehetnek részt, de hatasuk gyakran ellentétesnek

adodhat (31,32).

2. CELKITUZESEK

21. A TRPV1 vizsgalata soran el6szor célul tlztik ki a receptor azonositasat a
human bér epitelialis és mezenchimalis sejtféleségein, valamint a bér fuiggelékein
(sz6rtusz6, faggyumirigy). Ezt kdvetben jellemezni kivantuk a TRPV1 funkcionalis
szerepét a kulénféle sejtek proliferacidés, differencialodasi és apoptotikus

folyamataiban, valamint a kapcsol6dé immunoldgiai mechanizmusokban. Elemeztik



tovabba a TRPV1-aktivacio hatasat a sejtek szekretoros miikddéesére (lipidszintézis,
citokin- és ndvekedési faktor termelés), valamint bizonyos, a sejtproliferacié és
differencialodas folyamataiban kulcsszerepet jatszé gének expressziojara.

2.2. A TRPV1-medialt sejtvalaszok szabalyozasanak elemzését is végrehajtottuk.
Ennek soran tanulmanyozni kivantuk a sejtproliferaci6 és az apoptodzis

21, TRPV1-medialt valtozasat, valamint a

szabalyozasaban kulcsfontossagu [Ca
funkcionalis ioncsatorna szubcellularis lokalizaciojat. Emellett vizsgaltuk a
sejtndvekedés egyik legfontosabb molekulacsaladjanak, a neurotrofinoknak a TRPV1
mikdédésére gyakorolt hatasat, valamint uUj TRPV1-en haté agonistakat is
azonositottunk.

2.3. A TRPV1 vizsgalatdhoz hasonléan elemezni kivantuk az ECS szabalyoz6
szerepét a human bdérfuggelékek kuldnféle  sejtieinek  ndvekedéseében,
differencialodasi folyamataiban, tulélésében, valamint mediatortermelésében.

2.4. Tobbféle sejtes rendszert alkalmazva emellett tanulmanyoztuk a PKC
izoformak kifejez6désének valtozasat a sejtek proliferacios és differencialtsagi
allapotanak fuggvényében. Vizsgaltuk tovabba a PKC rendszer farmakologiai
befolyasolasanak (PKC aktivatorok és gatlok) hatasat a sejtfolyamatokra. Ezen
tulmenéen molekularis biologiai moddszerekkel megvaltoztatott PKC mintazatu
sejteket hoztunk létre, majd —a kulonféle sejtes modellrendszerekben észlelt
megfigyeléseinket  &sszehasonlitva — izoformaspecifikus  valaszokat  kivantunk
azonositani.

2.5. Végezetul szamos, megvaltozott proliferacids allapottal jellemezhet6é human
megbetegedésben (daganatok, autoimmun betegségek) elemeztik a PKC
izoformamintazat, valamint a TRPV1 és a CB receptorok kifejez6désének esetleges

modosulasait.



3. AZ ELVEGZETT VIZSGALATOK, MODSZEREK

(A rémai szamok a Ertekezés alapjaul szolgalo kézlemények sorszamat jelélik;

A kdzlemények listaja a 6. fejezetben talalhato)

3.1. Az alkalmazott modellrendszerek

A proliferacié, a differencialédas, a sejthalal, valamint ezek patoldgias
megvaltozasainak (pl. tumorgenezis és progresszi0) vizsgalatara szamos sejtes
rendszer talalhaté az irodalomban, melyek jol jellemzik a fenti folyamatok
jellegzetességeit. Kutatasaink soran olyan, féként human rendszereket fejlesztettliink
és alkalmaztunk, melyek (i) sejtjeire az egész életen at tarté folyamatos proliferacio,
differencialodas és regeneracié jellemzé; (i) egymast jol kiegészitve lehetbséget
teremtenek a proliferacié és differencialédas mechanizmusait szabalyozé rendszerek
fébb aspektusainak széleskdrd tanulmanyozasara; valamint (iii) mind fiziologiailag,
mind farmakoldgiailag, mind Klinikailag relevans médon modellezik az in vivo

folyamatokat.

3.1.1. Sejtes in vitro rendszerek

Kutatasaink tulnyomé tdbbségét primer sejttenyészeteken (vazizom,
szOrtuszb-eredetl  keratinocita, monocita-eredetli dendritikus sejtek) (I1,V,XI,XII);
primer szervkulturan (izolalt sz6rtisz6) (ILIX); immortalizalt és daganatos
sejtvonalakon (SZ95 human faggyumirigy-eredetlii szebocita, HaCaT human
epidermalis keratinocita, Cal27 human nyelv laphamkarcindma, MonoMac-6 human
monoblasztos leukémia, C2C12 egér mioblaszt) (I,IV,X-XVIl); valamint egészséges
Onkéntesekbdl és betegekbdl szarmazd primer sejteken (T-limfocita, monocita) (XX)
és szbévetmintakon (b6r, szortisz6, daganatok) (LILIV,IX,X,XVII-XIX) hajtottuk végre.

Emellett szamos homolog és heteroldg expresszios rendszert hoztunk Iétre, melynek



sejtieiben az adott jelatviteli molekuldkat vagy tultermeltettik (rekombinans
overexpresszid); vagy a vizsgalni kivant fehérje kifejez6dését RNS interferencia

(siRNS) technika alkalmazasaval ,lecsendesitettuk” (IV,VI-VIILX,XII,XV,XVI).

3.1.2. In vivo allatkisérletek

Az in vivo proliferacié (tumorgenezis) tanulmanyozasa soran a molekularis
biologiai technikakkal moddositott sejteket Severe Combined Immunodeficiency
(SCID) egerekbe injektaltuk, majd szdvettani és immunhisztokémiai moédszerekkel
elemeztik a kifejlédétt daganatok jellegzetességeit (XV). Vadtipusu, valamint
TRPV1-knockout (KO) egerekben emellett tanulmanyoztuk az in vivo szérndvekedés

folyamatat (lll).

3.2. A jelatviteli molekulak azonositasa

A vizsgalt molekulak fehérje szintl kimutatasara immunhisztokémia/citokémia
(konfokalis mikroszképiaval) (I-VLIX-XV,XVILXVII), Western blot (I,ILIV-VII,X-XX) és
aramlasos citometria (II,IV,V,X,XV,XVI|,XX) technikakat alkalmaztunk, mig a
sejtalkotokat mRNS szinten konvencionalis RT-PCR és kvantitativ ,real-time” Q-PCR
technikak (LI1,1V,V,IX,X,XVII,XVIIl) segitségével azonositottuk. Az endokannabinoidok

termel6dését tomegspektroszkopiaval (VII,X) mutattuk ki.

3.3. Funkcionalis vizsgalatok

A sejtproliferaciét novekedési gorbék  (ILIX,XI-XIII), immunhisztokémia/
citokémia (Ki67) (Il,XI,XV), valamint kolorimetrias (MTT, BrdU) és fluorimetrias
(CyQuant) assay-k segitségével (ILIV,V,X,XIlI-XVII); a differencialédast kulénféle

markerek fehérje és génszintid kimutatasaval (ILIV,V,X-XV); az apoptdzist

10



immunhisztokémia (TUNEL) (IL,IX), aramlasos citometria (Annexin-V) (ILIV,X) és
fluorimetrias (Annexin-V, DilC4(5) mitokondridlis membranpotencial-érzékeny jeldlés)
technikakkal (IV,X); a nekrotikus sejthalalt aramlasos citometria (propidium-jodid)
(ILIV,X) és fluorimetrias (SYTOX Green festédés, glikéz-6-foszfat-dehidrogenaz
felszabadulas) (IV,X) médszerekkel; a kinazok aktivalédasat radioaktiv assay-k és
Western blot metodusokkal (X, XIILXV); mig a sejtek mediatortermelését ELISA
(IV,X) és radioaktiv vizsgalatokkal (XVI) hataroztuk meg. A TRPV1 aktivacidjat
kévetden az intracellularis kalciumkoncentracié ([Ca®']) valtozasait fluorimetrias

mérésekkel (I, V-VIILXIV) tanulmanyoztuk.

4. EREDETI TUDOMANYOS EREDMENYEK

(A rémai szamok a Ertekezés alapjaul szolgald kézlemények sorszamat jelélik;

A kdzlemények listaja a 6. fejezetben talalhato)

Az alabb bemutatandé eredeti tudomanyos eredményeket szolgaltatd
kisérletek tulnyomo tdbbségét a Debreceni Egyetem, Orvos- és Egészségtudomanyi
Centrum (DE OEC) Elettani Intézetében, az altalam vezetett Sejt- és Molekularis
Elettani Laboratériumban végeztilk. Tudomanyos munkankat szamos hazai, valamint
kulféldi klinikai (pl. DE OEC Borklinika és lll. Belklinika; Dept. Dermatology, Univ.
Libeck, Németorszag) és elméleti (pl. DE OEC Biokémiai €s Immunolégiai Intézet;
National Cancer Institute, NIH, USA) kollaboracios partner segitette, mely
kapcsolatok a sajat tudomanyos munkankat jol kiegészitd kisérletes megkdzelitések
egyuttes alkalmazasat tették lehetové. Projektjeink kivitelezésének anyagi feltételeit
a Laboratérium munkatarsai altal elnyert nagyszamu hazai (pl. OTKA, ETT) és

nemzetkdzi (pl. EU Keretprogramok) kutatasi tamogatas biztositotta.
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4.1. A nem-neuronalis sejteken udjonnan leirt TRPV1 funkcionalis szerepe a
sejtproliferacio szabalyozasaban

41.1. A TRPV1 vizsgalata soran az irodalomban els6ként sikerrel azonositottuk a
receptor in situ kifejez6dését a human bér szamos neuroektodermalis (epidermalis
keratinocitak, verejtékmirigyek) és mezenchimalis (Langerhans-sejtek, hizésejtek,
simaizom) sejttipusan, valamint a borfiggelékek kuldnféle sejtpopulacidin (szértiisz6
keratinocitai, faggyumirigyek szebocitai) (L1I).

41.2. Human izolalt sz0rtisz6 szervkultuira modellrendszert alkalmazva
bebizonyitottuk tovabba, hogy a TRPV1 aktivalasa az agonista kapszaicinnel
specifikus (azaz TRPV1 antagonistakkal teljes mértékben felfiiggeszthetd) és
dozisfuggd moédon gatolta a hajszal hosszndvekedését, cstkkentette a szortiszé
korai katagén (regresszids) stadiumra jellemzé morfologiai jegyek kialakulasat
valtotta ki. Human szértisz6-eredetld tenyésztett kiulsé gyodkérhively (ORS)
keratinocitakon, valamint human immortalizalt epidermalis HaCaT keratinocitakon

emellett kimutattuk, hogy a TRPV1 aktivalasa, a [Ca2+]i

receptor-figgd névekedésén
keresztll, gatolta a sejtek proliferaciojat és apoptdzist indukalt. Megallapitottuk
tovabba, hogy a kapszaicin mélyrehaté valtozasokat okozott a hajciklus
szabalyozasaban résztvevé szamos molekula (citokinek, novekedési faktorok)
termel6désében. Azaz, a TRPV1 aktivalasa csokkentette a hajciklus pozitiv
regulatoraként ismert hepatic growth factor, insulin-like growth factor-l (IGF-I) és
scattered factor kifejez6dését, mig a szérndvekedést gatlo transforming growth
factor-B, és interleukin-1p (IL-13) expresszidja emelkedett kapszaicin hatasara (ll).

4.1.3. A TRPV1 ioncsatorna sejt-, illetve szérndvekedést szabalyozé lehetséges

szerepét TRPV1-KO egérmodellben is vizsgaltuk. Kvantitativ hisztomorfometria
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moddszert alkalmazva megallapitottuk, hogy a TRPV1-et nem expresszalé allatok
szOrtiszbinek anagén-katagén transzformacidja jelentés késést mutat a vadtipusu
allatokban mértekhez képest (lll). Mivel ezen adataink j6 dsszhangban voltak a
human sz6értiisz6 szervkulturan mértekkel (lasd Il), eredményeink a TRPV1 kdzponti
szerepét valdszinlsitik a haj- és szérndvekedés in vivo és in vitro nbvekedésének
gatlasaban.

4.1.4. A human pilosebaceous egység masik tagjan (faggyumirigyek) is vizsgaltuk
a TRPV1 mikodését, human faggyumirigy-eredetl immortalizalt SZ95 szebocitakat
alkalmazva. A human faggyumirigy in situ vizsgalatahoz hasonléan (lasd I), az SZ95
szebocitakon is igazoltuk a TRPV1 (fehérje és génszintl) jelenlétét. Kimutattuk
tovabba, hogy a TRPV1 agonista kapszaicin jelentésen és dozisfiggd mdédon gatolta
a szebocitak bazalis és arachidonsav indukalta lipidtermelését, mely hatas egyarant
kivéedhetének bizonyult a TRPV1 specifikus gatloszer iodo-resiniferatoxin
alkalmazasaval, az ioncsatona siRNS-medialt ,csendesitésével’, valamint az
extracellularis kalciumkoncentracio ([Ca*].) csokkentésével. Génszintli (MRNS)
vizsgalataink soran emellett bebizonyosodott, hogy a szebocitakon kifejez6d6
TRPV1 aktivacidja megvaltoztatta a lipidanyagcsere szabalyozasaban szerepet
jatszo transzkripcids faktorok (pl. peroxiszoma proliferator-aktivalt receptor [PPAR]
izoformak) expresszidjat és egyes citokinek (pl. IL-1B) termelését (IV). Mindezen
eredmények a TRPV1-kapcsolt szignalizacio gatlé hatasara utalnak a szebocitak
differencialodasanak (faggyutermelés) szabalyozasaban.

4.1.5. Human monocita-eredetl dendritikus sejteken, az irodalomban elséként,
szintén kimutattuk a Ca®*-csatornaként funkcionaldo TRPV1 jelenlétét. Megallapitottuk
tovabba, hogy a kapszaicin (a TRPV1 specifikus aktivalasan keresztil) gatolta a

dendritikus sejt iranyu differencialédast, az éretlen dendritikus sejtekre jellemzé
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markerek (pl. DC-SIGN, CD11c, HLA-DR) kifejez6dését, valamint a sejtek
fagocitotikus aktivitasat. A TRPV1 aktivacidja emellett jelentésen gatolta a
dendritikus sejtek pro-inflammatorikus citokinekkel kivaltott érését és aktivaciojat;
lecsokkentette szamos dendritikus sejt érési marker (pl. CD83, CCR7) és ko-
aktivaciés molekula (pl. CD40, CD80, CD86) kifejez6dését, valamint egyes
gyulladasos citokinek (pl. IL-6, IL-12) termelését; mikdézben fokozta az anti-
inflammatoérikus 1L-10 szintjét (V). Mindezen adataink azt sugalljak, hogy a
dendritikus  sejteken megtalalhatd6 TRPV1-kapcsolt szignalizaciés  utvonal
gyulladasgatl6é hatassal rendelkezik.

4.1.6. \Vizsgaltuk tovabba a TRPV1 ioncsatorna molekularis szabalyozasat is
kulonféle, a rekombinans TRPV1-et kifejez6 heteroldg expressziés rendszereket
ujonnan létrehozva. Ezen sejtes modellekben kimutattuk, hogy a TRPV1 vanilloid
vegyuletek (kapszaicin, resiniferatoxin) irant mutatott érzékenysége, valamint ezen
agonistak altal beinditott sejtvalaszok (excitacio, [CaZ+]i—n('jvekmény, deszenzitizacio,
sejthaldl) jellegzetességei jelentdés mértékben fliggnek az adott expresszids rendszer
(tranziens, stabil, indukalhatd) tulajdonsagaitél, valamint az [Ca®']e-tol. Kisérleteink
soran bebizonyosodott tovabba, hogy a funkcionalis, kalciumpermeabilis
csatornaként mikdédé TRPV1 nemcsak a sejtfelszini, hanem intracellularis
kalciumraktarként szerepl6 kompartmentek (pl. endoplazmatikus retikulum)
membranjaba is beépilhet (VI).

41.7. A heterolog rendszerek emellett lehet6séget teremtettek uj, a TRPV1
mikddését befolyasold molekulak azonositasara is. Megallapitottuk, hogy a sejt-
szbveti fejlédés, proliferacio és regeneracidé szabalyozasaban k&zponti szereppel
bir6 neurotrofinok —az altalunk vizsgalt nerve growth factor, brain-derived

neurotrophic factor, valamint a neurotrophin-3 és -4 — mindegyike képes a TRPV1
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mikdédésének fokozasara, azaz a receptor szenzitizacidjara (VIl). Bebizonyosodott
tovabba, hogy a orvosi gyakorlatban széleskoériien alkalmazott fajdalomcsillapitd
tramadol a TRPV1 agonistajaként is mikédik, hiszen a klinikai terapias
dozistartomannyal jol korrelald koncentracidkban megemelte a TRPV1-et kifejezd
sejtek [Ca*']-jat, mely hatds a TRPV1 antagonista kapszazepin adagolasaval

kivédhetd volt (VIII).

4.2. Az ECS szerepe a human bérfiiggelékek névekedésének és
differencialodasanak szabalyozasaban

4.21. A pilosebaceous egység tagjain, hasonléan a TRPV1 fent bemutatott
jellemzéséhez, vizsgaltuk az ECS funkcionalis szerepét is. Az irodalomban els6ként
mutattuk ki, hogy human sz6rtisz6ben jelentés mértékben termel6dnek
endokannabinoidok (anandamid, 2-AG). Human szo6rtliszd szervkulturat alkalmazva
megallapitottuk tovabba, hogy az anandamid (valamint a névényi kannabinoid A°-

Iy

THC) dozisfiggd modon gatolta a hajszal elongacidjat és a szortiszd
keratinocitainak proliferacidjat, ugyanakkor apoptézist és katagén regressziot
indukalt a sz6rtiszében. Bebizonyosodott az is, hogy az anandamid fenti hatasait a
szOrtiszbben foként az ORS keratinocitakon (a CB receptorok kézil kizarélagosan)
kifejez6d6 CB1 kozvetitette. Végezetul kimutattuk, hogy —habar az anandamid
szamos sejten aktivalhatia a TRPV1-et —ezen hatasai fuggetlenek a TRPV1-
aktivacié telles mértékben megegyezd (fentebb részletezett, Ilasd 1)
kévetkezményeitdl. Mindezen adatok szinergista, a szérnévekedést gatlé TRPV1- és

CB1-medialt szignalizaciés folyamatok jelenlétére utalnak a human sz6rtiszdben

(IX).
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4.2.2. A human faggyumirigyet vizsgalva megallapitottuk, hogy a tenyésztett SZ95
szebocitak ugyancsak jelentds mennyiségben termelnek endokannabinoidokat
(anandamid, 2-AG). Kimutattuk azt is, hogy az endokannabinoidok a sejteken
kifejez6d6 CB2 stimulalasa, valamint egy komplex intracellularis jelatviteli
mechanizmus beinditasa révén (pl. p42/44 Erk-1/2 mitogén-aktivalt protein kinazok
[MAPK] aktivalasa, PPAR izoformak és célgénjeik atirodasanak fokozasa) jelentésen
fokoztak a szebocitak zsirtermelését. siRNS technika alkalmazasaval emellett
bebizonyosodott, hogy a fenti mechanizmus ,konstitutiven aktiv’; azaz a
faggyumirigyben termel6dé endokannabinoidok folyamatos jelenléte és autokrin-
parakrin hatdsa szikséges a szebocitdk bazalis (normal) zsirtermelésének

fenntartasahoz (X).

4.3. A PKC izoenzimek specifikus, egymassal gyakran ellentétes, valamint
sejttipus-fiiggd szerepe a proliferacio és differencialédas szabalyozasaban
4.3.1. A PKC izoenzimek sejtproliferaciéban betdltétt szerepének vizsgalata soran
el6szoér kimutattuk, hogy a primer human tenyésztett vazizomsejtek jellegzetes PKC
izoformamintazattal rendelkeznek; benniik a cPKCa és y; a nPKC9, n és 6; valamint
az aPKC( jelenléte volt tetten érhet6. Megallapitottuk tovabba, hogy a kuldnféle
izoenzimek szubcellularis lokalizacidjanak mintazata, valamint expressziojanak
szintie az in vitro vazizomsejt proliferacio, fuzi6 és differencialédas kulénb6z6
stadiumaiban eltéréen valtozott (XI).

4.3.2. Ugyanezen sejtes rendszert alkalmazva megallapitottuk tovabba, hogy az
suniverzalis PKC aktivator, DAG-analdég forbol-12-mirisztat-13-acetat (PMA)
dozisfuggd moddon gatolta a vazizomsejtek ndvekedését és differencialédasat.

Konfokalis mikroszkopia alkalmazasaval bebizonyosodott emellett, hogy a PMA
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jelentésen modositotta egyes PKC izoformak szubcellularis lokalizaciojat: a nPKCn
PMA adagolasakor a citoplazmabdl a magmembranba és a magba helyez6détt at; a
nPKCB a citoplazmabdl a magba és feltehetben a nukleoluszba transzlokalédott; mig
a cPKCy a magbdl részlegesen a citoplazmaba kerult at. Mivel a PKC izoformak
transzlokacioja aktivalodasuk jeleként értelmezhetd, eredményeink a fenti izoformak
szerepét valdszinlsitik a PMA vazizomsejt-névekedést gatlo cellularis hatasainak
kifejlédésében (XII).

4.3.3. Kulénféle vazizomsejteken vizsgaltuk tovabba a PKC izoformak lehetséges
szerepét az egyik leghatasosabb szdveti ndvekedési faktor, az IGF-I mitogén
hatdsanak  kialakulasaban. Primer human  tenyésztett vazizomsejteken
megallapitottuk, hogy a nPKCd izoforma kizardlagos szereppel bir az IGF-I
vazizomsejt proliferaciét és differencialédast serkentd hatasanak kifejlédésében (a
MAPK és Akt/foszfatidil-inozitol 3-kinaz rendszerek ugyanakkor nem vesznek részt a
folyamatban). Egér rabdomidoma eredetl immortalizalt C2C12 sejvonalon ugyanakkor
kimutattuk, hogy a nPKCd-specifikus aktivitas kdzponti szerepe mellett a MAPK
utvonal is résztvesz az IGF-| hatasainak kialakitasaban. Bebizonyosodott az is, hogy
C2C12 mioblasztokon a nPKCd a MAPK dutvonal ,upstream” regulatoraként
viselkedik, azaz megel6z6 aktivacidja szikséges a MAPK rendszer aktivitasanak
fokozodasahoz. Mivel (i) a nPKCd konstitutiven aktiv formajanak overexpresszidja
C2C12 mioblasztokban teljes mértékben “utanozta” az IGF-I hatasat; valamint (ii) a
nPKCO® kinaz (dominans) negativ mutansat kifejez6 sejtek nem reagaltak az IGF-I
adagolasara, eredményeink a nPKCd kozponti szerepét bizonyitjagk az IGF-|
hatasainak kialakulasaban vazizomsejteken (XIIl).

43.4. A vazizom Vvizsgalataval parhuzamosan elemeztik a folyamatos

regeneracios aktivitast mutatd human bor keratinocitainak PKC rendszerét, human
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immortalizalt HaCaT epidermalis keratinocita modellt felhasznalva. Hasonlbéan a
vazizomsejtekben tapasztaltakhoz megallapitottuk, hogy a HaCaT keratinocitak is
jellegzetes PKC izoformamintazattal rendelkeznek (cPKCa és (; nPKC9, € és n;
aPKCC(), mely jelentés meértékben valtozott a sejtek proliferaciéja és a nagy
sejtdenzitas indukalta keratinocita differencialédas soran. Bebizonyosodott az is,
hogy az altalanos PKC aktivator PMA, eltér6 médon hatva az egyes izoformakra,
indukalt (XIV).

4.3.5. Ezt kdvetben olyan HaCaT keratinocitakat allitottunk el6, melyek egyes PKC
izoformak konstitutiven aktiv formajat fejezték ki. Ezen sejtek in vitro vizsgalata soran
kimutattuk, hogy a cPKCa és a nPKCd izoformak overexpresszidja jelentbsen
lecsokkentette a sejtproliferaciot, ugyanakkor pozitiv hatast gyakorolt a
differencialodasra és a sejtek apoptozisara. Ezzel ellentétben, a cPKCPB és a nPKCe
aktivitasa fokozta a sejtek ndvekedését, ugyanakkor gatolta a differencialédast és a
programozott sejthalalt. Az in vivo proliferacié (tumorgenezis) tanulmanyozasa soran
a rekombinans technikakkal modositott HaCaT keratinocitakat immunhianyos (SCID)
egerekbe injektaltuk, majd szdvettani és immunhisztokémiai moddszerekkel
elemeztik a kifejlédétt daganatok jellegzetességeit. J6 &sszhangban a
sejttenyészetekben kapott adatokkal megallapitottuk, hogy a cPKCB és a nPKCe
overexpresszidja megnovelte, mig a cPKCa és a nPKCd fokozott aktivitasa
lecsOkkentette a HaCaT keratinocitak in vivo ndévekedési potencialjat. Mindezen
adataink az egyes PKC izoenzimek specifikus, ugyanakkor egymassal ellentétes
szerepére utalnak a human epidermalis keratinocitdk ndvekedésének,

differencialodasanak és tulélésének szabalyozasaban (XV).
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4.3.6. Végezetlul monoblasztos leukémia modellben (MonoMac-6 sejtek) vizsgaltuk
a PKC izoenzimek szerepét. Megallapitottuk, hogy két legnagyobb mennyiségben
valamint arachidonsav termelését. Bebizonyosodott tovabba, hogy a cPKCpB és a
nPKCd ,downstream” célmolekulak (kalcium-independens foszfolipaz Az, DAG-lipaz)
aktivalasan keresztul fejtik ki hatasaikat. Kimutattuk azt is, hogy a cPKCa kisebb
mértékben fejez6dik ki a sejtekben, valamint, hogy —a fenti két izoenzimmel

ellentétes funkciot ellatva —gatolia a MonoMac-6 sejtek proliferaciéjat és

arachidonsav termelését (XVI).

4.4. A jelatviteli molekulak kifejez6dése és funkcioja jelentésen moédosul egyes
human megbetegedésekben

44.1. Human betegségek vizsgalata soran el6szoér kulénféle daganatokban
vizsgaltuk a fenti jelatviteli molekulak kifejez6dését. A TRPV1 vizsgalata soran
megallapitottuk, hogy az ioncsatorna fehérje és génszinti kifejez6dése (mely igen
alacsonynak bizonyult az egészséges nyelv epitéliumaban) dramaian fokozddott a
human nyelv prekancer6zus elvaltozasaban (leukoplakia), valamint nyelv
laphamkarcindmaban. Bebizonyosodott ugyanakkor, hogy a megemelkedett TRPV1
expresszid mértéke nem korrelalt a primer tumorok malignitasanak (hisztopatologiai
gradus) fokaval (XVII).

4.4.2. Afentiekhez hasonléan a human prosztata megbetegedéseiben is vizsgaltuk
TRPV1, valamint a CB1 kifejez6dését. Megallapitottuk, hogy mindkét molekula
(fehérie és mMRNS szintl) expresszidja jelentésen fokozodott human
prosztatakarcindbmaban (PCC). Kimutattuk ugyanakkor, hogy mig a megemelkedett

TRPV1 szint j6 korrelaciét mutatott a PCC ndvekvd gradusaval (azaz a malignitas
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fokaval), addig a CB1 esetében hasonlé jelenséget nem tapasztaltunk.
Bebizonyosodott az is, hogy a CB1 expresszidja nagymértékben megndvekedett
benignus prosztata hiperplazidban, mig a TRPV1 szintle nem valtozott az
egészséges kontrollhoz képest (XVIII). Mindezen adatok arra utalnak, hogy a TRPV1
és CB1 molekulak meghatarozé szereppel birhatnak a human prosztata daganatos
elvaltozasainak kialakulasaban.

44.3. A PKC izoformak kifejez6désében bekdvetkezbd esetleges modosulasokat
el6szdr tranziciondlis sejtes hugyhdlyagkarcindmaban vizsgaltuk. Megallapitottuk,
hogy az egészséges uroepitéliumban altalunk leirt PKC izoformamintazat (cPKCa és
B; nPKCd és ¢; aPKCQ) szignifikdnsan valtozott a primer tumorok gradusanak
fuggvényében. Kimutattuk, hogy a cPKCB és a nPKCd szintje (mely izoformak
jelentés mértékben kifejez6dtek a kontroll hoélyagban) folyamatosan csékkent a
gradus ndvekedésével parhuzamosan. Ezzel ellentétben a cPKCa, a nPKCe és az
aPKCC expresszidja a daganatok gradusaval parhuzamosan emelkedett, azaz a
legmagasabb szintl kifejez6dést a legrosszabb prognoézisu tumorokban tapasztaltuk.
Mindezen adatok azt sugalljak, hogy a PKC rendszer egyes izoformai (feltehetéen
egymassal ellentétes) szereppel birnak a hugyhdlyagkarcinbma patogenezisében
(XIX).

44.4. A PKC izoformak szintjét kilonb6z6 autoimmun betegségekben szenveddk
periférias vér mononuklearis sejtjeiben is tanulmanyoztuk. Az irodalomban els6ként
mutattuk ki, hogy szisztémas lupus erythematosusos (SLE) betegek csékkent
proliferacios kapacitassal jellemezheté T-limfocitaiban a cPKCB; a nPKC9, € és n;
valamint az aPKC( expresszidja, mig az SLE-s betegek monocitaiban a nPKC? és ¢,
valamint az aPKCC szintje jelentds mértékben lecsdkkent az egészséges 6nkéntesek

sejtjeiben mértekhez képest. Bebizonyitottuk azt is, hogy mind a Klinikai javulast
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eredmeényezd in vivo, mind az in vitro kortikoszteroid kezelés (kulénb6z6 mértékben
ugyan, de) a legtébb PKC izoforma expresszidjat az egészséges kontrollhoz kdzeli
ertékre emelte (,normalizalta”). Leirtuk emellett, hogy ezen valtozasok kizarélag az
SLE-s betegek esetében mutathatéak ki, hiszen Sjoégren-szindrobmas és Kevert
Koétészoveti Betegségben (MCTD) szenvedb6k sejtieiben a PKC izoformak

kifejez6dése nem valtozott a kontrollhoz viszonyitva (XX).

5. AZ EREDMENYEK HASZNOSITHATOSAGA

Kisérleteink szamos, a klinikai, farmakologiai és biotechnoldgiai gyakorlatban
kézvetlenll hasznosithaté Uj eredményt szolgaltattak, melyekrdl tdbb 6sszefoglald
publikaciéban is beszamoltunk (az Ertekezéshez csatolva: XXI, XXIl). Ezek kéziil az

alabbiakat emeljuk ki:

5.1. TRPV1 agonistak és CB2 antagonistak (akar kombinalt) alkalmazasa,
valamint az endokannabinoidok termel6dését gatld agensek (pl. a szintetizald
enzimek inhibitorainak) adagolasa sikerrel kecsegtet a faggyumirigy patologiasan
fokozott zsirtermelésével jellemezhetd korképek (pl. acne vulgaris) terapiajaban.
Ezen logikat kovetve a TRPV1 antagonistak, CB2 agonistak, illetve az
endokannabinoidok szintézisét fokozé anyagok (pl. a lebontdé enzimek
gatlészereinek) adagolasa j6 hatékonysagu lehet a szaraz bér (és a hozza

kapcsolodé6 masodlagos korképek, mint pl. a viszketés) kozmetologiai és

dermatoldgiai kezelésében. Mivel a faggyumirigy kénnyen ,hozzaférhetd” a borén
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alkalmazott hatéanyagok szamara, ezen vegyuletek nagy valoszinliséggel helyileg
(pl. krém formajaban) is adagolhatok lesznek.

5.2. A sz6brtuszdben kifejez6d6 TRPV1 és CB1 aktivalasa terapias értéki lehet
fokozott szérndvekedéssel jard kérképekben (pl. hipertrichézis), mig TRPV1 és CB1
antagonistak a cs6kkent hajnévekedéssel és/vagy fokozott hajhullassal jellemezhetd
betegségek (pl. az alopécia kulénbdzd formai, effluvium) kezelésében lehetnek
alkalmazhatok.

5.3. Mivel a TRPV1 aktivalasa jelentésen lecsdkkentette a human epidermalis
keratinocitak névekedéseét, felmertl a TRPV1 agonistainak alkalmazasa a human bér
hiperproliferativ megbetegedéseinek (pl. pikkelysémoér) kezelésében is.

54. A daganatos megbetegedések nagy szazalékat kitevd borgydgyaszati
tumorokban hatékony beavatkozas lehet tovabba a keratinocitak fokozott
szelektiv inhibitorok alkalmazasaval. Masik, az el6z6eket akar kiegészit6 terapias
alternativaként olyan szerek alkalmazasa is sikerrel kecsegtet, melyek a
sejtproliferaciot gatld (és a sejtek differencialodasat elésegité) nPKCd és cPKCa
izoenzimek aktivitasanak fokozasan keresztil fejtik ki hatasukat.

5.5. A fenti gondolatmenetet kévetve természetes és szintetikus TRPV1 és CB1
agonistak ugyancsak uj tamadaspontu daganatellenes szerekként szerepelhetnek a
jovében pl. a bor, a prosztata és a nyelv benignus €s malignus elvaltozasaiban.

5.6. A human dendritikus sejteken tapasztaltak fényében végezetil felmertl a

TRPV1 aktivitasat fokoz6 szerek potencialis gyulladasgatld hatasanak kiaknazasa is.
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7. SCIENTOMETRIA

7.1. Altaldnos adatok
7.1.1. In extenso kbzlemények (teljes palyafutas)
a. A kozlemények szama: 69
i. EbDbOI elsd és utolsoszerzbs: 34
b. A kézlemények 6sszesitett impakt faktora: 289,085
c. A kdzlemeényekre kapott fliggetlen citacidk szama: 927
d. Hirsch-index: 21
7.1.2. In extenso kézlemények (Ph.D. fokozat megszerzése ota)
a. A kozlemények szama: 60
i. EbDbOI elsd és utolsészerzbs: 29
b. A kézlemények 6sszesitett impakt faktora: 243,449
c. A kozleményekre kapott fuggetlen citaciok szama: 571
d. Hirsch-index: 16

7.2. Az Ertekezés alapjaul szolgalé kézleményekre vonatkozé adatok
a. Koézlemények szama: 22
i. EDbDbOI elsd és utolsdszerzés: 20

b. A kézlemények 6sszesitett impakt faktora: 101,798
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Az Ertekezés alapjaul szolgald kézlemények masolatai
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Vanilloid Receptor-1 (VR1) is Widely Expressed on Various
Epithelial and Mesenchymal Cell Types of Human Skin

To the Editor:

A subset of sensory neurons can be defined by their
susceptibility to capsaicin and related vanilloids (Szallasi
and Blumberg, 1999). The molecular target of these agents
is the vanilloid receptor-1 (VR1), which functions as a
calcium-permeable non-specific cation channel (Caterina
et al, 1997). This receptor can also be activated by heat and
acidosis, and by endogenous “endovanilloids” such as
arachidonic acid derivatives and eicosanoids (Di Marzo
et al, 2002). Therefore, VR1 was suggested as a key
integrator molecule of various nociceptive stimuli.

In addition to its presence on sensory neurons, functional
VR1s have also been identified on various non-neuronal cell
types in vitro. We have previously shown that activation of
VR1 in mast cells (Biro6 et al, 1998b) and glial cells (Bir6 et al,
1998a), similar to findings by others on bronchial (Veronesi
et al, 1999) and uroepithelial cells (Birder et al, 2001),
resulted in the onset of a variety of cellular processes such
as changes in proliferation, apoptosis, differentiation, and
cytokine release.

Very recently, a functional VR1 was also identified on
human epidermal keratinocytes (NHEK, Denda et al, 2001;
Inoue et al, 2002; Southall et al, 2003). It is not clear,
however, whether VR1 is also expressed in normal human
skin in addition to sensory neurons and keratinocytes.
Therefore, in this study, our goal was to characterize VR1
immunoreactivity on epithelial and mesenchymal cells of
normal human skin in situ.

Normal skin samples (n = 7; trunk, back), obtained during
plastic surgery, were used as either frozen or formaldehyde-
fixed sections embedded in paraffin (3-5 um thickness in
both cases). To detect VR1, a streptavidin—biotin-complex
(SABC) three-step immunohistochemical technique (DAKO,
Hamburg, Germany) was employed. Inhibition of endogen-
ous peroxidase activity was performed using 0.5% H,05 in
100% methanol. Non-specific binding of the antibodies was
blocked by 2% bovine serum albumin (BSA, Sigma, St
Louis, Missouri) in phosphate-buffered saline (pH 7.6).
Sections were first incubated with an anti-VR1 goat primary
antibody against the N-terminus of VR1 (1:20 dilution, Santa
Cruz, Santa Cruz, California), then with a biotin-coupled anti-
goat secondary antibody (1:500, DAKO), and, finally, with
streptavidin conjugated with horseradish peroxidase (1:400,
DAKO). To reveal the peroxidase activity, DAB (Vector,
Burlingame, California) or VIP SK-4600 (Vector) was

Abbreviations: VR1, vanilloid receptor-1; VR1-ir, VR1 immunoreac-
tivity

employed as chromogenes. Tissue samples were finally
slightly counterstained with hematoxylin Gill | (Surgipath
Europe, Peterborough, UK) and mounted with Aquatex
(Merck, Vienna, Austria).

In control experiments, the specificity of VR1 stain-
ing was assessed by (1) omitting the primary antibody or
by incubating the sections with the VR1 antibody pre-
absorbed with a synthetic blocking peptide (Santa Cruz)
(Fig 1G); (2) using another antibody against the C-terminus
of VR1 (Santa Cruz), which resulted in an identical staining
pattern (data not shown); and (3) performing VR1 immu-
nostaining on frozen skin sections from wild-type C57BL/6J
and VR1 knock-out (VR1/KO) B6.129S4-Trpv1 mice (The
Jackson Laboratory, Bar Harbor, Maine) (Fig 1J, K). In this
latter case, a fluorescein-isothiocyanate (FITC)-conjugated
secondary antibody was used for visualization. Frozen
sections of rat spinal cord were used as positive tissue
controls (Fig 1H, /).

For double immunohistochemistry, frozen skin sections
were first labeled to detect VR1 as described above and
then were again blocked using 2% BSA. To detect mast
cells or dendritic cells, sections were incubated with either a
monoclonal mouse anti-human mast cell tryptase antibody
(1:50, DAKO) or with a monoclonal mouse anti-CD1a (a
dendritic cell-specific marker) antibody (1:20, Novocastra,
Newcastle upon Tyne, UK), then with biotin-conjugated anti-
mouse secondary antibody (1:500, DAKO), and, finally, with
alkaline phosphatase-conjugated streptavidine (1:50 dilu-
tion, DAKO). Endogenous alkaline phosphatase activity was
blocked using Levamisole (Sigma), and Fast blue BB
(Sigma) was applied as a chromogene.

To detect VR1 mRNA expression, skin homogenates
were pulverized in liquid N,. Total RNA was then isolated
using TRIzol (Invitrogen, Paisley, UK) and was reverse
transcribed strictly following the procedure described
before (Southall et al, 2003). PCR amplification was
performed using human VR1-specific primers: sense, 5'-
ctcctacaacagcctgtac-3'; antisense, 5'-aaggcccagtgttgacagtg-
3’ (RT-PCR).

To detect VR1 protein expression, skin homogenates
(60-80 pg protein) were subjected to SDS-PAGE as
described before (Lazar et al, 2003). VR1 expression was
determined by immunoblotting using the above goat anti-
VR1 antibody, a horseradish peroxidase-conjugate rabbit
anti-goat secondary antibody (BioRad, Wien, Austria), and
enhanced chemiluminescence (Amersham, Little Chalfont,
England). For the RT-PCR and western blot analyses,
cultured NHEK and HaCaT keratinocytes were used as
VR1-expressing positive controls (Denda et al, 2001;
Southall et al, 2003). The study was approved by the

Copyright © 2004 by The Society for Investigative Dermatology, Inc.
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Institutional Research Ethics Committee and adhered to
Declaration of Helsinki guidelines.

Since we are currently investigating in detail VR1 expres-
sion and function in human hair biology in a separate study,
hair follicle VR1 immunoreactivity patters were ignored in
this manuscript (Bodé et al, manuscript in preparation).

Using immunolabeling on paraffin-embedded human
skin samples, specific VR1 immunoreactivity (VR1-ir) was
identified on several cell types of human skin (Table I). The
specificity of VR1-ir was approved by using various positive
and negative controls (Fig 1G-/), including skin sections of
VR1/KO mice in which there was a complete lack of VR1-ir
(Fig 1J, K). With respect to the epidermis, confirming pre-
vious data (Denda et al, 2001), VR1 was expressed in the
epidermal keratinocytes. The VR1-ir pattern, however, was
inhomogeneous; i.e., whereas a rather strong cytoplasmic
and nuclear VR1-ir was detected in the basal and spinous
layers, much weaker signals were found in the suprabasal
layers (Fig 1A). Of great novelty, VR1 was also expressed
in CD1a-positive epidermal Langerhans cells (Fig 1B).
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Epidermal melanocytes, instead, were negative for VR1
(data not shown).

In addition to sensory nerve fibers (which also served
as positive controls, Fig 1C), we demonstrated VR1-ir, for
the first time, on various cells populations of the dermis.
A strong VR1-ir was observed on sebocytes (Fig 1D) and
sweat gland epithelium (Fig 1E), on endothelial and smooth
muscle cells of skin blood vessels (Fig 1C-F), on smooth
muscles (Fig 1D), and on tryptase-positive dermal mast
cells (Fig 1F). Connective tissue fibroblasts showed no VR1-
ir (Fig 1C). There was no difference in the VR1 expression
pattern of skin samples of different patients or of different
body sites (data not shown). Finally, the presence of VR1 in
human skin, both at the mRNA and protein levels, was also
demonstrated using Western blotting (Fig 1L) and RT-PCR
(Fig 1M).

The complex functional roles of VR1 signaling in human
skin biology and pathology now await dissection and
clarification. One straightforward possibility is that VR1,
functioning as a calcium-permeable channel (Caterina et al,
1997; Szallasi and Blumberg, 1999), upon activation, leads
to an increase in intracellular calcium concentration
(Ca®*]) and hence may initiate calcium-mediated pro-
cesses. Such calcium-coupled mechanisms were de-
scribed for urinary epithelial cells (nitric oxide release)
(Birder et al, 2001), glial cells (proliferation, differentiation,
apoptosis) (Bird et al, 1998a), and mast cells and epidermal
keratinocytes (pro-inflammatory mediator release) (Bir6 et al,
1998b; Southall et al, 2003). In addition, since most skin cell
functions are strongly affected by [Ca®*]; (Hennings
et al, 1980; Bikle and Pillai, 1993; Vicanova et al, 1998),
VR1 may possess a significant role, e.g., in the regulation of
keratinocyte differentiation and proliferation. This is sup-
ported by our demonstration that the expression of VR1

Figure 1

VR1 immunoreactivity and protein and mRNA expression on
human skin. (A) Immunoreactivity for VR1 (VR1-ir) on epidermal
keratinocytes. Note the stronger staining observed on basal (BK) than
on suprabasal (SBK) keratinocytes (E, epidermis). (B) Co-localization of
VR1 (brown) and CD1a (blue) on Langerhans cells (arrow) of the
epidermis (E), as revealed by double immunolabeling. (C) VR1-ir on
nerve fibers (N) and endothelium and smooth muscle cells of dermal
blood vessels (V). Note the lack of VR-ir on dermal fibroblasts (F,
arrows). (D) VR1-ir on sebocytes (SC), endothelial and smooth muscle
cells of blood vessels (V), and on smooth muscle of dermis (SM). (E)
VR1 expression on sweat gland epithelium (SW, arrows) (C, capillary).
(F) Co-localization of VR1 (brown) and mast cell-specific tryptase (blue)
on dermal mast cells (arrows) (E, epidermis; C, capillary). (G) Negative
control. Specificity of staining was assessed by incubating skin
sections with the VR1 antibody pre-absorbed with a synthetic blocking
peptide. (H) Positive control. VR1-ir (arrows), as observed on the dorsal
horn (DH) of rat spinal cord. (/) Negative control. Lack of VR1-ir (arrows)
on dorsal horn (DH) of rat spinal cord when stained with the VR1
antibody pre-absorbed with a synthetic blocking peptide. (J, K) VR1-ir
on skin of wild type C57BL/6J (J) and VR1/KO (K) mice (an FITC-
conjugated secondary antibody was used for visualization). E,
epidermis; SC, sebocytes. (A, C, D, E, G). Paraffin-embedded sections.
(B, F, H, I-K) Frozen sections. In most cases, DAB was used to develop
VR1-ir, except for C, where VIP SK-4600 was applied as a chromogene;
and C, where VIP SK-4600 was applied as a chromogene. Original
magnifications, A-F: x 400; G: x 40; x H-K: x 100. (L) Western
blot analysis of VR1 protein expression (approximately 90 kDa) in
human skin homogenates and in NHEK and HaCaT keratinocytes. (M)
RT-PCR analysis of VR1 mRNA expression (predicted size of
approximately 680 base pairs, bp) in human skin homogenates and
in NHEK and HaCaT keratinocytes.
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Tablel. Vanilloid receptor-1 (VR1) immunoreactivity (VR1-ir)
on various cell types of human skin

Cell Type VR1-ir
Epidermis
Basal keratinocytes E ++ +
Suprabasal keratinocytes M +
Melanocytes M _
Langerhans cells M ++
Dermis
Mast cells M 4o
Sweat gland epithelium E + 4+ +
Sebocytes E NI
Endothelial cells M ++
Smooth muscle cells M + 4+ +
Connective tissue fibroblasts M -

Intensity of VR1-ir: —, no; +, weak; + +, medium; + + +, strong.
E, neuroectodermal; M, mesenchymal.

among epidermal keratinocytes appeared to be linked to
their distinct differentiation status (Fig 1A). In fact, activation
of VR1 by capsaicin in cultured HaCaT keratinocytes results
in a concentration-dependent inhibition of proliferation (Bird
et al, unpublished observations).

Our findings may possess even therapeutic significance.
The VR1 agonist capsaicin was previously described to act
exclusively indirectly on non-neuronal cells of skin via the
release of various neuropeptides from sensory neurons
(Bird et al, 1998b; Szallasi and Blumberg, 1999; Townley
et al, 2002). This study, however, clearly argues for that
activators of VR1 signaling can directly target cutaneous
structures other than sensory neurons. Therefore, the
“dual” activation of VR1 by exogenous capsaicin or
“endovanilloids” on neuronal and non-neuronal cell types
of the skin likely results in the simultaneous release of
neuropeptides from sensory axons and of other mediators
(e.g., histamine, pro-inflammatory cytokines) from keratino-
cytes, mast cells, or endothelial cells. This could activate
a complex, multi-directional signaling cascade augmenting
the action of the VR1 agonist. No wonder, therefore, that
capsaicin application was found to be most effective in the
treatment of chiefly histamine-dependent and/or neuro-
genic pruritic skin disorders (Greaves and Wall, 1996; Bir6
et al, 1997; Stander et al, 2001, 2003).

In conclusion, in this study, we presented evidence that
VR1-ir is expressed not only on epidermal keratinocytes
of normal human skin (Denda et al, 2001) but also by
neuroectodermal and mesenchymal cell types such as
Langerhans cells, sebocytes, sweat gland epithelium,
endothelial and smooth muscle cells of skin blood vessels,
and mast cells. This widespread, but certainly not ubi-
quitous, VR1 protein expression pattern suggests multiple,
previously unappreciated additional functions for VR1-
mediated signaling, well beyond nociception.
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A Hot New Twist to Hair Biology

Involvement of Vanilloid Receptor-1 (VR1/TRPV1) Signaling in

Human Hair Growth Control

Enik6é Bodd,*t Tamas Bird,** Andrea Telek,*t
Gabriella Czifra,* Zoltan Griger,* Balazs I. Téth,*
Alessandra Mescalchin,® Taisuke lto,T

Albrecht Bettermann,’ Laszlé Kovacs,** and
Ralf Paus’

From the Department of Physiology* and the Cell Physiology
Research Group of the Hungarian Academy of Sciences,’
University of Debrecen, Medical and Health Science Center,
Research Center for Molecular Medicine, Debrecen, Hungary; the
Department of Dermatology,” University Hospital Hamburg-
Eppendorf, University of Hamburg, Hamburg, Germany; and
Cutech SrlS Venice, Italy

The vanilloid receptor-1 (VR1, or transient receptor
potential vanilloid-1 receptor, TRPV1) is activated by
capsaicin, the key ingredient of hot peppers. TRPV1
was originally described on sensory neurons as a
central integrator of various nociceptive stimuli.
However, several human skin cell populations are
also now recognized to express TRPV1, but with un-
known function. Exploiting the human hair follicle
(HF) as a prototypic epithelial-mesenchymal interac-
tion system, we have characterized the HF expression
of TRPV1 in situ and have examined TRPV1 signaling
in organ-cultured human scalp HF and outer root
sheath (ORS) keratinocytes in vitro. TRPV1 immuno-
reactivity was confined to distinct epithelial compart-
ments of the human HF, mainly to the ORS and hair
matrix. In organ culture, TRPV1 activation by capsa-
icin resulted in a dose-dependent and TRPV1-specific
inhibition of hair shaft elongation, suppression of
proliferation, induction of apoptosis, premature HF
regression (catagen), and up-regulation of intrafol-
licular transforming growth factor-f3,. Cultured hu-
man ORS keratinocytes also expressed functional
TRPV1, whose stimulation inhibited proliferation, in-
duced apoptosis, elevated intracellular calcium con-
centration, up-regulated known endogenous hair
growth inhibitors (interleukin-1p, transforming growth
factor-f3,), and down-regulated known hair growth
promoters (hepatocyte growth factor, insulin-like

growth factor-I, stem cell factor). These findings
strongly support TRPV1 as a significant novel player
in human hair growth control, underscore the phys-
iological importance of TRPV1 in human skin beyond
nociception, and identify TRPV1 as a promising,
novel target for pharmacological manipulations of
epithelial growth disorders. (Am J Pathol 2005,
166:985-998)

The tingling or burning sensation that comes along with
the consumption of hot peppers arises from capsaicin.’
The molecular target of this agent is the vanilloid (capsa-
icin) receptor-1 (VR1/TRPV1), which functions as a calci-
um-permeable nonspecific cation channel.”? In addition
to capsaicin, as the best-investigated (exogenous)
TRPV1 ligand, this receptor can also be activated and/or
sensitized by endogenous endovanilloids such as heat,
acidosis, arachidonic acid derivatives, lipid peroxidation
metabolites, and endocannabinoids (such as anandam-
ide), suggesting that TRPV1 operates as a central inte-
grator molecule of various nociceptive stimuli.®# In fact, a
subset of sensory neurons can be defined by their ex-
quisite susceptibility to neuropeptide-depletion and ulti-
mately induction of neuronal degeneration by capsaicin
and other vanilloids such as resiniferatoxin (RTX)."* Clin-
ically, this has long been exploited for the management of
numerous chronic pain (such as postherpetic neuralgia)
and pruritic syndromes.®

However, beginning with our discovery that mast cells
also express functional TRPV1,” we and others have
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subsequently described that TRPV1 expression is much
more widespread than previously thought suggesting
that TRPV1 functions are not limited to sensory ones. It is
now recognized that the activation of TRPV1 on several
neuroectoderm- or mesoderm-derived cell populations,
such as mast cells,” glial cells,® bronchial epithelial
cells,® uroepithelial cells,'® and keratinocytes''~'2 in vitro
results in changes in proliferation, apoptosis, differentia-
tion, and/or cytokine release. Most recently, we and oth-
ers'*® found by immunohistology that human skin and
its appendages prominently express TRPV1 immunore-
activity (TRPV1-ir) in vivo not only on sensory nerve fibers,
but also in the epidermis, hair follicle (HF), sebaceous
gland, and several dermal cell populations. Although this
supports the concept that the functional roles of TRPV1 in
human skin biology reach well beyond nociception, the
full range of the functional properties of TRPV1 signaling
in cutaneous physiology and pathology remains to be
explored and defined.

Because human HF prominently express TRPV1-
ir,”* % and because the HF represents a prototypic, eas-
ily manipulated and abundantly available neuroectoder-
mal-mesodermal interaction system that allows to
exemplarily dissect the effects of test agents on well-
defined epithelial, neural crest-derived, and mesenchy-
mal cell functions under physiologically relevant condi-
tions,’®~2° we chose to explore TRPV1 expression and
functions in this microcosmic tissue interaction system in
situ and in HF organ culture.?’

Specifically, we wished to characterize the expression
of TRPV1 in human HFs in situ to assess the effects of
TRPV1 stimulation on hair shaft elongation, pigmentation,
HF keratinocyte proliferation, and apoptosis as well as on
HF cycling and the expression patterns of selected major
hair growth-regulatory genes in organ-cultured (ie, de-
nervated) human scalp HFs in vitro. This was comple-
mented with studies on the effect of capsaicin on cultured
human outer root sheath (ORS) and HaCaT keratino-
cytes. With the help of these studies in a physiologically
and clinically highly relevant human model system, we
hoped to obtain new hot insight into the functional role of
TRPV1 signaling in epithelial-mesenchymal interactions,
as an essential basis for the design of novel therapeutic
strategies in the management of clinically relevant epi-
thelial growth disorders via the pharmacological target-
ing of TRPV1.

Materials and Methods

Isolation and Maintenance of HFs

The study was approved by the Institutional Research
Ethics Committee and adhered to Declaration of Helsinki
guidelines. Human anagen HFs were isolated from skin
obtained from females undergoing face-lift surgery.®’
Isolated HFs were maintained in 24-multiwell plates in
supplemented Williams E medium (Biochrom, Cam-
bridge, UK) supplemented with 2 mmol/L L-glutamine
(Invitrogen, Paisley, UK), 10 ng/ml hydrocortisone (Sig-
ma-Aldrich, Taufkirchen, Germany), 10 pg/ml insulin

(Sigma), and antibiotics. Length measurements were
performed on individual HFs using a light microscope
with an eyepiece measuring graticule.

ORS and HaCaT Keratinocyte Cultures

Anagen HFs were digested using trypsin to obtain ORS
keratinocytes.®® Similarly, human dermal fibroblasts
(HDFs) were obtained from de-epidermized dermis using
enzymatic digestion. ORS cultures were kept on feeder
layer of mitomycin-treated HDFs?® in a 1:3 mixture of
Ham'’s F12 (Biochrom) and in serum-free medium (SFM,
Invitrogen) supplemented with 0.1 nmol/L cholera toxin, 5
pg/mlinsulin, 0.4 ug/ml hydrocortisone, 2.43 ug/ml ade-
nine, 2 nmol/L triiodothyronine, 10 ng/ml epidermal
growth factor, 1 mmol/L ascorbyl-2-phosphate, and anti-
biotics (all from Sigma). HaCaT keratinocytes were cul-
tured in Dulbecco’s modified Eagle’s medium (Sigma)
supplemented with 10% fetal calf serum (Sigma), 2
mmol/L L-glutamine, and antibiotics.

Histology

Cryostat sections (8 um thick) of scalp skin and cultured
HFs were fixed in acetone, air-dried, and processed for
histochemistry. Hematoxylin and eosin (H&E, Sigma)
staining was used for studying HF morphology whereas
melanin pigment was visualized by the Masson-Fontana
histochemistry.24

Immunohistochemistry and
Immunocytochemistry

For the detection of TRPV1 in human skin, a peroxidase-
anti-peroxidase technique (Linaris, Wertheim, Germany),
using diaminobenzidine as a chromogen, was used.®®
After incubation with a polyclonal goat anti-TRPV1 anti-
body (1:40; Santa Cruz Biotechnology, Santa Cruz, CA),
sections were stained with biotinylated multilink swine
anti-goat/mouse/rabbit 1gG (1:200; DAKO, Glostrup,
Denmark) as secondary antibody and then with an avi-
din-biotin kit (Linaris). As negative controls, the appropri-
ate TRPV1 antibody was either omitted from the proce-
dure or was preincubated with a synthetic blocking
peptide (Santa Cruz). In addition, similarly to as we de-
scribed before,' the specificity of TRPV1 staining was
also measured on tissues recognized to be TRPV1-pos-
itive (rat spinal cord) or TRPV1-negative (spinal cord and
skin samples from TRPV1 knockout mice) (data not
shown).

For the detection of TRPV1 on isolated HFs, two com-
plementary techniques, the tyramide-substrate amplifica-
tion (TSA)?%2” and the alkaline-phosphatase (AP) activity-
based®®?® methods were used. For the TSA technique,
sections were first incubated by the TRPV1 antibody (1:
400), then with biotinylated multilink swine anti-goat/mouse/
rabbit IgG (1:200), and finally with streptavidin-horseradish
peroxidase (TSA kit; Perkin-Elmer, Boston, MA) followed by
an application of tetramethyl-rhodamine isothiocyanate-



tyramide (1:50, TSA kit). Sections were counterstained by
4,6-diamidino-2-phenylindole (DAPI) (1 pg/ml; Boehringer
Mannheim, Mannheim, Germany) for visualization of cell
nuclei. For the AP-based method, after staining with the
TRPV1-antibody (1:40) and the biotinylated multilink swine
anti-goat/mouse/rabbit 1gG (1:200), sections were labeled
by a streptavidin-AP conjugate (1% reagent mixture; Vector
Laboratories, Burlingame, CA). Immunoreactions were fi-
nally visualized using Fast Red (Sigma) and the sections
were counterstained by hematoxylin (Sigma). The intensity
of TRPV1-ir was measured at four previously defined refer-
ence areas of interest of the distal ORS layers at a 0 to 255
UJ/pixel intensity range using the Image Pro Plus 4.5.0 soft-
ware (Media Cybernetics, Silver Spring, MD), and the aver-
age TRPV1-ir was calculated (n = 20 to 30 HFs in each
group). For the detection of TRPV1 in ORS keratinocytes,
acetone-fixed cells were incubated with the TRPV1-anti-
body (1:40) and then a fluorescein isothiocyanate (FITC)-
conjugated secondary antibody (1:400, Vector) was used to
visualize the immunosignal.

To evaluate apoptotic cells in co-localization with a pro-
liferation marker Ki-67, a Ki-67/TUNEL (terminal dUTP nick-
end labeling) double-staining method was used.?®:%°
Cryostat sections were fixed in formalin, ethanol, and
acetic acid and labeled with a digoxigenin-deoxyUTP
(ApopTag Fluorescein In Situ Apoptosis detection Kit;
Intergen, Purchase, NY) in the presence of terminal de-
oxynucleotidyl transferase (TdT), followed by incubation
with a mouse anti-Ki-67 antiserum (DAKO). TUNEL+
cells were visualized by an anti-digoxigenin FITC-conju-
gated antibody (ApopTag kit), whereas Ki-67 was de-
tected by a rhodamine-labeled goat anti-mouse antibody
(Jackson ImmunoResearch, West Grove, PA). Negative
controls were performed by omitting TdT and the Ki-67
antibody.

For simultaneous immunodetection of TRPV1 and NKI/
beteb, a sensitive marker of skin melanocytes,®' ace-
tone-fixed cryostat sections were incubated with a goat
anti-TRPV1 antibody (1:40) and then with a rhodamine-
labeled rabbit anti-goat IgG (1:200, Jackson Immuno-
Research). Samples were then stained with a mouse
anti-NKl/beteb antibody (1:20; Cell Systems, St. Kathari-
nen, Germany) and finally with a FITC-conjugated goat
anti-mouse  secondary antibody (1:200, Jackson
ImmunoResearch).

Staining for transforming growth factor (TGF)-B, was
performed with a rabbit anti-TGF-B, antibody (1:50,
Santa Cruz)®? followed by a FITC-labeled goat anti-rabbit
antibody (1:200, Jackson ImmunoResearch). Filaggrin
immunostaining was performed using a rabbit anti-filag-
grin antibody (1:100; Covance, Richmond, CA) and a
FITC-labeled goat anti-rabbit secondary antibody (1:200,
Jackson ImmunoResearch). The mean fluorescence in-
tensity of TGF-B, and filaggrin was measured at four
previously defined reference areas of interest in the hair
matrix of the hair bulb (for TGF-B,) or in the isthmus
region (for filaggrin) using the Image Pro Plus 4.5.0 soft-
ware (Media Cybernetics), and the average values were
calculated (n = 20 to 30 HFs in each group).
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Quantitative Real-Time PCR (Q-PCR)

Q-PCR was performed on an ABI Prism 7000 sequence
detection system (Applied Biosystems, Foster City, CA)
by using the 5’ nuclease assay. Total RNA was isolated
using either TRIzol (for cell cultures, Invitrogen) or the
RNA easy kit (for HFs; Qiagen, Hilden, Germany). Three
ng of total RNA were then reverse-transcribed into cDNA
by using 15 U of AMV reverse transcriptase (RT) (Promega,
Madison, WI) and 0.025 ug/ul random primers (Promega).
PCR amplification was performed by using the TagMan
primers and probes (assay ID, Hs00218912_m1 for human
TRPV1; assay ID, Rn00583117_m1 for rat TRPV1) using
the TagMan universal PCR master mix protocol (Applied
Biosystems). As internal controls, transcripts of glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) were de-
termined (assay ID, Hs99999905_m1 for human GAPDH,;
assay ID, Rn00576699_m1 for rat GAPDH).

Semiquantitative RT-PCR

The expression of mRNA for TGF-B, in cultured HFs (15
per group) was determined by semiquantitive RT-PCR.33
The total RNA was extracted using the RNA easy kit
(Qiagen) and then was reverse-transcribed with random
primers and RT provided in the First Strand cDNA Syn-
thesis kit for RT-PCR (Boehringer). Subsequent PCR am-
plification [94°C for 5 minutes; 30 cycles of 94°C for 30
seconds, 57°C (TGF-B,) or 55°C (B-actin) for 60 seconds,
72°C for 60 seconds; 72°C for 10 minutes] was per-
formed on the UNO-Thermoblock (Biometra, Géttingen,
Germany) with the following primers (all from Sigma):
TGF-B,, 5’-ATC CCG CCC ACT TTC TAC AGA C-3" and
5’-CAT CCA AAG CAC GCT TCT TCC-3' (GenBank ac-
cession number, Y00083); B-actin, 5'-CGA CAA CGG
CTC CGG CAT GTG C-3’ and 5'-CGT CAC CGG AGT
CCA TCA CGA TGC-3" (GenBank accession number,
NMO001101). The PCR products were visualized on a 2%
agarose gel with ethidium bromide and the photo-
graphed bands were quantified by an Image Pro Plus
4.5.0 software (Media Cybernetics).

Western Blotting

To determine the expression of TRPV1 in cultured cells,
the Western blot technique was applied.®* Cells were
harvested in homogenization buffer [20 mmol/L Tris-Cl,
pH 7.4, 5 mmol/L EGTA, 1 mmol/L 4-(2-aminoethyl)ben-
zenesulfonyl fluoride, 20 wmol/L leupeptin, all from
Sigma] and the protein content of samples was mea-
sured by a modified BCA protein assay (Pierce, Rock-
ford, IL). The samples were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (8% gels were
loaded with 20 to 30 ug protein per lane), transferred to
nitrocellulose membranes (Bio-Rad, Vienna, Austria), and
then probed with the above anti-TRPV1 antibody (1:100).
A horseradish peroxidase-conjugated rabbit anti-goat
IgG antibody (1:1000, Bio-Rad) was used as a secondary
antibody, and the immunoreactive bands were visualized
by enhanced chemiluminescence (Amersham, Little
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Chalfont, UK) on light-sensitive films (AGFA, Brussels,
Belgium).

Calcium Measurement

Changes in intracellular calcium concentration ([Ca®*])
on TRPV1 activation were detected as described be-
fore.®* Cells were cultured on coverslips and a calcium-
sensitive probe fura-2 AM (5 umol/L; Molecular Probes,
Eugene, OR) was introduced into the intracellular space
(1 hour at 37°C). The coverslips, containing the fura-2-
loaded cells, were then placed on the stage of an in-
verted fluorescence microscope (Diaphot; Nikon, Tokyo,
Japan). Excitation was alternated between 340 and 380
nm using a dual-wavelength monochromator (Deltascan;
Photon Technology Int., New Brunswick, NJ). The emis-
sion was monitored at 510 nm with a photomultiplier at an
acquisition rate of 10 Hz per ratio, and the fluorescence
ratio (F540:F5g0) Values were determined. Cells were con-
tinuously washed by Tyrode’s solution (in mmol/L, 137
NaCl, 5.4 KCI, 0.5 MgCl,, 1.8 CaCl,, 11.8 Hepes-NaOH,
1 g/L glucose, pH 7.4, all from Sigma) using a slow
background perfusion system, whereas the agents inves-
tigated were applied through a rapid perfusion system
positioned in close proximity to the cell measured.

Proliferation Assay

Proliferation was measured by a colorimetric bromode-
oxyuridine (BrdU) assay kit (Boehringer).2 Cells were
plated in 96-well multititer plates (for the HaCaT cells,
5000 cells/well; for the ORS keratinocytes, 10,000 cells/
well layered on 5000 cells/well mitomycin-treated HDFs)
in quadruplicates and 4 hours later were treated with
various compounds for 72 hours. Cells were then incu-
bated with 10 wmol/L BrdU for 4 hours, and the cellular
incorporation of BrdU was determined colorimetrically
according to the manufacturer’s protocol. During the pro-
liferation experiments, the following media were used
(see above for detailed compositions): low-Ca SFM (low
Ca®" concentration, 0.4 mmol/L); high-Ca SFM (Ca®*
concentration was set to 2 mmol/L using CaCl,).

Flow Cytometry

The effect of TRPV1 activation on cellular proliferation,
differentiation, apoptosis, and the expressions of various
regulators of HF growth and development were assessed
by flow cytometry. Control and capsaicin-treated ORS
keratinocytes were immunostained with the following pri-
mary antibodies: Ki67 (mouse, 1:100; DAKO), proliferat-

ing cell nuclear antigen (mouse, 1:50; Novocastra, New-
castle on Tyne, UK), filaggrin (rabbit, 1:100; Covance),
cytokeratin-14 (CK-14, mouse, 1:20; Novocastra), CK-17
(mouse, 1:20; Novocastra), involucrin (mouse, 1:50;
Sigma), insulin-like growth factor-I (rabbit, 1:100; Santa
Cruz), hepatic growth factor (1:20, rabbit; Santa Cruz),
c-kit/stem cell factor (SCF, mouse, 1:50; Santa Cruz),
TGF-B, (mouse, 1:50; Santa Cruz), interferon-y (IFN-vy)
(goat, 1:20; Santa Cruz), interleukin (IL)-18 (goat, 1:50;
Santa Cruz), tumor necrosis factor-a (rabbit, 1:20; BD
Pharmingen, San Diego, CA), and fibroblast growth fac-
tor-5 (goat, 1:20; Santa Cruz). FITC-conjugated appropri-
ate secondary antibodies (1:100, Vector) were then ap-
plied and, after fixation, cells were analyzed by a flow
cytometer (EPICS XL-4; Coulter, Miami, FL). After isotype
control calibration, the immunopositive signals were de-
termined (at least 50,000 cells per antigen) and ex-
pressed as the percentage of total cell number. For the
detection of apoptosis, cells were incubated with a FITC-
conjugated annexin-V antibody (Sigma) and analyzed
similarly.

Statistical Analysis

When applicable, data were analyzed using a two-tailed
unpaired t-test and P < 0.05 values were regarded as
significant differences.

Results and Discussion

Human Scalp HFs Express TRPV1 Mainly in the
ORS and in the Hair Matrix

Recent reports suggest the expression of TRPV1 on hu-
man epidermal keratinocytes.”’'® However, given the
substantial differences between epidermal and HF kera-
tinocytes'” 1835 and the multiple changes in their gene
expression patterns that keratinocytes are known to un-
dergo after being placed in culture, we began by char-
acterizing TRPV1 expression in the human HF in vivo,
using full-thickness normal scalp skin obtained during
routine plastic surgery.

As revealed by immunohistochemistry, TRPV1-ir in hu-
man scalp HFs in anagen VI stage of the hair cycle'”'®
was restricted to the follicle epithelium, where it was most
prominent in the ORS and less pronounced in the hair
matrix (Figure 1A). This specific (as assessed by numer-
ous positive and negative controls, see Materials and
Methods section; Figure 1A, inset)'* and marked
TRPV1-ir was comparably high to that previously seen on

Figure 1. TRPV1-ir on human skin and cultured human HFs. A: TRPV1-ir (with diaminobenzidine as a chromogen) on inner root sheath, ORS, and matrix (MK)
keratinocytes (DP). Inset, negative control of TRPV1 staining. B: Negative control of TRPV1 staining. TSA (C, D) and AP (E, F) TRPV1-ir on cultured anagen (C,
E) and catagen (IFN-y-induced; D, F) human HFs. G/1, G/2: Double-fluorescence immunolabeling of TRPV1+ (red, G/1) and NKI/beteb+ (green, G/2) cells
in the human cultured HFs. Note the lack of co-localization of TRPV1-ir on HF melanocytes. Nuclei were counterstained by DAPI (blue fluorescence in B-Dj also
in G, but not shown for clarity). H: Q-PCR analysis of TRPV1 expression in the human HF. Data of TRPV1 expression were normalized to the expression of GAPDH
of the same sample and are expressed as relative mRNA amounts as a function of startup cDNA (relative amount of 1 was defined as the detection threshold).
NTC, nontemplate (negative) control; TRPV1/C6 and TRPV1/CHO, C6 and CHO cells stably expressing the recombinant rat TRPV1 (positive controls). Values are
mean * SEM of three independent determinations. Original magnifications: X100 (A), X200 (B-G).
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epidermal keratinocytes of human skin.' TRPV1-ir, how-
ever, was absent from the inductive, specialized HF mes-
enchyme, the fibroblasts of the dermal papilla (DP) (Fig-
ure 1A). An identical expression pattern of TRPV1-ir, as
assessed by complementary TSA and AP techniques,
was found on anagen VI HFs cultivated in organ cultures
(Figure 1, C and E); ie, most intense signals were local-
ized to the ORS and matrix keratinocytes and (yet much
less intensively) to inner root sheath keratinocytes.

It has long been appreciated in the field that organ-
cultured human HFs usually do not achieve more than
early catagen development, before the follicle begins to
degenerate.?'*® However, using IFN-y as the strongest
in vitro catagen inducer for human scalp HFs described
so far, we have recently even been able induce mid-
catagen stages.?”®” Using these results, it was intriguing
to observe that TRPV1 expression significantly increased
on cultured HFs (especially on the ORS keratinocytes)
that were experimentally induced to undergo the early to
mid stages of HF involution (catagen) phase by 1000
IU/ml IFN-vy (Figure 1, D and F) (catagen I/l was evident
by light microscopy evaluation of morphological signs,
up-regulation of TUNEL+ and down-regulation of Ki67+
keratinocytes of the hair matrix, along with termination of
melanogenesis in the HF pigmentary unit, see below and
in Stenn and Paus' and Mller-Réver et al®®). Image
analysis revealed that the mean staining intensity of
TRPV1 was by 32.3 £ 6.8% (mean = SEM, P < 0.05,n =
20 to 30 HFs in each group) higher in the IFN-vy-treated
(hence catagen I/ll) HFs than in the control (anagen)
ones (data not shown) suggesting that the expression of
TRPV1 in these cells is in fact regulated by the cycling
machinery of the HF.
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To clarify whether some of the TRPV1-ir in the hair
matrix reflected TRPV1 expression by the specialized
melanocytes of the HF pigmentary unit,3° double-immu-
nolabeling was performed with antibodies against TRPV1
and NKIl/beteb, a very sensitive melanocyte marker (Fig-
ure 1G).3" Using this method, we found no co-localization
of the two immunosignals suggesting that HF melano-
cytes, similar to our previous demonstration on human
epidermal melanocytes in situ,' also failed to express
TRPV1. Therefore, both the mesoderm-derived DP fibro-
blast, and the neural crest-derived HF melanocytes did
not express TRPV1 immunoreactivity.

To control whether intraepithelial TRPV1-ir corre-
sponded to the presence of TRPV1 transcripts, RNA was
rapidly extracted from freshly microdissected proximal
human HF in the anagen VI stage of the hair cycle™'°
and subjected to Q-PCR. As shown in Figure 1H, mRNA
transcripts for TRPV1 were unambiguously identified in
normal human scalp HFs. Remarkably, the HFs ex-
pressed TRPV1 at very high levels, which were compa-
rable to those of the two positive controls; ie, Chinese
hamster ovary (CHO) and C6 cells recombinantly over-
expressing the rat TRPV1.%4 Therefore, in vivo the human
HF epithelium indeed transcribes the TRPV1 gene at high
levels, similarly to other nonneuronal epithelial and mes-
enchymal cell types.” '

TRPV1 Stimulation Inhibits Hair Shaft Elongation
and Hair Matrix Keratinocyte Proliferation

To explore the functional consequences of TRPV1 stim-
ulation in vitro under as physiological conditions as pos-
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Figure 2. The activation of TRPV1 inhibits HF elongation. A: Cultured HFs (18 per group) were treated with either the vehicle (DMSO, control) or with various
concentrations of capsaicin (Caps) for the time indicated. B: Cultures were treated with the vehicle (control), 10 wmol/L capsaicin (Caps), or 10 umol/L capsaicin
and 100 nmol/L iodo-RTX (Caps + I-RTX). Length measurements were made on individual HFs using a light microscope with an eyepiece measuring graticule.
All data were compared with those of the control group, and analyzed by two-tailed unpaired #test. Results are expressed as mean = SD. *, Significant (7 < 0.05)

differences. Two to three additional experiments yielded similar results.
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Figure 3. The activation of TRPV1 inhibits proliferation and induces apoptosis in cultured HFs. Co-immunolabeling of proliferating (Ki-67+, red fluorescence)
and apoptotic (TUNEL+, green fluorescence) cells on control (A) and capsaicin-treated (10 umol/L for 5 days, B) cultured HFs. Nuclei were counterstained by
DAPI (blue fluorescence). MK, matrix keratinocytes. C: Statistical analysis of number of Ki-67 and TUNEL+ cells as compared to the number of DAPI+ cells on

several HFs per group. Data are expressed as mean = SD. *, Significant (P < 0.05) differences. Original magnifications, X400.

sible, microdissected, organ-cultured normal anagen VI
scalp HFs were exposed to the prototypic, most exten-
sively studied, and clinically used TRPV1 agonist, cap-
saicin (0.1 to 30 wmol/L)."®®15 Capsaicin significantly
inhibited hair shaft elongation in a time- and dose-depen-
dent manner (Figure 2A), as an indication of hair growth-
inhibitory properties of TRPV1 signaling. Hair growth in-
hibition by capsaicin was further confirmed by the finding
that treatment of cultured HFs by capsaicin for 5 days
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significantly decreased the number of Ki67+ keratino-
cytes in the anagen hair bulb (Figure 3).

The inhibitory effect of capsaicin on hair shaft elonga-
tion was completely abolished by the specific TRPV1
antagonist iodo-resiniferatoxin (I-RTX, 100 nmol/L),*°
demonstrating a TRPV1 specificity of the observed hair
growth-inhibitory effect of capsaicin (Figure 2B). The an-
tagonist alone only exerted a minor, statistically insignif-
icant modulation of HF elongation (data not shown).
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Figure 4. The activation of TRPV1 induces catagen transformation in cultured HFs. Cultured HFs were treated with either the vehicle (A) or with 10 umol/L
capsaicin for 5 days (B), then processed for H&E staining, and the percentage of HFs in anagen or catagen state, according to previously well-defined criteria
(narrower hair bulb and depigmentation in catagen HFs), was determined (C). MK, matrix keratinocytes. Results are expressed as mean * SEM. *, Significant (P <
0.05) differences. Two to three additional experiments yielded similar results. Original magnifications, X100.
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These data unambiguously argue for the functional ex-
pression of TRPV1 in human organ-cultured scalp HFs.

TRPV1 Stimulation Up-Regulates HF
Keratinocyte Apoptosis and Induces Premature
Catagen Onset in Vitro

These findings were further supported by the observation
that the number of TUNEL+ keratinocytes in the hair bulb
significantly increased after capsaicin stimulation, sug-
gesting the induction of apoptosis by TRPV1 stimulation
(Figure 3). This inhibition of proliferation and stimulation
of apoptosis by TRPV1 signaling in normal epithelial cells
of the human HF in situ are perfectly in line with previous
reports on the proliferation-inhibitory and apoptosis-stim-
ulatory effects of TRPV1 activation for example in glial
cells,® and in airway®*' and breast epithelial cells*? in
vitro.

Using quantitative histomorphometry of H&E-staining
section of HFs and analyzing such staining based on
well-defined morphological criteria,'®%® we next as-
sessed the effect of the TRPV1 agonist on HF cycling in
vitro, namely on the anagen-catagen transition, which is
characterized by massive up-regulation of keratinocyte
apoptosis and down-regulation of keratinocyte prolifera-
tion in the anagen hair bulb.®3843 As shown in Figure 4,
capsaicin stimulated the onset of catagen transformation
of the HF; whereas at day 0, most of the HFs (~80%)
were in the anagen VI phase, after 5 days of treatment
with 10 to 30 wmol/L capsaicin, ~50 to 80% of the HFs
had entered catagen (Figure 4C). It should be noted,
however, that capsaicin was primarily capable of induc-
ing only early catagen stages, and that we very rarely
found that HF regression in vitro had progressed into late
stages of the catagen transformation after application of
the TRPV1 agonist.

Characteristically, the onset of catagen is accompa-
nied by an interruption of all pigmentary activity of HF
melanocytes and by a gradual depigmentation of the
lower HF,'®3° which was also evident in capsaicin-
treated HFs (Figure 4, A and B). However, we were
interested in learning whether TRPV1 activation affected
pigmentation on HFs, which were not yet transformed to
catagen. Since the first visible signs of catagen induction
were seen at days 3 to 4 of capsaicin treatment, in the
next experiments, the application of the TRPV1 agonist
was terminated at day 3. Using Masson-Fontana histo-
chemistry, we found that the activation of TRPV1 by cap-
saicin did not modify the pigmentation (data not shown),
which was in accordance with our finding that the mela-
nocytes of the HF pigmentary unit do not express TRPV1
(Figure 1F).

Terminal Differentiation of Human HF
Keratinocytes in Situ Appears To Be
Independent of TRPV1 Stimulation

Next, we investigated whether capsaicin also affected
differentiation in the HF epithelium. Therefore, the expres-
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Figure 5. The activation of TRPV1 does not affect terminal differentiation
but up-regulates TGF-B, expression in cultured HFs. Fluorescence immuno-
labeling of differentiation marker filaggrin on control (A) and capsaicin-
treated (10 uwmol/L for 3 days, B) HFs (the isthmus region exhibiting the most
intense staining is shown). Note the lack of effect of capsaicin on filaggrin
expression (see text for statistics). Fluorescence immunolabeling of TGF-8,
on control (C) and capsaicin-treated (10 wmol/L for 2 days, D) HFs. MK,
matrix keratinocytes. Note the up-regulation of TGF-f, by capsaicin (see text
for statistics). Nuclei were counterstained by DAPI (blue fluorescence). E:
RT-PCR analysis of TGF-B, (and B-actin, used as an internal control) mRNA
expression in cultured HFs. Lane 1, reaction without template (negative
controD); lane 2, control at day 1; lane 3, 10 wmol/L capsaicin treated at day
1; lane 4, control at day 2; lane 5, 10 umol/L capsaicin treated at day 2. bp,
predicted product sizes. F: mRNA of transcripts were quantified by densi-
tometry and the values of TGF-3, were normalized to those of B-actin. Data
of the capsaicin-treated groups, obtained in three independent experiments,
are expressed as mean * SEM values as a percentage of the daily matched
control samples regarded as 100%. *, Significant (P < 0.05) differences.
Original magnifications: X100 (A, B); X400 (C, D).



Table 1. Effect of Capsaicin Treatment on the Expressions of
Different Markers on ORS Keratinocytes

Capsaicin
Marker (% of control)
Proliferation
Ki-67 738 =7(])
PCNA (proliferating cell nuclear 716 =9 (])
antigen)
Apoptosis
Annexin-V 143 =8°(1)
Differentiation
CK-14 (cytokeratin-14) 94.2 + 11
CK-17 (cytokeratin-17) 983 *+6
Filaggrin 102.3 =8
Involucrin 95.1 =13
Hair growth-promoting factors
HGF (hepatic growth factor) 63.5 81" ()
IGF-I (insulin-like growth factor-1) 53+9*(])
SCF (c-kit/stem cell factor) 749 +6* ()
Hair growth-inhibitory factors
FGF-5 (fibroblast growth factor-5) 95 +5
IFN-vy (interferon-vy) 91.3*+9
IL-1B (interleukin-1B) 143.7 =5 (1)
TGF-B, (transforming growth 1286 6% (1)
factor-B,)

TNF-a (tumor necrosis factor-a) 98.6 + 4

Flow cytometry analyses were performed, as described under
Materials and Methods, on control and capsaicin-treated (10 umol/L for
2 days in high-Ca®" SFM) ORS keratinocytes, and values of the treated
samples were normalized as percentage of the control regarded as
100%. Data are expressed as mean + SEM of three determinations.

*Significant (P < 0.05) alterations.

sion of the keratinocyte differentiation marker filaggrin®*

was studied. As before, cultured HFs were treated with
capsaicin only for 3 days, and then immunohistochemis-
try was performed to detect filaggrin expression. As seen
Figure 5, A and B, vanilloid application modified filaggrin
expression only insignificantly: the mean fluorescence
intensity values in the isthmus region were 76.8 = 6.3 for
the control and 80.3 = 4.8 for the capsaicin-treated HFs
(mean = SEM, P > 0.5, n = 20 to 30 HFs in each group,
data not shown). These data suggest that, in contrast to
its effect on HF elongation (Figure 2), proliferation (Figure
3), cycling (Figure 4), and apoptosis (Figure 3), capsa-
icin, similarly to its in vitro action on cultured ORS kera-
tinocytes (see below and Table 1), does not affect in situ
differentiation of HF keratinocyte in a major way. Our
findings, therefore, indicate that the hair growth-inhibitory
effects of TRPV1 stimulation are chiefly based on a stim-
ulation of hair matrix keratinocyte apoptosis and on inhib-
iting proliferation (Figure 3) of these cells. These results
were in contrast with our previous findings on glial cells®
where the growth-inhibitory effect of capsaicin was ac-
companied by the modification of differentiation, sug-
gesting that the characteristics of TRPV1 signaling show
strong cell-type dependence (see also Concluding Re-
marks section).

The Hair Growth-Inhibitory Effects of TRPV'1
Signaling May in Part Be Mediated via TGF-3,

The capsaicin-induced changes on cultured HFs were
very similar to those described for TGF-B,, a well-known
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inhibitor of hair shaft elongation and inducer of both
apoptosis and catagen in human HFs.2"294% Therefore,
we investigated a possible involvement of TGF-B, in the
hair growth-inhibitory effect of TRPV1 stimulation. Capsa-
icin treatment for 2 to 3 days indeed markedly up-regu-
lated the HF expression of TGF-,, both at the protein (as
revealed by immunohistochemistry, Figure 5, C and D)
(at day 2, the mean fluorescence intensity values in the
hair bulb region of the capsaicin-treated HFs were by
132.8 = 13% higher than the control ones; mean = SEM,
P < 0.001, n = 20 to 30 HFs in each group, data not
shown) and the mRNA level (as assessed by RT-PCR;
Figure 5, E and F). In addition, co-culture of anagen HFs
with capsaicin and TGF-B,-neutralizing antibodies par-
tially abrogated the capsaicin-induced inhibition of hair
shaft elongation (35.2 = 6% suppression of the effect of
capsaicin to inhibit hair shaft elongation; mean = SEM,
P < 0.05, n = 6, data not shown). These findings, ie,
TRPV1 activation up-regulated the level of TGF-B, in HFs
that were not yet induced to transform to catagen and
TGF-B,-neutralizing antibodies partially abrogated the
TRPV1-mediated effects indicate that at least some of the
hair growth-inhibitory effects of TRPV1 signaling in epi-
thelial biology may be indirectly mediated by stimulation
of the expression and secretion of TGF-B,. The activation
of TRPV1 very often results in the release of various
cytokines and growth modulatory agents (eg, interleu-
kins, prostaglandins) on numerous cell types such as
mast cells,” bronchial epithelial cells,° and keratino-
cytes.™ However, according to our knowledge, this is the
first demonstration of the link between the TRPV1 and
TGF-B, signaling mechanisms. We should emphasize,
however, the TRPV1-mediated alterations in organ-cul-
tured human anagen VI HFs may indeed recruit other
signaling pathways in addition to TGF-B2 and signaling
via its cognate receptor (see also Concluding Remarks
section).

Human Cultured ORS Keratinocytes, but Not
DP Fibroblasts, Express TRPV1

To double-check and further analyze the data obtained
with intact, microdissected anagen HFs, primary cultures
of human ORS keratinocytes were used, whereas HaCaT
keratinocytes were used as positive controls, since the
latter have previously been reported to express functional
TRPV1."™® By immunocytochemistry (Figure 6A) and
Western blotting (Figure 6B), we were able to present the
first evidence that the TRPV1 protein is indeed expressed
in normal ORS keratinocytes, and this at a level compa-
rable to that of HaCaT keratinocytes (Figure 6B). Using
Q-PCR, we could also detect TRPV1 mRNA transcripts in
ORS keratinocytes and, as expected,'' "% in HaCaT cells
and normal human epidermal keratinocytes (Figure 6C).
In perfect agreement with our findings obtained with cul-
tured HFs (Figure 1) and on human skin in situ,'* TRPV1
was undetectable in cultured HDFs, neither at the protein
(Figure 6B) nor at the mRNA (Figure 6C) level.
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TRPV'1 Stimulation Inhibits the Proliferation,
Elevates [Ca®*], and Induces Apoptosis in
Cultured ORS and HaCaT Keratinocytes

On sensory neurons and several nonneuronal cell types
(including HaCaT cells), TRPV1 functions as a Ca®*-
permeable cation channel.257212.13 Hance, we also
tested whether the application of capsaicin affects the
intracellular Ca®* homeostasis in ORS keratinocytes. As
revealed by optical Ca®* imaging, capsaicin dose-de-
pendently increased [Ca®*]; in ORS keratinocytes (simi-
larly to HaCaT cells) in Tyrode’s solution containing 1.8
mmol/L Ca®* (Figure 6D). In contrast, the TRPV1 antag-
onist I-RTX prevented the [Ca®*]-increasing action of
capsaicin, demonstrating that this is a TRPV1-mediated
event. It is important to note that none of the studied
concentrations of capsaicin was able to significantly
modify [Ca®*], of ORS or HaCaT keratinocytes in vitro
when calcium was removed from the Tyrode’s solution
(data not shown). This supports the concept that the
capsaicin-induced elevation in [Ca®*]; originated chiefly
from the extracellular space via TRPV1.

We also measured the effect of TRPV1 activation on
ORS and HaCaT keratinocyte proliferation using BrdU
enzyme-linked immunosorbent assays. In addition, be-
cause TRPV1-induced cellular events on sensory neu-
rons (eg, excitation, desensitization, and neurotoxicity)
and on nonneuronal cell types (eg, cytokine release) are
chiefly initiated by the influx of Ca®* via TRPV1,"257-9.13
we also investigated the extracellular Ca®* dependence
of TRPV1 activation (this was impossible to measure in
the case of organ-cultured HFs that did not grow and
eventually died in low-Ca®" solutions, data not shown).
As seen in (Figure 6E), in high-Ca®* (2 mmol/L) SFM,
capsaicin dose-dependently inhibited proliferation of
ORS and HaCaT keratinocytes which effect was pre-
vented by I-RTX. However, as a marked contrast, the
TRPV1 agonist exerted a much less growth-inhibitory
effect in low-Ca®* (0.4 mmol/L) SFM. These data strongly
argued for that the TRPV1-evoked cellular responses in
cultured keratinocytes (and presumably in cultured HFs)
are mediated by the concomitant elevation of [Ca®*]..

These assays were complemented with a wide-spec-
trum flow cytometry analysis of alterations in the levels of
selected proliferation and apoptosis markers on capsa-
icin treatment of cultured ORS keratinocytes (Table 1).
Consistent with the above findings (Figures 3 and 6),
capsaicin (10 wmol/L for 2 days in high-Ca®* SFM) sig-
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nificantly suppressed the expression of Ki67 and prolif-
erating cell nuclear antigen also suggesting inhibition of
proliferation. Moreover, the TRPV1 agonist elevated the
number of annexin-V+ cells reflecting stimulation of ap-
optosis (similarly to that seen in the HF, Figure 3). How-
ever, also similarly to data obtained with the cultured HFs
(Figure 5, A and B), capsaicin did not modify the expres-
sion of numerous differentiation markers (Table 1).45-47
These data indicate that the activation of TRPV1 signaling
both on organ-cultured HFs and on primary ORS keratin-
ocytes results in the inhibition of proliferation and induc-
tion of apoptosis, with an insignificant effect on the pro-
cess of differentiation.

TRPV1 Stimulation in ORS Keratinocytes Down-
Regulates the Expression of Hair Growth-
Stimulatory Factors but Up-Regulates the
Expression of Hair Growth Inhibitors

Finally, we investigated whether and how TRPV1 stimu-
lation by capsaicin application altered the protein expres-
sions of various cytokines and growth factors that are well
appreciated to positively or negatively regulate HF
growth (Table 1). Flow cytometry analysis revealed that
vanilloid treatment significantly down-regulated the ORS
keratinocyte expressions of key promoters of HF growth
such as hepatocyte growth factor,'®3%4® insulin-like
growth factor-1,'®4° and stem cell factor.'®°° In contrast,
capsaicin up-regulated the levels of IL-18 and TGF-p,,
well-known potent hair growth inhibitorg'®?21.29:45.51
whereas the expressions of other hair growth inhibitory
agents such as fibroblast growth factor-5, IFN-vy, and
tumor necrosis factor-a'®27:2:53 were not affected.

Concluding Remarks

Taken together, the data reported here introduce va-
nilloid receptors as significant new players in human hair
growth control, with TRPV1-mediated signaling exerting
profound effects on HF keratinocyte proliferation and ap-
optosis, and directly and/or indirectly manipulating a
number of well-recognized hair growth modulators. This
underscores that the physiological functions of TRPV1
and its elusive endogenous ligands, in human skin and
likely other mammalian tissues as well, far extend beyond
sensory neuron-coupled nociception. Thus TRPV1 joins
the group of other receptors (eg, nicotinic and muscarinic

Figure 6. Identification of TRPV1 in cultured ORS and HaCaT keratinocytes, the activation of which elevates [Ca®"], and inhibits proliferation. A: TRPV1-ir (green
fluorescence) in cultured ORS keratinocytes. Nuclei were counterstained by DAPI (blue fluorescence). Inset, negative control of TRPV1 staining. B: Western blot
analysis of TRPV1 expression on cell lysates of ORS and HaCaT keratinocytes, and of HDFs. Arrow indicates predicted molecule size (95 kd). C: Q-PCR analysis
of TRPV1 expression in cultured cells and in the human HFs (for the human HFs, data are identical to those shown in Figure 1H). Data of TRPV1 expression were
normalized to the expression of GAPDH of the same sample and are expressed as relative mRNA amounts as a function of startup ¢cDNA (relative amount of 1
was defined as the detection threshold). NHEK, normal human epidermal keratinocytes. Values are mean * SEM of three independent determinations. D: Fura-2
AM-loaded cells were challenged with various concentrations of capsaicin or with 10 wmol/L capsaicin and 100 nmol/L iodo-RTX (I-RTX) together in Tyrode’s
solution containing 1.8 mmol/L calcium, and [Ca?*]; was determined as described in Materials and Methods. Data are expressed as mean = SEM obtained on 15
to 20 cells per group. *, Significant (P < 0.05) differences compared to the resting [Ca**],. ** Significant (P < 0.05) effect of I-RTX to prevent the action of 10
pmol/L capsaicin to increase [Ca®*];. E: A BrdU proliferation assay. Cells were plated in 96-well multititer plates in quadruplicates and were treated with various
concentrations of capsaicin (Caps) or with 30 wmol/L capsaicin and 100 nmol/L iodo-RTX (I-RTX) together for 72 hours. For determining the extracellular calcium
dependence, experiments were performed in low-Ca** SFM (0.4 mmol/L) and high-Ca** SFM (2 mmol/L). Data are expressed as mean * SEM as a percentage
of the matched control values regarded as 100%. *, Significant (P < 0.05) differences compared to control (vehicle-treated) proliferation. **, Significant (2 < 0.05)
effect of I-RTX to prevent the action of 30 pmol/L capsaicin to inhibit proliferation. Original magnification, X630 (A).
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acetylcholine receptors, tachykinin, or glutamate receptors)
that were originally described as neuron-specific signal
transducers, but later were identified to be functionally ac-
tive on numerous nonneuronal cell types, including those
present in human skin and its appendages.®*~°¢

The concept that TRPV1 signaling targets previously
unappreciated cellular mechanisms is supported by
most recent preliminary data that we have obtained in a
pilot MicroArray assay (using a commercially available
focus chip that contains 1300 genes with recognized
relevance in investigative dermatology). Namely, capsa-
icin treatment (10 wmol/L for 2 days) of organ-cultured
human scalp HFs resulted in the induction of such genes
of agents inhibiting HF growth as insulin-like growth fac-
tor-lI-binding protein-3,°” growth/differentiation factor-15/
macrophage inhibitory cytokine-1/placental TGF-B,%®
and activin pA,%° whereas TRPV1 activation down-regu-
lated the gene expression of matrix GLA-protein precur-
sor (MGP) that is an inhibitor of bone morphogenic pro-
tein-2/TGF-B signaling in the HF.®® Although these
preliminary results remain to be repeated and confirmed
by Q-PCR, they already point to an even wider spectrum
of direct or indirect target genes of TRPV1 signaling that
is apparent from the current study.

Interestingly, although the cellular actions affected by
TRPV1 activation showed clear calcium dependence (ie,
capsaicin was much less effective in inhibiting ORS ker-
atinocyte proliferation in low-Ca®* SFM, Figure 6E), cap-
saicin did not significantly affect terminal differentiation of
cultured ORS keratinocytes, a process that is also de-
pendent on extracellular [Ca®*] in the skin.®® These data
might be explained by several arguments, such as: 1) the
induction of catagen and, therefore, the processes of
apoptosis (along with the inhibition of proliferation) were
initiated earlier by the activation of TRPV1 than possible
alterations in expression of differentiation markers; 2) the
high calcium concentration of the culturing medium
(close to 2 mmol/L), that was required to maintain the HF
in organ-culture, alone induced increased expression of
the differentiation markers filaggrin (Figure 5A); hence,
the TRPV1-mediated calcium influx was unable to further
modify (presumably increase) this elevated level (Figure
5B); 3) the effect of capsaicin of various cellular mecha-
nisms possesses a strong dose and cell-type depen-
dence, as reflected by differential action, eg, on stimula-
tion of cytokine release (in keratinocytes, 1L-8;'® in mast
cells, IL-4 but not tumor necrosis factor-a”), cell death
(apoptosis at small concentrations in thymocytes;®" apo-
ptosis in glial cells,® and in airway®*' and breast epithe-
lial cells;*? necrotic cell death in neurons and, at high
doses, on thymocytes®'), and, as revealed by current
findings, on differentiation (modification of differentiation
on glial cells® but not of ORS keratinocytes, Figure 5); 4)
finally, given that capsaicin treatment up-regulates the
expression of hair growth inhibitors (such as TGF-8, and
IL-1B) whereas down-modulates the levels of the hair
growth stimulators hepatocyte growth factor, insulin-like
growth factor-I, and stem cell factor (Figure 5, Table 1), it
appears that TRPV1 stimulation results in a complex al-
terations of the cytokine network of human HFs, the net

effects of which eventually coalesce in the cellular HF
changes described in Figures 2 to 6.

The well-defined, close physical association of TRPV1-
expressing sensory nerve fibers with the TRPV1-express-
ing ORS keratinocytes of the HF,®2%% along with other
TRPV1-positive nonneuronal cell types such as, eg, mast
cells and Langerhans cells,”'* % invite an intriguing hy-
pothesis with potential therapeutic implication. Namely,
the dual activation of TRPV1 by exogenous capsaicin or
endovanilloids (such as eicosanoids and prostaglandins
that are also found in the HF®*) on neuronal and nonneu-
ronal cell types of the skin likely results in the simulta-
neous release of neuropeptides from sensory axons and
of other mediators (eg, histamine, proinflammatory cyto-
kines) from HF cells, presumably from ORS keratino-
cytes. Given the recognized hair growth-modulatory
properties of such sensory neuron-derived neuropep-
tides as substance P and calcitonin gene-related pep-
tides'©9%€6 and the involvement of TRPV1-expressing
mast cells”'* in hair growth,5”¢® this could activate com-
plex, multidirectional signaling cascades including aug-
mentation of the action of the TRPV1 agonists and mast
cell degranulation both via TRPV1 and certain neuropep-
tide receptors such as NK1. The activation of such com-
plex cascades may also explain why TRPV1 stimulation
by capsaicin, under defined circumstances (various ap-
plied concentrations, telogen versus anagen HF stages,
species differences), can even stimulate hair growth in
mice,®® ie, can induce anagen in telogen HF in vivo (note
that in the current in vitro study the hair growth-inhibitory
effects of capsaicin were seen on human scalp HFs that
exhibited maximal growth activity, ie, anagen VI). Further-
more, preliminary observations from our currently ongo-
ing studies in TRPV1 knockout mice'* (such as alter-
ations in HF cycling, effects on HF Kkeratinocytes
proliferation and perifollicular mast cells) appears to be
also consistent with the concept that TRPV1 signaling is
indeed a key molecular mechanism in hair biology (Bodo
and colleagues, study in progress).

Taken together, the current study not only gives a hot
new twist to human hair growth control by introducing
TRPV1 signaling as a potent, physiologically relevant hair
growth-inhibitory force that may be clinically exploited,
eg, for the treatment of unwanted hair growth (hirsutism)
by the topical application of TRPV1 agonists, and of hair
loss (effluvium, alopecia) by administering TRPV1 antag-
onists. Our study also highlights that TRPV1 signaling is a
major, newly recognized player in epithelial biology in
general—both by its direct effect on epithelial tissues
(eg, epidermal and ORS keratinocytes) and its complex
indirect effects on neuroectodermal-mesenchymal inter-
action (eg, via the modification of neuropeptide release
from sensory skin nerves and of skin mast cell activation).
This invites one to systemically explore in future studies
how the anti-proliferative TRPV1 signaling can be manip-
ulated in a clinically desired manner by endogenous and
exogenous ligands in the management of hyperprolifera-
tive epithelial growth disorders of the skin (eg, psoriasis,
actinic keratosis, keratoacanthoma, and squamous cell
carcinoma) and elsewhere. Therefore, clinicians who ap-
ply agents that activate and/or sensitize TRPV1 (eg, cap-



saicin or resiniferatoxin

1:5.6.14.15.69) now need to take the

above into account.
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TO THE EDITOR

The vanilloid receptor-1 (or transient
receptor potential-1, TRPV1) is a Ca® -
permeable cation channel that be
stimulated by capsaicin, the pungent
ingredient of chili peppers (Caterina
et al, 1997; Szallasi and Blumberg,
1999). TRPV1 was first described on
capsaicin-sensitive nociceptive neurons
that respond to various painful stimuli
(Di Marzo et al., 2002). Therefore,
TRPV1 is recognized as a central
integrator of noxious stimuli (Tominaga
et al., 1998).

There is increasing appreciation,
however, that functions of TRPV1 sig-
naling extend far beyond the sensory
nervous system (Biré et al., 1998a, b;
Veronesi et al., 1999; Birder et al,
2001). In the skin, human epidermal
and hair follicle keratinocytes, mast
cells, and Langerhans cells are promi-
nently positive for TRPV1 (Denda et al.,
2001; Inoue et al., 2002; Stander et al.,
2004; Bodo et al.,, 2004, 2005) and
TRPV1 agonists have been shown to
modulate mast cell (Bir6 et al., 1998b)
and keratinocyte functions (Inoue et al.,
2002; Southall et al., 2003). In addition,
we have recently provided the first
evidence that TRPV1 signaling is
indeed physiologically important in
normal human skin in situ, by present-
ing that TRPV1 activation promotes hair
follicle regression (catagen) and hair
matrix keratinocyte apoptosis, whereas
it inhibits hair matrix keratinocyte
proliferation and retards hair shaft
elongation in vitro (Bod6 et al., 2005).

Given the unsurpassed instructive-
ness of mouse models for hair research
(Nakamura et al, 2001; Stenn and
Paus, 2001), we now wish to examine
whether (1) the expression of TRPV1
changes during the murine hair cycle

and (2) the deletion of functional
TRPV1 has any effect on hair follicle
cycling in vivo.

A tissue bank was prepared from
adolescent back skin of female C57BL/6
mice in which hair follicle cycling had
been induced by depilation (Paus et al.,
1994, Maurer et al., 1997; Miller-
Rover et al., 2001). This was used for
immunohistological detection of hair
cycle-associated differences in TRPV1
expression. The functional role of
TRPV1 signaling was addressed by
quantitative histomorphometry of spon-
taneous, experimentally unmanipulated
hair follicle cycling during the first
murine hair cycle (P19-P45), compar-
ing TRPV1 knockout B6.12954-Trpv1
mice (Jackson Laboratory, Bar Harbor,
MA) and their age-matched littermates.
Cryostat sections of back skin (at least
three animals each per time point)
processed for histology; hematoxylin—
eosin-stained sections were counted
and hair follicles were morphologically
assigned to their respective hair cycle
stages.

For the detection of TRPV1 immuno-
reactivity, the tyramide-amplification
(TSA, lto et al,, 2004) and a peroxi-
dase-based ABC technique (Paus et al.,
1998) were performed. Sections were
first incubated with a primary rabbit
anti-TRPV1 antibody (H-150, sc-20813;
Santa Cruz BT, Santa Cruz, CA) (1:500
in TNB buffer for TSA, Perkin Elmer,
Boston, MA and 1:50 in TBS for ABC),
with  biotinylated multilink  swine
anti-goat/mouse/rabbit  1gG  (DAKO,
Glostrup, Denmark, 1:200 in TNB),
and then by a streptavidin-horseradish
peroxidase (1:100 in TNB for TSA;
avidin-biotin  peroxidase for ABC,
Linaris, Wertheim, Germany). Finally,
we applied fluorescein isothiocyanate-

Abbreviations: IR, immunoreactivity; TRPV1, receptor potential-1

© 2006 The Society for Investigative Dermatology

tyramide (1:50 in Amplification Dilu-
ent, TSA kit), or diamino-benzidine
(Linaris), respectively and then sections
were counterstained. The employed
positive (mouse spinal cord) and nega-
tive controls (the primary antibody was
omitted or sections were preincubated
with a specific blocking peptide; spinal
cord and skin of Trpv-1""" mice)
unambiguously argued the specificity
and sensitivity of the immunoreactivity
patterns. (Note that the TRPV1 positi-
vity on sebaceous glands is a false-
positive result as negative controls as
well as sebaceous gland of Trpv-1~"~
mice skin showed immunosignals.) The
study was approved by the Institutional
Research Ethics Committee.

Similar to human epidermis, adole-
scent wild-type C57BL/6 mouse skin
showed strong TRPV1 immunreactivity
(IR) on (mostly basal) epidermal kerati-
nocytes (Figure Ta). In addition, also
similarly to our previous human data, in
the hair follicle, TRPV1-IR was exclu-
sively restricted to the epithelial com-
partments (note the TRPV1-negativity of
the dermal papilla during all hair cycle
phases). Analysis of depilation-induced
hair follicle cycling in these mice,
however, revealed discrete, but impor-
tant and statistically significant changes
in the observed specific IR patterns
corresponding to TRPV1 protein ex-
pression (Figure 1a—q).

Intriguingly, the strongest IR signal
was detected on keratinocytes of the
epithelial strand of the regressing cata-
gen follicle (Figure To-p) and of the
secondary hair germ of telogen hair
follicles (Figure 1c, d, m and n). With
the exception of an asymmetric, disc-
like region in the anagen VI hair matrix
(Figure 1i and k), the most highly
proliferating cell populations in the hair
follicle epithelium showed a slightly
reduced intensity of TRPV1-IR (Figure

www.jidonline.org 1909
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Figure 1. TRPV1 expression throughout the murine hair follicle cycle. (a) TRPV1-IR on (mostly basal) epidermal keratinocytes. (epi: epidermis) (b) Strong
TRPV1-IR on outer root sheath (ORS) keratinocytes, but lack of expression on inner root sheath (IRS) keratinocytes and hair shaft of mature anagen follicles.
(c-p) TRPV1-IR during depilation-induced hair cycle: (c,d and m,n) Telogen follicles: the most intensive TRPV1 signal was found on the secondary hair germ
(SHG). No TRPV1-IR on dermal papilla (DP). Note that the TRPV1-IR of sebaceous glands (SG) is a non-specific signal. (e,f) Early anagen follicles: most intensive
TRPV1 expression on ORS, moderate reactivity on IRS. (g,h) Mid-anagen follicles, (i) Late-anagen follicles: TRPV1-IR on ORS and on the asymmetric,
disc-shaped field of matrix keratinocytes (MK). (o,p) Strongest IR on keratinocytes of the epithelial strand (ES) of the regressing catagen follicle. (q) Schematic
illustration of TRPV1-IR during the cycle. (a, d, f, h, j, I, n, p) Peroxidase-based ABC method with DAB substrate; (b, c, e, g, i, k, m, 0) TSA technique with

fluorescein isothiocyanate labeling.

1i-I). The inner root sheath and the
distal, precortical hair matrix also
showed only strongly reduced TRPV1-
IR (Figure 1b, e).

As TRPVT activation by capsaicin
caused hair follicle regression (anagen—
catagen transition) in human hair
follicle organ culture (Boddé et al.,
2005), spontaneous hair follicle-cycling
was compared between age-matched
TRPV1 wild-type and knockout mice
by quantitative histomorphometry. The
skin of Trpv-1"" mice showed no
obvious macroscopic or microscopic
abnormalities compared to age-
matched wild-type control. However,
on day 19, Trpv-1~"" mice exhibited a

significant delay in the first spontaneous
transition of their hair follicles from
morphogenesis stage 8 (which is often
confused with “'the first anagen’’, see
Paus et al., 1999) compared to wild-
type littermates (Figure 2). This catagen
retardation was independently con-
firmed by cumulative hair cycle score
(Maurer et al., 1997; Peters et al., 2004)
(383116 vs 267426 in wild-type and
Trpv-1"" mice, respectively; mean+
SEM, P<0.05). Likewise, subsequent
telogen development (P25) was slightly
but significantly retarded (hair scores of
44949 vs 41243 in wild-type and
Trpv-17" mice, respectively; mean+
SEM, P<0.05) in the absence of func-
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tional TRPV1 signaling (Figure 2). In-
stead, the first spontaneous anagen
development (Figure 2, P32) and sub-
sequent hair follicle cycling (Figure 2,
P45) were not significantly different
between Trpv-1-competent and -defi-
cient mice. This suggests that, in murine
back skin pelage hair follicles, TRPV1-
mediated signaling is important for
modulating the transition from the final
stages of hair follicle morphogenesis to
that of cycling skin appendage, whereas
signaling via this receptor looses func-
tional importance once hair follicle
cycling has been initiated.

In summary, we present here the first
evidence that, very similar to human
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Figure 2. Retarded catagen development in TRPV1 knockout mice. Spontaneous hair follicle-cycling was compared between age-matched wild-type and
TRPV1 knockout mice by quantitative histomorphometry. Trpv-1~'" mice showed a significant delay in the cycling at P19 (catagen development) and 25
(telogen development) compared to wild-type littermates. Data are expressed as mean +SEM, whereas * mark significant (P<0.05) differences.

skin, murine skin expresses TRPV1 well
outside of sensory nerves, namely in
defined epithelial regions of the epider-
mis and hair follicle. The reported
murine hair cycle analyses not only
reveal hair cycle-dependent differences
in the expression of TRPV1, but - by
showing that the absence of TRPV1 is
associated with a subtle yet significant
delay in the spontaneous involution
of hair follicles (catagen-telogen
transition) — might also argue for that
these receptors are indeed functional.
Although one can also assume that the
lack of TRPVT in other cell types (i.e.,
besides keratinocytes) might also con-
tribute to the observed hair cycle
changes, the presented novel results
(besides supporting our previous find-
ings in human hair follicles, Bodo et al.,
2005) suggest that TRPV1 exerts much
more widespread functions in mamma-
lian skin and hair follicle biology than
previously thought, which extend
across species barriers and may include
the inhibition of hair follicle keratino-
cyte proliferation.
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Novel Keratin 14 Mutations in Patients with Severe
Recessive Epidermolysis Bullosa Simplex

Journal of Investigative Dermatology (2006) 126, 1912-1914. doi:10.1038/sj.jid.5700312; published online 13 April 2006

TO THE EDITOR

Epidermolysis bullosa simplex (EBS) is
the most common subtype, accounting
for one-half of all epidermolysis bullosa
cases (Pfendner et al.,, 2005). It is
clinically characterized by nonscarring
blisters of the skin caused by little or no
trauma, and morphologically by intra-
epidermal blistering. The major subtypes
of EBS result from mutations in either
the keratin 5 (KRT5) or keratin 14
(KRT14) gene, whereas mutations in
the gene for plectin (PLECT) cause the
rare forms, EBS with muscular dystro-
phy and EBS Ogna. The clinical spec-
trum of EBS ranges from mild blistering
of the hands and feet (EBS Weber-Cock-
ayne) to more generalized blistering
(EBS Koebner, EBS Dowling-Meara, and
EBS with mottled pigmentation). EBS,
similarly to most of the keratin disorders
identified in humans, is caused by domi-

nant missense mutations; however, pa-
tients with recessive EBS due to keratin
mutations have been reported, repre-
senting about 5% of all EBS mutations
(Porter and Lane, 2003).

In this study, we investigated two
unrelated patients with severe neonatal
blistering, both offspring of consangui-
neous, unaffected parents of Turkish
(patient 1), respectively German (pa-
tient 2) origin. Indirect immunofluores-
cence (IIF) of the skin cryosections was
performed as described (Hammami-
Hauasli et al., 1998) with monoclonal
antibodies anti-human keratin 5 (clone
D5/16 B4, Dako, Hamburg, Germany)
and keratin 14 (clone LL0O02, BioGenex,
San Ramon, CA). Genomic DNA was
extracted from peripheral blood sam-
ples collected from patients and their
unaffected parents using the Qiagen
Blood DNA Kit (Qiagen, Hilden, Ger-

Abbreviations: EBS, epidermolysis bullosa simplex; IIF, indirect Inmunofluorescence; KRT, keratin
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many). Long-range polymerase chain
reaction amplification of the KRT714
gene was performed as described
(Wood et al., 2003) and direct sequen-
cing in both directions was performed,
using primers as published by Schui-
lenga-Hut et al. (2003) and an ABI
prism 3100 automated sequencer (ABI,
Darmstadt, Germany). The study was
conducted according to the Declaration
of Helsinki Principles, and the partici-
pants gave their written informed con-
sent. The medical committee of the
University of Freiburg approved all
described studies.

Patient 1, a 2-year-old boy, showed
blistering predominantly on hands and
feet since birth (Figure 1a). In the course
of the disease, bullae became rarer,
occurred mechanically induced also
on the head and trunk and healed with-
out scarring. Patient 2, aged 1 vyear,
showed at birth extensive blistering of
the hands and feet (Figure 1b) and suf-
fered from congenital pneumonia. Oral
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Transient Receptor Potential Vanilloid-1 Signaling as
a Regulator of Human Sebocyte Biology

Baldzs I. T6th'?, Tamas Géczy1, Zoltan Griger1, Aniké Dézsa?, Holger Seltmann®>®, Laszl6 Kovacs'?,
Laszl6 Nagy®, Christos C. Zouboulis*>®”, Ralf Paus® and Tamds Bir6'?

Transient receptor potential vanilloid-1 (TRPV1), originally described as a central integrator of nociception, is
expressed on human epidermal and hair follicle keratinocytes and is involved in regulation of cell growth and
death. In human pilosebaceous units, we had shown that TRPV1 stimulation inhibits hair shaft elongation and
matrix keratinocyte proliferation, and induces premature hair follicle regression and keratinocyte apoptosis. In
the current study, we have explored the role of TRPV1-mediated signaling in sebaceous gland (SG) biology,
using a human sebocyte cell culture model (§295 sebocytes). Demonstrating that human skin SG in situ and
SZ95 sebocytes in vitro express TRPV1, we show that the prototypic TRPV1 agonist, capsaicin, selectively inhibits
basal and arachidonic acid-induced lipid synthesis in a dose-, time-, and extracellular calcium-dependent and a
TRPV1-specific manner. Low-dose capsaicin stimulates cellular proliferation via TRPV1, whereas higher
concentrations inhibit sebocyte growth and induce cell death independent of TRPV1. Moreover, capsaicin
suppresses the expression of genes involved in lipid homeostasis and of selected proinflammatory cytokines.
Collectively, these findings support the concept that TRPV1 signaling is a significant, previously unreported
player in human sebocyte biology and identify TRPV1 as a promising target in the clinical management of
inflammatory SG disorders (for example, acne vulgaris).

Journal of Investigative Dermatology (2009) 129, 329-339; doi:10.1038/jid.2008.258; published online 4 September 2008

INTRODUCTION

Capsaicin (8-methyl-N-vanillyl-6-nonenamide) is the pun-
gent ingredient of hot chili peppers (Jancsd, 1960; Szolcsanyi,
1977). When applied topically to the skin, it initiates a
classical ““multiple response’” of pain, desensitization, neuro-
genic inflammation, and neurotoxicity (reviewed in Holzer,
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1991; Széllasi and Blumberg, 1999). These actions of
capsaicin establish the basis for its therapeutic application;
indeed, capsaicin is widely used in the therapy of several
dermatoses, such as neuropathies, psoriasis, pruritus, and
prurigo nodularis (reviewed in Bir6 et al., 2005; Paus et al.,
2006, Steinhoff et al., 2006).

The above effects previously were exclusively attributed to
the action of capsaicin on nociceptive sensory neurons
expressing transient receptor potential vanilloid-1 (TRPV1),
the molecular target of capsaicin (Caterina et al., 1997;
Tominaga et al., 1998). The activation of this nonselective,
calcium (Ca)-permeable channel on the nociceptors first
results in action potential firing and initiation of pain
sensation (Bevan et al.,, 1993). In addition, TRPV1-mediated
signaling also induces neuropeptide release (Szolcsanyi,
1977; Holzer, 1991; Széllasi and Blumberg, 1999) which,
in turn, initiates vasodilation, flare, and edema (characteristic
signs of neurogenic inflammation; Geppetti and Holzer,
1996). Finally, prolonged application of capsaicin evokes
desensitization and/or degeneration of sensory afferents
leading to cessation of pain sensation (reviewed in Holzer,
1991; Széllasi and Blumberg, 1999).

Recent reports, however, have unambiguously identified
the presence of TRPV1 on numerous non-neuronal cell types
as well. We and others have found that functional TRPV1 is
expressed, for example, on mast cells, dendritic cells, and
both epidermal and hair follicle keratinocytes in situ (Bir6
et al., 1998; Birder et al., 2001; Ost et al., 2002; Lazzeri
et al., 2004; Stander et al., 2004; Bodo et al., 2004, 2005; Li
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et al., 2007). Studying organ-cultured human hair follicles
and cultured epidermal HaCaT keratinocytes, we have shown
that TRPV1 activation by capsaicin results in a TRPV1-
specific inhibition of hair growth and proliferation, and
induction of apoptosis and catagen (Bodé et al., 2005). These
findings make it mandatory to carefully consider the multiple
direct, growth-modulatory actions of capsaicin on non-
neuronal cell populations in human skin (Biré et al., 2005;
Paus et al., 2006; Steinhoff et al., 2006).

Given the instructiveness of pilosebaceous units for explor-
ing nonclassical functions of TRPV1-mediated signaling in
human skin biology (Bodé et al., 2005), it is interesting to note
that TRPV1 immunoreactivity is also found in the human
sebaceous gland (SG; Bodé et al., 2004). Moreover, reportedly
differentiated (mature) sebocytes show a higher level of TRPV1
immunoreactivity in situ than less differentiated ones (Stander
et al., 2004), suggesting a potential role of TRPV1 in the control
of sebocyte proliferation and/or differentiation. However, the
biological effects of TRPV1 agonists on the proliferation,
differentiation, and apoptosis of sebocytes (which differentiate
from outer root sheath hair follicle keratinocytes (Thody and
Shuster, 1989; Wrébel et al., 2003)) remain to be dissected.
Sebocytes, engage in holocrine (sebum) secretion, are major
site. of hormone synthesis and metabolism in human skin
(Zouboulis et al., 2005; Alestas et al., 2006; Zhang et al., 2006),
and express numerous receptor-coupled pathways that were
originally described chiefly on neurons (Zouboulis et al., 2002;
Zouboulis and Bohm, 2004).

Human sebocytes, therefore, provide a highly instructive
research tool for exploring nonclassical TRPV1 functions,
which promises additional sets of information that perfectly
complement those obtainable with human hair follicle. In the
current study, we have therefore investigated the effects of
capsaicin on SZ95 sebocytes—a human SG-derived immor-
talized cell line that possesses striking functional similarities
to those of primary human sebocytes (Zouboulis et al.,
1999)—and have dissected the corresponding role of TRPV1
signaling.

RESULTS

TRPV1 is expressed on human SG in situ and on human SZ95

sebocytes

Using immunohistochemistry, confirming our previous
findings (Bod6 et al., 2004), we first have shown that human
SG epithelial cells indeed express TRPV1 in situ (Figure 1a
and b). Moreover, we also found (similar to earlier reports;
Stander et al., 2004) that TRPV1-specific immunosignals
were more prominent on the more differentiated (matured)
SG cells (Figure 1b).

We then measured the existence of TRPV1 on SZ95
sebocytes. Using various immunocytochemical methods,
western blotting, and quantitative ‘‘real-time”” PCR (Q-PCR),
we here provide evidence that SZ95 cells also express TRPV1
on the gene and protein level (Figure Tcf). Interestingly,
similar to cultured normal human epidermal and human
immortalized HaCaT keratinocytes (Denda et al., 2001; Bod6
etal., 2004, 2005), the TRPV1-specific immunoreactivity was
inhomogeneous in the cell culture (Figure 1c and d), possibly
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because the proliferation and differentiation status of the cells
affect the actual expression level of TRPV1. This hypothesis
was supported by the observation that the level of TRPV1-
specific MRNA transcripts and of TRPV1 protein markedly
increased in parallel with the culturing time, with TRPV1
being highest in the more “older” (hence possibly more
differentiated) cultures (Figure 1e and f).

Capsaicin selectively inhibits basal and arachidonic acid-
induced lipid synthesis of SZ95 sebocytes

One of the main hallmarks of sebocyte differentiation is the
synthesis of various lipids, among which neutral lipids form a
major part (Rosenfield, 1989; Thody and Shuster, 1989;
Doran et al., 1991, Zouboulis et al., 1998). Therefore, we
investigated the effect of capsaicin on the lipid content of
cultured SZ95 sebocytes. Nile red staining-based quantitative
fluorometric imaging plate reader (FLIPR) measurement
revealed that capsaicin treatment (up to 48 hours) signifi-
cantly inhibited basal synthesis of both neutral and polar
lipids in a dose-dependent fashion (Figure 2a). Importantly,
flow cytometry analysis showed that this effect of capsaicin
was not accompanied by changes in sebocyte size or
granulation (Figure 3a) the increase of which comprises
further characteristics of sebocyte differentiation (Rosenfield
1989; Thody and Shuster, 1989; Zouboulis et al., 1998; Sato
etal., 2001). Moreover, capsaicin did not induce cell death of
any form (apoptosis, necrosis); namely, application of
capsaicin did not significantly alter the viable cell number
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT)-based colorimetric proliferation assay) and, did
not induce necrotic (glucose-6-phophate-dehydrogenase
(G6PD) release assay) or apoptotic cell death (fluorimetric
measurement of the mitochondrial membrane potential, flow
cytometry analysis of the number of Annexin-V/propidium
iodide-positive cells; Figures 2b-d, 3b).

These data suggest that TPRV1 stimulation by capsaicin
selectively modulates sebocyte lipid synthesis. As we have
previously shown (Wrébel et al., 2003; Alestas et al., 2006),
one of the most effective inducers of lipid synthesis in SZ95
sebocytes is arachidonic acid (AA). Therefore, we were also
interested in whether or not capsaicin also affects AA-
induced lipid formation. Capsaicin markedly and dose
dependently counteracted the well-recognized effect of
50um AA to dramatically induce (chiefly neutral) lipid
accumulation in SZ95 sebocytes (Figure 4a and b).

Our previous studies have also shown that the effect of AA
to promote lipid synthesis in SZ95 sebocytes was accom-
panied by the induction of sebocyte apoptosis (Wrébel et al.,
2003). Therefore, we also investigated the action of capsaicin
on the AA-induced apoptotic process. As expected, AA
elevated the number of apoptotic cells (Annexin-V/propidium
iodide) and suppressed the mitochondrial membrane poten-
tial (Figures 3b and 4c). In contrast to its effect on AA-
stimulated lipid accumulation, capsaicin was unable to
prevent the apoptosis-inducing action of AA (Figure 4c). This
suggests that TRPV1 stimulation specifically targeted sebo-
cyte lipid synthesis (Figure 4b) (note that AA did not cause
necrotic cell death, Figure 4d).
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Figure 1. TRPV1 is expressed on human sebaceous gland in situ and on cultured human SZ95 sebocytes. (a, b) TRPV1-specific immunoreactivity (ir), as

revealed by a streptavidine-biotin-complex technique, on human sebaceous gland (SG) epithelial cells in situ. Note that the membrane-localized TRPV1-ir is
stronger on the central differentiated (d.s.) than on peripheral undifferentiated (ud.s.) sebaceous cells. As an “internal positive control”’, TRPV1-ir on a cutaneous
nerve fiber is shown. NC, preabsorption negative control. (c, d) TRPV1-ir as determined by immunofluorescence (Texas red, c) or light microscopy
(diaminobenzydine, d) labeling in SZ95 sebocytes. Nuclei were counterstained by DAPI (blue fluorescence, ¢) or hematoxylin (d). NC, preabsorption negative
control. Scale bars =200 pm (@), 100 pm (b), 60 pum (c), 30 pm (d). (e) Western blot analysis. TRPV1 expression was determined on cell lysates of SZ95 sebocytes
harvested at various confluences. For positive controls, CHO cells overexpressing human TRPV1 were employed. Equal loading was assessed by determining
expression of cytochrome C (Cyt-O). In each sample, the amount of TRPV1 was quantitated by densitometry and normalized to those of Cyt-C (normalized
optical density, OD, values are indicated); OD value of the “/50% confluence”” sample was defined as 100%. (f) Q-PCR analysis of TRPV1 expression on cell
lysates of SZ95 sebocytes harvested at various confluences. Data of TRPV1 expression were normalized to the level of GAPDH of the same sample and are

expressed as mean = SEM of three independent determinations. Three additional experiments yielded similar results.

The effect of capsaicin to inhibit lipid synthesis is mediated by
TRPV1

On most TRPV1-expressing cell types, this receptor
functions as a Ca-permeable channel (Bevan et al., 1993;
Caterina et al., 1997; Bir6 et al., 1998; Birder et al., 2001;
Inoue et al., 2002; Bodd et al., 2005). Therefore, we next
investigated the role of Ca in the TRPV1-mediated effects
on SZ95 sebocytes. As seen in Figure 5a and b, the activity
of the TRPV1 agonist to suppress basal and highly elevated,
AA-induced lipid accumulation was almost completely
abrogated by lowering the extracellular Ca concentration
([Ca®T*].) of the culturing medium (to 0.25mm), Although
changes in [Ca’']. may affect multiple cell signaling
pathways, these findings proposed that the actions
of capsaicin are mediated by TRPV1-specific [Ca’*];
elevations.

To further investigate the issue of specificity, we then
measured the effect of a specific TRPV1 antagonist, iodo-
resiniferatoxin (I-RTX; Wahl et al.,, 2001). This TRPV1
antagonist abrogated the effect of capsaicin to inhibit basal
and AA-induced lipid accumulation in SZ95 cells (Figure 5¢).

The TRPV1 specificity of the effect of capsaicin was further
assessed by RNA interference (RNAI). Western blot and
Q-PCR analysis revealed that the expression of TRPV1 was
significantly “’knocked-down’” by both RNAi probes at day 2
after transfection (Figure 5d and e) and remained suppressed
also on day 3 (data not shown). Scrambled RNAi probes
possessed no effects on the expression of TRPV1, indicating
the specificity of the procedure. Similar to the actions of
I-RTX, RNAi-mediated knockdown of TRPV1 resulted in the
loss of effect of capsaicin to inhibit basal and AA-evoked lipid
synthesis (Figure 5f).
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Figure 2. Capsaicin inhibits basal lipid synthesis of SZ95 sebocytes without affecting cell viability. Cells (20,000 cells per well) were cultured in 96-well black-
well/clear-bottom plates in quadruplicates and were treated with various concentrations of capsaicin (CAPS) for 24 hours. (a) Quantitative measurement of
intracellular lipids as assessed by Nile red labeling followed by FLIPR measurement. (b) Determination of viable cell number by colorimetric MTT assay. (c)
Quantitative measurement of necrotic cell death by FLIPR-based G6PD release assay. (d) Quantitative measurement of apoptotic cell death by FLIPR-based
DilC4(5) assay reflecting mitochondrial membrane potential. Data (mean * SEM) are expressed as a percentage of the mean value (defined as 100%) of the
vehicle-treated control group (a, b, d) or of maximal G6PD release (induced by Triton X-100, lysis) (c). For positive control, that is, to induce apoptosis (and
decrease mitochondrial membrane potential), 50 pm m-chlorophenylhydrazone (CCCP) was employed (d). *Significant (P<0.05) differences compared to the
vehicle-treated control groups. Three additional experiments yielded similar results.
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Figure 3. Unlike arachidonic acid, capsaicin does not affect size and granulation of SZ95 sebocytes, and does not induce apoptosis. (a) Phenotypic
characterization of SZ95 sebocytes. Cells were treated by 10 um capsaicin or 10 um arachidonic acid (or vehicle, control) for 24 hours. Flow cytometry analysis
was then performed to determine forward scatter (size) and side scatter (granulation) values. (b) Measurement of apoptosis. Following the above treatment, cells
were harvested, stained with an Annexin-V-FITC and propidium iodide kit, and fluorescence intensity values were detected by flow cytometry. Three additional
experiments yielded similar results.
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Figure 4. Capsaicin inhibits arachidonic acid-induced lipid synthesis, but not apoptosis, of SZ95 sebocytes. (a) Semiquantitative detection of sebaceous lipids.
Cells were treated with 50 pm arachidonic acid (AA) or with 50 um AA + 10 pum capsaicin (CAPS) for 24 hours and lipids were labeled by Oil red O solution

(nuclei were counterstained with hematoxylin). Scale bars =10 pum. (b-d) Cells (20,000 cells per well) were cultured in 96-well black-well/clear-bottom plates in
quadruplicates and were treated with combinations of various concentrations of CAPS and 50 um AA for 24 hours. (b) Quantitative measurement of intracellular
lipids as assessed by Nile red labeling followed by FLIPR measurement. (c) Quantitative measurement of apoptotic cell death by FLIPR-based DilC;(5) assay. (d)
Quantitative measurement of necrotic cell death by FLIPR-based G6PD release assay. Data (mean + SEM) are expressed as a percentage of the mean value

(defined as 100%) of the vehicle-treated control group (b, c) or of maximal G6PD release (induced by Triton X-100, lysis) (c). *Significant (P<0.05) differences
compared to the vehicle-treated control groups (b, ¢) whereas * marks the significant (P<0.05) differences compared to the 50 pm AA-treated control group (ie

without CAPS, b). Three additional experiments yielded similar results.

Intriguingly, we also found that I-RTX (Figure 5c) as well as
RNAi-mediated silencing of TRPV1 (Figure 5f) moderately
(yet significantly) augmented the stimulatory effect of AA on
lipid synthesis. Collectively, these findings suggest that the
action of capsaicin was specifically mediated by TRPV1 and,
furthermore, that TRPV1 may also act as an endogenous
receptor channel to inhibit lipid formation of SZ95 sebocytes.

Prolonged application of capsaicin induces a biphasic alteration
in cellular proliferation of SZ95 sebocytes, partly via the
activation of TRPV1
Previously, we had found that capsaicin, when applied for
3-5 days, markedly inhibits the proliferation of human
keratinocytes in a TRPV1-dependent fashion (Bodé et al.,
2005). Therefore, we also investigated the effect of long-term
capsaicin application on the proliferation of SZ95 sebocytes.
For this experiment, the serum content of the culture medium
was decreased to 3% so as to be able to investigate both
possible growth-promoting and -inhibitory actions (under
these culture conditions, the SZ95 sebocytes fully survived
but exhibited only an insignificant growth rate, Figure 6a).
Up to day 3, capsaicin (applied at concentrations as high
as 30 um) did not significantly alter the growth of SZ95 cells
(Figure 6a). However, from day 3, higher doses (1-30 um) of
capsaicin significantly reduced the number of viable cells
(Figure 6b), most probably due to the induction of necrotic

cell death (SYTOX green assay; Figure 6¢). However, of great
importance, low doses (0.01-100nm) of capsaicin signifi-
cantly increased the viable cell number, presumably due to
the stimulation of proliferation (Figure 6a and b).

We also tested whether the above, biphasic action of
capsaicin on cell growth was mediated by TRPV1. First, we
repeated the above experiments in low-Ca (0.25mm)
medium. As seen in Figure 6d, suppression of the [Ca® ],
fully abrogated the growth-promoting effect of low capsaicin
doses. In contrast, this intervention did not modify the
growth-inhibitory and cytotoxic effect of (high concentrations
of) the vanilloid. In good accord with these findings, the
TRPV1 antagonist I-RTX completely prevented the growth-
promoting action of low capsaicin concentrations (Figure 6d).
However, the TRPV1 antagonist was unable to modify the
effect of high capsaicin doses. These findings suggest that the
growth-promoting effect of low capsaicin doses was indeed
mediated by TRPV1, whereas the growth-inhibitory action of
the high-dose vanilloid appeared to be receptor independent.

Capsaicin differentially alters expressions of genes involved in
the regulation of lipid synthesis and of proinflammatory
cytokines

Capsaicin treatment of human skin keratinocytes significantly
alters the gene expression profile and the cytokine production
of treated cells (Biré et al., 1998; Southall et al., 2003; Bodd
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Figure 5. The effect of capsaicin to inhibit basal and arachidonic acid-induced lipid synthesis is mediated by TRPV1 and is dependent on extracellular
calcium. (a—c) Quantitative measurement of intracellular lipids (following 24 hours treatment) as assessed by Nile red labeling followed by FLIPR measurement.
Cells were treated for 24 hours with: (a) various concentrations capsaicin (CAPS) in high-Ca (2 mm) and low-Ca (0.25 mm) media; (b) combinations of various
concentrations of CAPS and 50 um arachidonic acid (AA) in high- and low-Ca media; (c) various combinations of 10 um CAPS, 50 um AA, and 50 nm iodo-
resiniferatoxin (I-RTX) in high-Ca medium. Data (mean + SEM) are expressed as a percentage of the mean value (defined as 100%) of the vehicle-treated control
group. * Marks significant (P<0.05) differences compared to the vehicle-treated control groups (a, b) or between the indicated groups (c) whereas * marks the
significant (P<0.05) differences compared to the 50 um AA-treated control group (ie without CAPS, b). Three additional experiments yielded similar results. (d
and e) Two RNAI probes against TRPV1 (indicated by numbers), as well as scrambled RNAi probes (scr), were introduced to SZ95 sebocytes (C, transfection
reagent-treated control group). To evaluate the efficacy of this intervention, at days 1-3 after transfection, cells were subjected to western blot and Q-PCR
analysis. (d) Representative western blot at day 2 after transfection. In each sample, the amount of TRPV1 was quantitated by densitometry and normalized to
those of a housekeeping molecule (Cyt-C) (normalized optical density, OD, values are indicated), and expressed as the percentage of the OD value of the C
group regarded as 100%. (e) Expression of TRPV1 after RNAi was also assessed by Q-PCR (panel represents data at day 2). Values of TRPV1 expression were
normalized to the level of GAPDH of the same sample and are expressed as mean + SEM of three independent determinations. *Significant (P<0.05) differences
compared to the C group. (f) At day 2 after transfection, cells were treated with the indicated combinations of 10 pm CAPS and 50 pm AA for 24 hours.
Intracellular lipids were then quantitatively measured by Nile red labeling followed by FLIPR measurement. Data (mean + SEM) are expressed as a percentage of
the mean value (defined as 100%) of the C group. *Significant (P<0.05) differences Two additional experiments yielded similar results.

et al., 2005). Therefore, we also investigated this phenom-
enon in SZ95 cells, concentrating on selected genes
recognized to be involved in the stimulation of lipid synthesis
in SZ95 sebocytes (Rosenfield et al., 1999; Chen et al., 2003;
Trivedi et al., 2006; see detailed description in Table 1 and in
“Discussion”). This was complemented by analyses of
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selected proinflammatory cytokines that had previously been
found to be expressed by these cells (Alestas et al., 2006).
As assessed by Q-PCR, the capsaicin-induced transcrip-
tional modulation of lipid synthesis-related genes involved
was markedly time dependent (Table 1). However, after
24 hours treatment (that is, the time-point at which lipid
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Figure 6. Prolonged application of capsaicin exerts a biphasic effect on
cellular proliferation and viability of SZ95 sebocytes. (a) Cells (40,000 cells
per well) were cultured in low serum (3%) medium in quadruplicates, treated
with various concentrations of capsaicin (CAPS) for the time indicated, and
the viable cell number was determined by colorimetric MTT assay. (b)
Concentration dependence of the effect of CAPS on the viable cell number at
day 6 (MTT assay). (c) Concentration dependence of the effect of CAPS on
necrotic cell death at day 6 as assessed by quantitative FLIPR-based SYTOX
green assay. (d) Cells were treated with various concentrations of CAPS in
high-Ca (2 mm) and low-Ca (0.25 mm) media as well as combinations of
various concentrations of CAPS and 50 nm iodo-resiniferatoxin (I-RTX), and
MTT assay was performed at day 6. Data (mean + SEM) are expressed as a
percentage of the mean value (defined as 100%) of the vehicle-treated control
group. *Significant (P<0.05) differences compared to the vehicle-treated
control groups (a-d) whereas * marks the significant (P<0.05) differences
compared to the 1 nm CAPS-treated control group in high-Ca medium (d).
Three additional experiments yielded similar results.

synthesis was strongly suppressed, see above), capsaicin
significantly reduced the expression of all genes that are
recognized as stimulators of lipid synthesis. Interestingly,
among the three proinflammatory cytokines investigated,
vanilloid treatment selectively and markedly decreased the
level of IL-1B (more than 70%) without affecting that of IL-6
and tumor necrosis factor-o (Table 1). These findings suggest
that TRPV1-mediated-signaling pathway(s) modulate sebo-
cyte biology also by regulating key genes of lipid synthesis
and by impacting on the cytokine network of human SZ95
sebocytes.

DISCUSSION

The functional data reported here introduce TRPV1 as a
significant new player in human sebocyte biology, with
TRPV1-mediated signaling exerting profound, dose-dependent
effects on sebocyte lipid synthesis, proliferation, cell death,
gene expression, and cytokine production. Along with
previous findings of our laboratories on human keratinocytes
(Bodé et al., 2005), this underscores the concept that TRPV1
signaling targets previously unappreciated, nonclassical

BI Toth et al.
TRPV1 Controls Sebocyte Biology

Table 1. Effect of capsaicin treatment on gene
expression of transcription factors known as
stimulators of lipid synthesis (A) and on production of
proinflammatory cytokines (B) in SZ95 sebocytes
Capsaicin, 24 h
(% of control)

Capsaicin, 6h
(% of control)

(A) Gene expression

PPARo. 87+17 63+ 14"
PPARy 95+11 58+16'
PPARS 123+19 51+11'
RXRo: 103 £11 54 +14'
RXRp 34+13' 69+9'
(B) Cytokine release
IL-1B8 NA 2749’
IL-6 NA 95+13
TNFo NA 106 + 21

NA, not applicable; PPAR, peroxisome proliferator-activated receptor;
RXR, retinoid X receptor; TNF, tumor necrosis factor-o.

Cells were treated with either vehicle or with 1 um capsaicin for the times
indicated. (A) Cells were then harvested and gene expression of members
of the PPAR and RXR nuclear transcription factor families was determined
by Q-PCR. (B) In another experimental setup, supernatants were
collected, and amounts of the released IL-18, IL-6, and TNFa were
determined using specific OptEIA kits. In both cases, values of the
capsaicin-treated samples were normalized as percentage of the control
regarded as 100 %. Data are expressed as mean*SEM of four
independent determinations.

'Marks significant (P<0.05) differences compared to the vehicle-treated
control groups.

mechanisms in human skin. This, in turn, suggests that the
physiological functions of TRPV1 and its elusive endogenous
ligands in human skin far extend beyond that of sensory
neuron-coupled nociception.

Most of the actions of capsaicin studied here appeared to
be mediated by TRPV1-coupled signaling. This is supported
by (1) TRPV1 expression on the gene and protein level in
human SZ95 sebocytes (Figure 1); (2) the inhibitory action of
capsaicin on basal and AA-induced lipid synthesis (Figures
2a, 4a, b, 5a and b); (3) the effect of the TRPV1-antagonist
I-RTX (Figures 5c and 6d) and the RNAi-mediated silencing of
TRPV1 (Figure 5d-f). That the effects of capsaicin to inhibit
lipid formation and promote cell growth were also inhibited
by reducing [Ca® *].. (Figures 5b and 6d) further suggests that
these actions were executed by a TRPV1-mediated Ca
influx—similar to what has been described for various
neuronal and non-neuronal cell populations, including
human keratinocytes (Bevan et al., 1993; Caterina et al.,
1997; Bir6 et al., 1998; Birder et al., 2001; Inoue et al., 2002;
Bodo et al., 2005).

In addition, we also observed that capsaicin, when
administered for longer durations at high concentrations,
significantly inhibited proliferation and induced cell
death (Figure 6), again similar to effects seen on epidermal
HaCaT and hair follicle-derived keratinocytes (Bodo et al.,
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2005). However, these effects were not modified by the
TRPV1 antagonist I-RTX or by manipulating [Ca® "1, (Figure
6d) suggesting a TRPV1-independent mode of action. These
findings were in contrast to our previous results on various
keratinocytes where the growth inhibitory action of capsaicin
was mediated by TRPV1 (Bod6 et al., 2005). It appears,
therefore, that although functional TRPV1-mediated signaling
does exist on numerous cell populations of the human skin,
its cellular ““consequences” (especially in relation to regula-
tion of cell growth) are markedly cell-type dependent.

Members of the peroxisome proliferator-activated receptor
(PPAR) (Desvergne and Wabhli, 1999; Kersten et al., 2000)
and the retinoid X receptor nuclear transcription factor
families (Keller et al., 1993, Berger and Moller, 2002) are
recognized as key regulators of lipid homeostasis (Gregoire
et al., 1998; Chawla et al., 2001; Nagy and Szanto, 2005,
Szatmari et al., 2007). With respect to sebocyte biology,
PPAR ligands stimulate lipid synthesis both in animal models
(Rosenfield et al., 1999) and on cultured human immorta-
lized SZ95 and SEB-1 sebocytes that express distinct PPARs
(Chen et al., 2003; Alestas et al., 2006; Trivedi et al., 2006).
Therefore, our observation that capsaicin treatment down-
regulated the transcription of all PPARs and retinoid X
receptors investigated here (Table 1) suggests that the
suppression of lipid synthesis upon activation of TRPV1-
and Ca-coupled signaling is mediated by decreasing the
activity of the transcription factors. Consequently, these
exciting data invite further, more extensive (most desirably
MicroArray) experiments to define changes in the global gene
expression profile in sebocytes upon vanilloid treatment (we
have successfully employed this approach to identify
previously unknown target genes of TRPV1 signaling in
cultured human hair follicles, Bodé et al., 2005).

Further intriguing results were obtained when we mea-
sured the effect of capsaicin on the action of AA, one of the
key stimulators of lipid synthesis and inducer of apoptosis in
sebocytes (Wrdbel et al., 2003; Alestas et al., 2006). Previous
studies have identified AA and certain of its derivatives (for
example, leukotrienes) as potent endogenous ligands of
TRPV1 (Hwang et al., 2000; Di Marzo et al., 2002).
However, as shown here by several complementary assays,
AA and capsaicin turned out to act in an opposite manner
with respect to their modulation of sebocyte lipid synthesis
(Figures 2a, 4a and b). Moreover, capsaicin treatment
markedly abrogated the AA-induced lipid formation in a
TRPV1- and [Ca2+]e-dependent manners (Figures 4a, b, 5).
As AA and its metabolites also operate as potent activators for
various PPARs (Devchand et al., 1996; Desvergne and Wahli,
1999), it is conceivable that the inhibitory action of TRPV1 on
the effect of AA is mediated (at least in part) by the capsaicin-
induced downregulation of most of PPAR genes stimulating
lipid formation. Furthermore, if we also take into considera-
tion that the TRPV1 antagonist I-RTX alone as well as the
RNAi-mediated silencing of TRPV1 significantly augmented
AA-stimulated lipid synthesis (Figure 5c and f), TRPV1
signaling here surfaces as a previously unreported, endogen-
ously active receptor-channel mechanism that keeps both
constitutive and induced sebocyte lipid synthesis in check.
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(Evidently, the in vivo relevance of this proposal should be
extensively investigated in the near future).

Besides stimulating lipid synthesis, AA and its derivatives
also augment sebocyte production of a wide-array of proin-
flammatory cytokines (Alestas et al., 2006). Therefore, the
overall cellular modifications induced by AA strikingly
resemble those seen in acne vulgaris, a common, multi-factorial
pilosebaceous inflammatory skin disease in which lipid
synthesis of sebocytes are pathologically increased (reviewed
in Zouboulis et al., 1998; Zouboulis, 2004; Zouboulis et al.,
2005). Therefore, our previously unreported findings that
capsaicin (1) inhibits AA-induced lipid synthesis; (2) down-
regulates nuclear transcription factors that stimulate lipid
accumulation; and (3) suppresses proinflammatory cytokine
production (Table 1) raise the question whether insufficient
TRPV1-mediated signaling contributes to acne pathogenesis (for
example, by causing excess lipid production and by failing to
suppresses local proinflammatory cytokine production).

Along these lines, our study will hopefully inspire one to
systemically explore in future studies how certain vanilloids
and the related TRPV1 signaling can be manipulated in a
clinically desired manner by endogenous and/or exogenous
ligands in the management of acne (and possibly other
relevant sebaceous gland diseases). In these putative trials, on
the one hand, prolonged stimulation of neuronal TRPV1 by,
for example, topically administered capsaicin may result in
the depletion of the neuropeptide content of the sensory
afferents—among which substance P was shown to promote
lipid synthesis of sebocytes (Toyoda and Morohashi, 2001)
and was implicated in acne pathogenesis (Zouboulis,
2004)—hence indirectly suspending pathological lipid accu-
mulation. On the other hand, as described in the current
study, the additional “chronic’” activation of TRPV1 signaling
on sebocytes may directly inhibit synthesis of lipids and pro-
inflammatory cytokines. Therefore, when applied topically,
vanilloids may “kill two birds with one stone’” to fight acne.

MATERIALS AND METHODS

Cell culturing

Human immortalized SZ95 sebocytes (Zouboulis et al., 1999) were
cultured in Sebomed basal medium (Biochrom, Berlin, Germany)
supplemented with 10% fetal bovine serum (Invitrogen, Paisley,
UK), 1 mm CaCly, 5ngml™" human epidermal growth factor (Sigma-
Aldrich, St. Louis, MO), 50Uml™" penicillin and 50 ugml’1
streptomycin (both from Biogal, Debrecen, Hungary). The final Ca
concentration of the medium was approximately 2mm (high-Ca
medium). The low-Ca Sebomed medium was prepared to set the
Ca concentration to 0.25 mm.

Phenotypic characterization

Phenotypic characterization of SZ95 sebocytes was performed using
flow cytometry by determining the forward scatter (size) and side
scatter (granulation) values by a Coulter Epics XL (Beckman Coulter,
Fullerton, CA) flow cytometer (Bodé et al., 2005).

Determination of intracellular lipids
For semiquantitative detection of sebaceous lipids, cells were
cultured on glass coverslips and treated with various compounds



for 24-48 hours. Cells were fixed in 4% paraformaldehyde, washed
in 60% isopropanol (both Sigma-Aldrich), and stained in freshly
prepared Oil red O solution (in 60% isopropanol; Sigma-Aldrich).
Nuclei were counterstained with Mayer’s hematoxylin (Sigma-
Aldrich) and coverslips were mounted in mounting medium (DAKO,
Glostrup, Denmark; Wrébel et al., 2003).

For quantitative measurement of lipid content, cells (20,000 cells
per well) were cultured in 96-well black-well/clear-bottom plates
(Greiner Bio-One, Frickenhausen, Germany) in quadruplicates and
were treated with compounds for 24-48 hours. Subsequently,
supernatants were discarded and 100pl of a 1pgml~" Nile red
(Sigma-Aldrich) solution in phosphate-buffered saline was added to
each well. Fluorescence was measured on a Molecular Devices
FlexStation®®* 11 FLIPR (Molecular Devices, San Francisco, CA).
Results are expressed as percentages of the relative fluorescence
units in comparison with the controls using 485 nm excitation and
565nm emission wavelengths for neutral lipids, and 540nm
excitation and 620 nm emission wavelengths for polar lipids (Alestas
et al., 2006).

Determination of viable cell numbers

The number of viable cells was determined by measuring the
conversion of the tetrazolium salt MTT (Sigma-Aldrich) to formazan
by mitochondrial dehydrogenases. Cells were plated in 96-well
multi-titer plates (20,000 or 40,000 cells per well density) in
quadruplicates and were cultured for 1-6 days. Cells were then
incubated with 0.5 mg ml~" MTT for 2 hours, and concentration of
formazan crystals was determined colorimetrically according to the
manufacturer’s protocol (Bodé et al., 2005).

Determination of apoptosis

A decrease in the mitochondrial membrane potential is one of the
earliest markers of apoptosis (Green and Reed, 1998; Susin et al.,
1998). Mitochondrial membrane potential of SZ95 sebocytes was
determined using a MitoProbe DilC;(5) Assay Kit (Invitrogen). Cells
(20,000 cells per well) were cultured in 96-well black-well/clear-
bottom plates (Greiner Bio-One) in quadruplicates and were treated
with various compounds for the time indicated. After removal of
supernatants, cells were incubated for 30 minutes with DilC;(5)
working solution (30 ul per well) and the fluorescence of DilC;(5)
was measured at 630 nm excitation and 670 nm emission wave-
lengths using the above FLIPR.

In addition, further apoptosis events were also assessed by flow
cytometry according to our previous reports (Bodd et al., 2005) In
brief, following treatment with various agents cells were harvested
and stained with an Annexin-V-FITC/Propidium lodide Apoptosis Kit
(Sigma-Aldrich) following the manufacturer’s protocol. Fluorescence
intensity was measured by a Coulter Epics XL (Beckman Coulter)
flow cytometer.

Determination of cytotoxicity (necrosis)

Necrotic cell death was determined by measuring the G6PD release
(G6PD Release Assay Kit, Invitrogen). The enzyme activity was
detected by a two-step enzymatic process that leads to the reduction
of resazurin into red-fluorescent resorufin. Cells (20,000 cells per
well) were cultured in 96-well black-well/clear-bottom plates
(Greiner Bio-One) in quadruplicates and treated with various
compounds for 24 hours. A 2 x reaction medium was then prepared
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according to the manufacturer’s protocol and added to the wells in
1:1 dilution. The fluorescence emission of resorufin was monitored
by the FLIPR device at 545 excitation and 590 emission wave-
lengths. Results are presented as the percentage of the maximal
G6PD release induced by detergent lysis of cells using undiluted
Triton X-100 (Sigma-Aldrich).

As the activity of the G6PD released from necrotic cells decreases
over 24 hours, the cytotoxic effect of long-term capsaicin treatment
was determined by SYTOX Green staining (Invitrogen). The dye is
able to penetrate (and then bind to the nucleic acids) only to necrotic
cells with ruptured plasma membranes, whereas healthy cells with
intact surface membranes show negligible SYTOX Green staining.
Cells were cultured in 96-well black-well/clear-bottom plates
(Greiner Bio-One) and treated with capsaicin up to 6 days.
Supernatants were then discarded and the cells were incubated
with Tpm SYTOX Green solution. Fluorescence of SYTOX Green
was measured at 490 nm excitation and 520nm emission wave-
lengths using FLIPR.

Determination of cytokine release

Cells were treated in triplicates with capsaicin for 24 hours,
supernatants were collected, and the released amount of IL-18,
IL-6, and tumor necrosis factor-o. were determined using OptEIA kits
(BD Pharmingen, Franklin Lakes, NJ) according to the manufac-
turer’s protocol. Cytokine amount were expressed as percentage of
the vehicle-treated control samples (Biré et al., 1998).

RNA interference

SZ95 sebocytes were seeded in six-well culture plates in medium
lacking antibiotics. At 50-70% confluence, medium was replaced by
serum-free OptiMEM (Invitrogen) and then cells were transfected
with  two TRPV1-specific ~ Stealth RNAi oligonucleotides
(ID, HSS111305 for no. ““5”, HSS111306 for no. /6", Invitrogen;
40nm) using Lipofectamine 2000 transfection reagent (Invitrogen).
For controls, RNAi Negative Control Duplexes (scrambled RNAI,
Invitrogen) were employed. The efficacy of small-interfering RNA-
driven “’knockdown’” was daily evaluated by Q-PCR and western
blotting for 3 days (Griger et al., 2007).

RNA isolation, reverse transcription, quantitative real-time PCR
Quantitative real-time PCR was performed on an ABI Prism 7000
sequence detection system (Applied Biosystems, Foster City, CA)
using the 5’ nuclease assay as detailed in our previous report (Bodé
et al., 2005). Total RNA was isolated using TRIzol (Invitrogen) and
then 3 pg of total RNA were reverse transcribed into cDNA by using
15U of AMV reverse transcriptase (Promega, Madison, WI) and
0.025ugpl~" random primers (Promega). PCR amplification was
performed by using the TagMan primers and probes (assay ID,
Hs00218912_m1 for human TRPVT) and the TagMan universal PCR
master mix protocol (Applied Biosystems). As internal controls,
transcripts of glyceraldehyde 3-phosphate dehydrogenase were
determined (assay ID, Hs99999905_m1 for human glyceraldehyde
3-phosphate dehydrogenase).

To detect the expression of genes involved in the regulation of
lipid synthesis, individually designed TagMan primers and probes
were used: forward primer GATGACAGCGACTTGGCAA, reverse
primer CTTCAATGGGCTTCACATTCA, and probe FAM-CAAACCT
GGGCGGTCTCCACTGAG-TAMRA for human PPARy; forward
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primer AGCATCCTCACCGGCAAAG, reverse primer CCACAATGT
CTCGATGTCGTG, and probe FAM-CAGCCACACGGCGCCCTT
TG-TAMRA for human PPARJ; forward primer CATTACGGAGTC
CACGCCT, reverse primer ACCAGCTTGAGTCGAATCGTT, and
probe FAM-CAAACCTGGGCGGTCTCCACTGAG-TAMRA for human
PPARw; forward primer GGCCTACTGCAAGCACAAGTA, reverse
primer CAGGCGGAGCAAGAGCTTA, and probe FAM-CGAACC
TTCCCGGCTGCTCTG-TAMRA for human retinoid X receptor-u;
and a predesigned assay for human retinoid X receptor-fi (Applied
Biosystems, assay 1D:Hs00232774_m1). As internal controls, tran-
scripts of human cyclophyllin were determined (forward primer
ACGGCGAGCCCTTGQG, reverse primer TTTCTGCTGTCTTTGGGA
CCT, and probe FAM-CGCGTCTCCTTTGAGCTGTTTGCA-TAMRA).

Immunohistochemistry

The study was approved by the Institutional Research Ethics
Committee and adhered to Declaration of Helsinki guidelines.
Normal skin samples (n=5; trunk, back), obtained during plastic
surgery, were used as formaldehyde-fixed sections embedded in
paraffin (3-5 um thickness; Bodé et al., 2004). To detect TRPV1, a
streptavidine-biotin-complex three-step immunohistochemical tech-
nique (DAKO) was employed. Sections were first incubated with an
anti-TRPV1 goat primary antibody against the N terminus of TRPV1
(1:50 dilution, Santa Cruz, Santa Cruz, CA), then with a biotin-
coupled anti-goat secondary antibody (1:500, DAKO), and, finally,
with streptavidine conjugated with horseradish peroxidase (1:400,
DAKO). To reveal the peroxidase activity, DAB (Vector Laboratories,
Burlingame, CA) was employed as a chromogene. Tissue samples
were finally slightly counterstained with hematoxylin (Sigma-
Aldrich) and mounted in aqueous mounting medium (DAKO).

In control experiments, specificity of TRPV1 staining was
assessed by (1) omitting the primary antibody or by incubating the
sections with the TRPV1 antibody preabsorbed with a synthetic
blocking peptide (Santa Cruz; Figure Ta); (2) using another antibody
against the C terminus of TRPVT (Santa Cruz) that resulted in an
identical staining pattern (data not shown); and (3) performing
TRPVT immunostaining on frozen skin sections from wild-type
C57BL/6) and TRPV1 knockout B6.12954-Trpv1 mice (The Jackson
Laboratory, Bar Harbor, MA, data not shown; Bir6 et al., 2006). For
positive controls, immunostaining on sections of rat spinal cord (data
not shown; Bodd et al., 2004) and on cutaneous nerves (“internal
positive control”’) was employed (Figure 1b).

Immunocytochemistry

SZ95 sebocytes, seeded and cultured on sterile coverslips in 24-well
plates, were fixed in acetone, permeabilized by 0.1% Triton X-100
(Sigma-Aldrich), and then incubated with the anti-TRPV1 primary
antibody (dilution 1:50). For fluorescence staining, slides were then
incubated with Texas red-conjugated secondary antibodies (dilution
1:200, Vector Laboratories) and the nuclei were visualized using
46-diamidino-2-phenyl (Vector Laboratories). For light
microscopy, after staining with the primary antibody, slides
were incubated by an EnVision horseradish peroxidase-polymer-
conjugated secondary antibody (DAKO) and developed by
diaminobenzydine (DAKO). Nuclei were visualized using
hematoxylin (Sigma-Aldrich) and mounted in aqueous mounting
medium (DAKO). As negative controls, the appropriate TRPV1
antibody was either omitted from the procedure or was preincubated

indole

Journal of Investigative Dermatology (2009), Volume 129

with a synthetic blocking peptide (Santa Cruz; Figure 1c and d; Bodo
et al., 2005).

Western blotting

To determine the expression of TRPV1 in SZ95 cells, the western blot
technique was applied (Biré et al., 1998; Bodé et al., 2004, 2005).
Cell lysates were subjected to SDS-PAGE (8% gels were loaded with
60pug protein per lane), transferred to BioBond nitrocellulose
membranes (Whatman, Maidstone, UK), and then probed with the
above anti-TRPV1 antibody (1:100). A horseradish peroxidase-
conjugated rabbit anti-goat 1gG antibody (1:1,000, Bio-Rad, Hercules
CA) was used as a secondary antibody, and the immunoreactive
bands were visualized by a SuperSignal West Pico Chemiluminescent
Substrate enhanced chemiluminescence kit (Pierce, Rockford, IL)
using LAS-3000 Intelligent Dark Box (Fuji, Tokyo, Japan). To assess
equal loading, membranes were reprobed with an anti-cytochrome C
antibody (1:50, Santa Cruz) and visualized as described above.

Statistical analysis
When applicable, data were analyzed using a two-tailed unpaired
t-test and P<0.05 values were regarded as significant differences.
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The goal of the current study was to investigate the expression of transient receptor potential vanil-
loid-1 (TRPV1) on human in vitro differentiated monocyte-derived dendritic cells (DCs) and to dis-
sect the corresponding role of TRPV1-signaling in DC-specific functions. TRPV1 expression was
identified both at the protein and gene levels in human DCs. Moreover, the prototypic TRPV1 agonist
capsaicin specifically (i.e. via TRPV1) and dose-dependently inhibited cytokine-induced DC differen-
tiation, phagocytosis of bacteria, activation of DCs, and pro-inflammatory cytokine secretion. These

data introduce TRPV1-coupled signaling as a novel player in human monocyte-derived DC biology
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1. Introduction

Capsaicin, the pungent ingredient of the hot chili peppers,
induces a “multiple response” of pain, desensitization, neurotox-
icity, and neurogenic inflammation [1]. These effects were exclu-
sively attributed to the action of capsaicin on nociceptive sensory
neurons expressing transient receptor potential vanilloid-1
(TRPV1, the “capsaicin receptor”), a non-selective, calcium-perme-
able ion channel [2]. Via activation of TRPV1, capsaicin was shown
to induce neuropeptide release from the sensory afferents, which
in turn, initiates vasodilation, flare, and edema [1].

However, several workgroups have also shown that TRPV1-
coupled cellular mechanisms not only initiate neurogenic re-
sponses but the receptor may also mediate protective anti-
inflammatory processes in certain inflammatory/allergic animal
models [3,4]. Moreover, emerging recent evidence also suggest
that TRPV1 is expressed in various non-neuronal cell types as
well, including those involved in inflammation. Indeed, TRPV1
and capsaicin-induced signaling mechanisms were described on
polymorphonuclear leukocytes, mast cells, and macrophages [5-

* Corresponding author. Fax: +36 52 432 289.
E-mail address: biro@phys.dote.hu (T. Bir6).
! BIT and SzB contributed equally to this work.

7], and were shown to be involved both in pro-inflammatory
(e.g. stimulation of the synthesis and release of a wide array of
cytokines and growth factors) [5,8] as well as anti-inflammatory
(e.g. inhibition of NO synthase, inactivation of NF-xB) [6,9,10] cel-
lular responses.

Dendritic cells (DCs) represent a subset of professional antigen-
presenting cells which are able to capture and process antigens,
secrete cytokines and, following activation, migrate to lymph
nodes and activate various lymphocyte subsets. Hence, DCs act
as central players in the orchestration of tolerogenic and inflam-
matory immune responses [11,12].

Intriguingly, we possess limited and rather controversial data
on the expression and function of TRPV1 on DCs. Using mouse
bone-marrow derived DCs, Basu and Srivastava [13] have shown
that the activation of TRPV1 induces maturation and activation of
DCs, which results in the engagement of various immune func-
tions. Conversely, others [14] were unable to detect the molecular
or functional expression of TRPV1 on these cell types.

With respect to human DCs, we have identified TRPV1 on Lan-
gerhans cells of the human skin in situ [15]. However, we lack
data on the functional existence of TRPV1 on human DCs. There-
fore, in the current study, we have investigated the effects of cap-
saicin on human in vitro cultured monocyte-derived DCs, and
have dissected the corresponding role of TRPV1-signaling in DC
functions.

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2. Materials and methods
2.1. DC cultures

Monocytes were isolated from buffy coats by immunomagnetic
cell separation using anti-CD14-conjugated microbeads (Miltenyi
Biotech, Bergisch Gladbach, Germany) [16]. To induce the differen-
tiation of immature DCs (iDCs), monocytes were cultured in AIMV
medium (Invitrogen, Paisley, UK) supplemented with 80 ng/ml
GM-CSF and 100 ng/ml IL-4 (both from Peprotech, London, UK).
At day 2, the same amount of GM-CSF and IL-4 was added and
the cells were cultured for another 3 days. To generate matured
DCs (mDCs), iDCs were activated for 24 h with a “pro-inflammatory
cytokine cocktail” containing 80 ng/ml GM-CSF, 10 ng/ml TNF-a,
5ng/ml IL-1B, 20 ng/ml IL-6 (all from Peprotech), and 1 pg/ml
PGE, (Sigma-Aldrich, St. Louis, MO).

2.2. Flow cytometry

Phenotypic characterization of DCs was performed by flow
cytometry using different fluorochrome-conjugated antibodies:
CD83-FITC and CD14-PE (Beckman Coulter, Hialeah, FL); CD209/
DC-SIGN-FITC (BD Pharmingen, San Diego, CA); CCR7-PE (R&D Sys-
tems, Minneapolis, MN) as described before [16] by a FACSCalibur
flow cytometer (BD Biosciences Immunocytometry Systems,
Franklin Lakes, NJ).

2.3. Immunocytochemistry

Acetone-fixed DCs were immunolabeled using a rabbit anti-
TRPV1 primary antibody (1:200, Sigma-Aldrich) and a FITC-conju-

gated secondary antibody (1:200, Vector Laboratories, Burlingame,
CA) as described before [17].

2.4. Western blotting

To determine the expression of TRPV1 in DCs at various stages
of differentiation, the Western blot technique was applied as we
have described before [5,15,17,18].

2.5. Ca®*-imaging

The functionality of TRPV1 as a Ca?"-permeable channel was
assessed by fura-2-based Ca%*-imaging as described in our earlier
reports [19] using a dual wavelength monochromator system (Del-
tascan, Photon Technology International, New Brunswick, NJ).

2.6. Determination of viable cell numbers

The number of viable cells was determined by using the MTT
based colorimetric EZ4U proliferation assay (Biomedica, Vienna,
Austria) as described before [17-19].

2.7. Determination of apoptosis

A decrease in the mitochondrial membrane potential is one of
the earliest signs of apoptosis. To assess the process mitochondrial
membrane potential of DCs was determined by a Fluorescence Im-
age Plate Reader (FLIPR, FlexStation®34 II, Molecular Devices, San
Francisco, CA) platform using a MitoProbe DilC;(5) Assay Kit (Invit-
rogen) as described before [17,18].
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Fig. 1. TRPV1 is expressed on human monocyte-derived DCs. (A) Western blot analysis of TRPV1 on monocytes (MC), iDCs, and mDCs. Equal loading was assessed by
determining expression of cytochrome C (Cyt-C). In each sample, the amount of TRPV1 was quantitated by densitometry and normalized to those of Cyt-C (normalized optical
density values, OD). (B) TRPV1-immunoreactivity on iDCs as determined by immunofluorescence (FITC, green). Nuclei were counterstained by DAPI (blue). Inset, pre-
absorption negative control (NC). Bar, 20 um. (C) Q-PCR analysis of TRPV1 expression. Data of TRPV1 expression were normalized to the level of GAPDH of the same sample
and are expressed as mean * S.E.M. (n=3-7). (D) Ca?*-imaging on fura 2-loaded iDCs and mDCs. Fluorescence ratio (Fs4/Fsgo) values of excitations at 340 and 380 nm
wavelengths were recorded. The figure is a representative of multiple determinations and shows the effect of 1 M capsaicin and 180 uM ATP (used as a positive control).
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2.8. Determination of cytotoxicity (necrosis)

As described before [17,18], necrotic cell death was determined
by assessing Sytox Green staining (Invitrogen) which dye is able to
penetrate (and then bind to the nucleic acids) only the necrotic
cells with ruptured plasma membranes.

2.9. Determination of phagocytotic activity

Phagocytosis was measured by the uptake of FITC-labeled Esch-
erichia coli bioparticles by the DCs using a Vybrant™ Phagocytosis
Assay Kit (Invitrogen) following the manufacturer’s protocol. The
fluorescence intensity values were measured by FLIPR.

2.10. Quantitative real-time PCR (Q-PCR)

RNA was isolated from cells using TRIzol (Invitrogen) and Q-PCR
was performed on an ABI Prism 7000 sequence detection system
(Applied Biosystems, Foster City, CA) using TagMan primers and
probes as described before [17-19].

2.11. ELISA

The production of various cytokines was assessed by specific
ELISA kits (BD Pharmingen) as described before [16,17].

2.12. Statistical analysis

Whenapplicable,datawereanalyzed usingatwo-tailed un-paired
t-testand P < 0.05 values were regarded as significant differences.
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3. Results and discussion
3.1. TRPV1-signaling inhibits DC differentiation

First, we measured the existence of TRPV1 on monocyte-
derived DCs. Using complementary techniques, here we provide
the first evidence that both human peripheral blood monocytes
as well iDCs (and mDCs, see further details below) express
TRPV1 at the gene and protein levels (Fig. 1A-C). The existence
of TRPV1 was further verified by Ca?*-imaging revealing that this
Ca%*-permeable channel is indeed functional on iDCs and mDCs
(Fig. 1D). Of further importance, we also found that TRPV1
expression dramatically increased during the cytokine-induced
in vitro differentiation of monocytes to iDCs (Fig. 1A and C). It
appears, therefore, that human monocyte-derived DCs now
“join” the emerging group of various non-neuronal human cell
populations (including inflammatory and immune cells) on
which the expression of functional TRPV1 was unambiguously
identified [5,13,15,17,19].

We then investigated the effect of the functional TRPV1 agonist
capsaicin. Long-term application (for 5 days from day 0) of capsa-
icin (even up to extremely high 50 uM concentration, data not
shown) did not induce the in vitro differentiation of human periph-
eral monocytes to iDCs as monitored by DC-SIGN expression
(Fig. 2A and B). Likewise, capsaicin did not significantly alter the
viable cell number nor did it induce cell death of any form
(Fig. 2C). These data were in a marked contrast to those seen on
sensory neurons and on most of the TRPV1-expressing non-neuro-
nal cells where capsaicin induced a massive, mostly Ca%*-depen-
dent cytotoxicity [1-3,17,19]. Apparently, the Ca®*-handling
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Fig. 2. Capsaicin inhibits differentiation of iDCs. (A) Flow cytometry analysis of DC-SIGN expression on monocytes and differentiating iDCs tested daily during differentiation.
Median fluorescence of the maximal intensity was defined as 100%. Panel shows the effect of 10 uM capsaicin (CAPS) and 80 ng/ml GM-CSF + 100 ng/ml IL-4 on a
representative donor. Three-five additional experiments yielded similar results. (B) Flow cytometry analysis of DC-SIGN expression at day 5 of differentiation. The figure is a
representative of multiple determinations on independent donors. (C) FLIPR assays assessing viability (MTT), apoptosis (mitochondrial membrane potential, MMP) and
necrosis (Sytox green accumulation) at day 5 of differentiation. Data represent mean + S.E.M. of four independent determinations and values of iDCs without capsaicin were
defined as 100%. (D) Flow cytometry analysis of DC-SIGN expression on iDCs differentiated by cytokines in the presence of capsaicin (CAPS) from day O or 3, and of 5 uM
capsazepine (CPZ). Data represent mean + S.E.M. of three independent experiments and values of iDCs without capsaicin were defined as 100%. P < 0.05.
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mechanisms of the DCs are sufficient to “eliminate” the unwanted
cellular effects of the TRPV1-mediated Ca®*-influx.

However, of great importance, capsaicin markedly inhibited the
cytokine-induced (IL-4 and GM-CSF) differentiation of iDCs
(expressions of DC-SIGN, CD11c, HLA-DR) (Fig. 2B and D, Supple-
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mentary Fig. S1). This effect was most probably mediated by TRPV1
since the antagonist capsazepine (5 tM) [20] effectively prevented
the action of capsaicin to suppress DC-SIGN expression (Fig. 2D). Of
further importance, these effects of capsaicin were only observed
when TRPV1 stimulation was employed daily from day O of
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culturing; in fact, when applied from day 3, the TRPV1 agonist was
ineffective in modifying the differentiation of iDCs (Fig. 2D). This
latter finding suggests that the specific TRPV1-signaling interferes
with the early events of DC differentiation; hence, when mono-
cytes are already committed to the DC lineage, the activation of
the existing TRPV1 cannot impede the process.

Another characteristic of iDCs is the capability of phagocytosis
[11,12,16]; hence, we also investigated the involvement of
TRPV1-signaling in this process. As assessed by E. coli-FITC inter-
nalization FLIPR analysis, in those cells which were treated by IL-
4 and GM-CSF in the presence of capsaicin from day 0 for 5 days
(i.e. during the “regular” iDC differentiation process), the phagocy-
totic activity was significantly suppressed (Fig. 3A). In addition, we
also found that the co-application of capsazepine prevented the ac-
tion of prolonged capsaicin administration to suppress phagocyto-
sis (Fig. 3A) again arguing for the TRPV1-specificity of the effect of
capsaicin.

We then measured the effect of “acute” application of capsaicin
on the phagocytosis of the iDCs. As seen in Fig. 3B and C, as short as
2 h capsaicin treatment significantly inhibited the phagocytotic
activity. Moreover, we also found that both capsazepine as well
as the suppression of extracellular Ca%*-concentration abrogated
this effect, again suggesting that (i) the capsaicin-induced inhibi-
tion of phagocytosis was mediated by TRPV1; and (ii) TRPV1 in-
deed functions as a Ca%*-permeable channel on iDCs.

3.2. TRPV1-signaling inhibits DC activation and maturation

As seen in Fig. 1, the expression of TRPV1 found on iDCs re-
mained substantially high when the maturation of iDCs to mDCs
was induced by a “pro-inflammatory cytokine cocktail” applied
for 24 h. Therefore, we also assessed the role of TRPV1 in the mat-
uration and activation of iDCs. In contrast to results obtained with
mouse DCs [13], capsaicin alone (i.e. without a “pro-inflammatory
cytokine cocktail”) failed to induce the maturation of iDCs to mDCs
as measured by assessing the expression of the mDC markers CD83
and CCR7 [11,12,16] (Fig. 4A). Likewise, capsaicin did not promote
the release of selected pro-inflammatory cytokines (data not
shown), an indicator of activation of DCs [11,12,16].

Intriguingly, the “pro-inflammatory cytokine cocktail” induced
overexpression of CD83 and CCR7 (as well as their highly elevated
mRNA transcript level) was significantly suppressed by capsaicin
in a TRPV1-specific manner (Fig. 4A and B). Likewise, capsaicin also
decreased the expression of HLA-DR as well as other co-stimula-
tory molecules (CD40, CD80, and CD86) induced by the pro-inflam-
matory cocktail (Supplementary Fig. S2). Moreover, capsaicin, via
TRPV1, significantly yet differentially inhibited the action of the
“cocktail” to stimulate the production and release of selected cyto-
kines (Fig. 4C and D). Namely, capsaicin did not affect the highly
elevated synthesis of the pro-inflammatory IL-8 whilst it effec-
tively inhibited the production and release of IL-6 and IL-12 of
mDCs. Intriguingly, capsaicin further stimulated the synthesis
and release of the rather anti-inflammatory IL-10. It appears, there-
fore, that TRPV1-mediated signaling, similar to findings on other
cell types [5,17], differentially affects the cytokine profile of the
cells.

3.3. Concluding remarks

Collectively, the above data introduce TRPV1 as a novel player
in human monocyte-derived DC biology. Moreover, our findings
obtained on in vitro cultured cells suggest that the functional
TRPV1 expressed on DCs exhibits anti-inflammatory properties
since it inhibited the differentiation, maturation, phagocytosis,
and (selected) pro-inflammatory cytokine production of the DCs.
Further studies are therefore warranted to define the putative

cross-talk between the sensory neuron- and the DC-localized
TRPV1-coupled signaling mechanisms in the regulation of the im-
mune-inflammatory responses of a given tissue. Likewise, it should
also be explored (most preferably in clinical trials) how and to
what extent the DC-localized TRPV1-mediated cellular actions
are involved in (or can be engaged to) the in vivo anti-inflamma-
tory effects of TRPV1-acting agents.
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Abstract. In this study, we expressed rat vanilloid recep-
tor 1 (VR1) in various heterologous expression systems
using different VR 1-encoding vectors, and examined how
the VR1 agonists capsaicin and resiniferatoxin affected
intracellular calcium. Our results clearly show that the
magnitude and kinetics of response as well as the extent
of tachyphylaxis differ markedly between systems. Using
green fluorescent protein-tagged VR1, we show that
much of the VR1 is localized to intracellular membranes.
Consistent with this localization, VR 1 agonists are able to

liberate calcium from intracellular stores in the absence
of extracellular calcium. As with other parameters of re-
sponse, the three expression systems differ in the degree
to which, in the absence of extracellular calcium, cap-
saicin and resiniferatoxin can liberate calcium from the
intracellular stores. Our findings emphasize the influ-
ence of the expression system on characteristics of the re-
sponse of VR1 to its ligands and the need for caution in
extrapolating such results to other settings.

Key words. Vanilloid receptor 1; capsaicin; resiniferatoxin; heterologous expression system; calcium.

A distinct subpopulation of primary sensory neurons pos-
sesses a marked sensitivity to capsaicin [1, 2], the major
pungent ingredient of hot peppers, and to other vanilloids
[e.g., resiniferatoxin (RTX) isolated from the latex of Fu-
phorbia resinifera] [3], which act via the stimulation of
vanilloid receptors (VRs) [2, 4, 5]. The molecular de-
scription of the first VR on sensory neurons (VR1) [6],
consistent with results obtained from previous electro-
physiological and pharmacological studies [2, 5], re-
vealed that the sensory neuron VRI functions as a non-
specific, calcium-permeable cation channel.

The activation of VR1 on sensory neurons by vanilloids
results in ionic (mostly calcium and sodium) influx, an

* Corresponding author.
J. Lazar and T. Szabd participated equally to this work.

increase in intracellular calcium concentration ([Ca2'],),
and a subsequent desensitization of the response resulting
in tachyphylaxis [2, 5]. In the analysis of these rather
complex phenomena, one of the key issues, in addition to
the heterogeneity of action of different vanilloids [2, 7],
was to describe the dependence of the processes on ex-
tracellular calcium concentration ([Ca?].). The patch-
clamp technique showed unambiguously that the vanil-
loid-induced membrane currents are only minimally af-
fected by [Ca?'], [8—10]. In contrast, in most cellular
preparations, the processes of desensitization/tachyphy-
laxis showed a marked dependence on the availability of
calcium in the medium [9, 11, 12].

However, the dependence of the increase in [Ca?"]; on
[Ca?"], remains unclear. Several groups have reported
that VR1 is exclusively expressed on the surface mem-
brane of sensory neurons and that vanilloids are capable
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of increasing [Ca?]; only in the presence of extracellular
calcium [13—15]. In contrast, other findings have sug-
gested that VR1 could functionally be expressed not only
in the plasma membrane but also in intracellular mem-
branes (e.g., in the membrane of the endoplasmic reticu-
lum, ER) of the neurons; hence, the VR1-mediated cellu-
lar responses may also be initiated in the absence of ex-
tracellular calcium [16—18].

Molecular characterization of VR1 stimulated multiple
efforts to describe how VR1 functions as an ionic channel
in cells. Various heterologous expression systems for
VRI1 have been used to describe molecular and pharma-
cological features of the receptor channel and cellular
mechanisms initiated by the activation of VR1, and also
to provide tools for VRI-targeted drug design in pain
therapy.

Results obtained in these systems, however, did not re-
solve the issue of the calcium dependence of [Ca?']; re-
sponses and, moreover, provided conflicting data both on
the localization of VRI1 in cells and on the effect of vari-
ous vanilloids. The ability of capsaicin to increase [Ca?"];
was reported to be totally dependent on [Ca?*], in VR 1-ex-
pressing Chinese hamster ovary (CHO) [15] and in human
embryonic kidney (HEK) 293 cells [6, 19]. In contrast, us-
ing cos-7 cells expressing the enhanced green fluorescent
protein (eGFP)-tagged VR1 (VR1eGFP), we have previ-
ously shown [16, 17] that the application of RTX initiated
a calcium rise and disruption of various intracellular or-
ganelles (ER and nuclear membranes). We have also de-
scribed that VR1eGFP was localized in the surface mem-
brane and, unexpectedly, also in the membrane of the ER,
a finding that was also supported by others [20].

In this study, therefore, our goal was to investigate and
compare the functional properties of VR1 expressed in
various heterologous systems using similar technical ap-
proaches. We employed the previously mentioned tran-
sient expression system in which a GFP-tagged VR1 was
transiently expressed in cos-7 cells [16, 17], an inducible
expression system in which the level of VR1 was con-
trolled by a tetracycline-regulated repressor protein in
CHO cells [21-23], and a stable expression system in
which a VR1-encoding e-tagged plasmid [16] was stably
expressed in C6 rat glioma cells. In these cells, we com-
pared the effects of capsaicin and RTX on calcium home-
ostasis and cellular integrity in calcium-containing and
calcium-free solutions to describe the relative contribu-
tions of the surface membrane and (the possible) ER-lo-
calized VRI1s in the establishment of the vanilloid-in-
duced cellular effects, and to analyze vanilloid actions.
We conclude that several crucial functional features of
VRI1 expressed in various systems are different from one
another, which suggests a need for careful selection of the
given expression system and for caution in interpreting
and comparing data obtained in such systems to results
with primary sensory neurons.
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Materials and methods

Construction of heterologous expression systems for
rat VR1

For the transient expression system, cos-7 cells were
transfected with 1-2 pg VR1eGFP plasmid or with the
control empty vector by the Lipofect AMINE (Life Tech-
nologies, Gaithersburg, Md.) transfection reagent, using
the protocol suggested by the manufacturer (VR1eG
FP/cos-7 cells). The plasmid was constructed as de-
scribed in our previous report [16]. Briefly, VR 1-specific
mRNA was obtained from rat dorsal root ganglion using
RT-PCR, and was cloned to the multiple cloning site of
the pEGFP-N3 vector (Clontech, Palo Alto, Calif.) using
various restriction enzymes. Transfected cells, cultured
for 48 h in Dulbecco’s modified Eagle’s medium
(DMEM; Sigma, St. Louis, Mo.) supplemented with
10% fetal calf serum (FCS), 2 mM glutamine, and an-
tibiotics (all from Sigma) at 35°C to avoid temperature-
induced activation of the VR1 [6, 16], were used for cal-
cium imaging.

The inducible expression system was generated as reported
previously [23]. Briefly, cDNA of the rat VR1 was sub-
cloned into pUHG102-3 (Clontech) and was tranfected
into CHO cells carrying the pTet Off Regulator plasmid
(Clontech) (VR1/CHO cells). In these cells, expression of
the pUHG plasmid (hence VR1) is repressed in the pres-
ence of tetracycline and is expressed upon removal of the
antibiotic. Therefore, cells were routinely cultured in Ham
F-12 medium (supplemented with 10% FCS, 2 mM gluta-
mine, and antibiotics, all from Sigma) which contained 1
pg/ml tetracycline (Sigma). Before calcium imaging, cells
were seeded on glass coverslips and were switched to tetra-
cycline-free Ham F-12 medium and cultured at 35 °C for
the time indicated (usually for 48 h, see below). To evalu-
ate the efficacy of the induction of VR1 expression, West-
ern blot analysis was performed (see below).

For the stable expression system, a previously constructed
metallothionein promoter-based peMTH vector [24] en-
coding the cDNA of the rat VR1 was used [16]. This vec-
tor (2—4 pg cDNA) was transfected into C6 rat glioma
cells growing in six-well tissue culture dishes (VR1/C6
cells). Cells were then selected in 10% FCS-supplemented
DMEM containing 750 pg/ml G418 (geneticin; Life Tech-
nologies) for 12—18 days; then, single colonies were iso-
lated. VR1-overexpressing cells were cultured in supple-
mented DMEM containing 500 pg/ml G418 at 35°C. The
efficacy of recombinant overexpression in several clones
was monitored by Western blotting (see below).

Western blotting

In the cases of the inducible and stable expression systems,
the expression of VR1 was evaluated by Western blotting
[25]. Cells were harvested in homogenization buffer, sub-
jected to SDS-PAGE according to Laemmli [26] and trans-
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ferred to nitrocellulose membranes (BioRad, Vienna, Aus-
tria). Membranes were then probed with a goat anti-VR1
primary antibody (Santa Cruz, Santa Cruz, Calif.). A per-
oxidase-conjugated rabbit anti-goat IgG antibody (Bio-
Rad) was used as the secondary antibody, and the im-
munoreactive bands were visualized by an ECL Western
blotting detection kit (Amersham, Little Chalfont, UK) on
light-sensitive film (AGFA, Brussels, Belgium).
Representative results of the expression of VR1 in the in-
ducible and stable expression systems are seen in figure
1. Western blot analyses were performed on VR1/CHO
cells harvested 0, 12, 24, and 48 h after induction, i.e.,
after withdrawing the tetracycline from the culturing
medium. As seen in figure 1A, the expression of VR1 in-
creased with time after tetracycline removal; therefore,
cells after 48 h were used for calcium imaging. In addi-
tion, Western blot measurement was also performed on
VR1/C6 cells and on C6 cells transfected with the empty
peMTH vector. As seen in Figure 1B, VR1 expression
was several times higher in the three representative over-
expressing clones than in control C6 cells.

Calcium imaging and analysis

Changes in intracellular calcium concentration ([Ca?'];)
were detected as described in our earlier reports [25, 27].
A calcium-sensitive probe was introduced into the intra-
cellular space by incubating the cells with 5 pM fura-2
AM for 1 h at 37°C. Before each measurement, the cells
were kept at room temperature (22—24°C) in normal Ty-
rode’s solution (in mM: 137 NacCl, 5.4 KCl, 0.5 MgCl,,
1.8 CaCl,, 11.8 Hepes-NaOH, 1 g/l glucose, pH 7.4) for
half an hour to allow homogeneous distribution of the
dye. The coverslips, containing the fura-2-loaded cells,
were then placed on the stage of an inverted fluorescence
microscope (Diaphot;, Nikon, Tokyo, Japan). In the case
of the transient expression system, single cells expressing
the VR1eGFP fusion protein in cos-7 cells were selected

A VRI1/CHO
0 12 24 48

VRI %n s ca

(hrs)

B VRI1/C6
C6 cl-1 cl-6 cl9
VR1 « —— — —

Figure 1. Determination of efficacy of VRI expression in VR1/
CHO and VR1/C6 cells. Cells were harvested in lysis buffer, simi-
lar amounts of proteins were subjected to SDS-PAGE, and Western
immunoblotting was performed using a goat antibody against VR1
as described in Materials and methods. (4) VR1/CHO cells were in-
duced to express VR1 by change to medium without tetracycline,
and were subjected to Western blot analysis 0, 12, 24, and 48 h af-
ter induction. (B) VR1 expression was determined in empty vector
transfected C6 cells (C6) and in three individual VR1/C6 clones (cl)
with high VR1 levels.

VR1 in recombinant systems

by eGFP green fluorescence illuminating the cells at 488
nm wavelength. For calcium imaging, excitation was al-
tered between 340 and 380 nm using a dual wavelength
monochromator (Deltascan; Photon Technology Interna-
tional, New Brunswick, N. J.). The emission was moni-
tored at 510 nm with a photomultiplier at an acquisition
rate of 10 Hz per ratio. [Ca?']; levels were calculated
according to the method of Grynkiewicz et al. [28] from
the ratio (R=F;,/Fs,) of the fluorescence intensities
measured with excitation wavelengths of 340 (F,,,) and
380 nm (Fy) as described earlier [28] (K;=76 nM,
R,i,=0.42, R, . =8.6, F380,,/F380,c,;=15.3).

Cells were continuously washed by either normal or cal-
cium-free Tyrode’s solution (in the latter case, the CaCl,
was substituted by 1 mM EGTA) using a slow back-
ground perfusion system, whereas the agents investigated
(capsaicin from Sigma; RTX and capsazepine from
Alexis, San Diego, Calif.) were applied through a rapid
perfusion system positioned in close proximity to the cell
measured. All compounds were applied until the maximal
response was elicited.

Analyses of the [Ca?"]; transients were performed by a
PTI analysis program developed by us which measures
maximal amplitude of the transient (above the baseline
[Ca?*]; level, in nM), the time to peak value (TTP, time in-
terval between the start of the application of the drug and
the peak of the elevation, in s), and the rate of rise value
(ROR, slope of the ascending phase measured between
the onset and peak of the transient, in nM/s). All data are
expressed as the mean + SE.

Real-time confocal microscopy

Cos-7 cells were plated on glass coverslips and trans-
fected with 1-2 pg VR1eGFP plasmid and, after 48 h in
culture, were analyzed with an MRC-1024 Bio-Rad con-
focal microscope, as described before [16, 17]. To study
the two- and three-dimensional distribution of fluores-
cent signals, each x-y plane was scanned over 1 s at 30-s
intervals and at 0.2-pm increments in the z axis mode.

Results

In the VR1eGFP/cos-7 cell transient expression
system, capsaicin induced cellular responses more
effectively in 1.8 mM extracellular calcium solution
First, we investigated the effect of capsaicin on the intra-
cellular calcium homeostasis of cells in calcium-free and
calcium-containing extracellular solutions. Control (the
empty pEGFP vector-transfected) cos-7 cells never re-
sponded to capsaicin with any type of increase in [Ca?*];
whether in calcium-free or in 1.8 mM [Ca?*], solutions
(data not shown). In contrast, as seen in figure 2, cap-
saicin at 1 pM was able to increase [Ca?']; of
VR1eGFP/cos-7 cells both in 1.8 and 0 mM [Ca?"], solu-
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Figure 2. Effect of capsaicin on [Ca*']; in VR1eGFP/cos-7 cells. Cells growing on glass coverslips were loaded with 5 pM fura 2-AM and
fluorescence ratio (Fy,y/F;5,) values of excitations at 340- and 380-nm wavelengths were recorded at an acquisition rate of 10 Hz per ratio.
The effects of 1 pM capsaicin (CAPS) were measured in 1.8 mM [Ca?'], (4, B) and in calcium-free (C) solutions. For better comparison
of various parameters of the capsaicin-induced transients in different solutions, the first [Ca?']; elevations in A—C (indicated by arrows) are
shown using the same time and ratio scales (D). The ability of 5 pM capsazepine (ZEP) to significantly yet reversibly inhibit the action of
capsaicin in 1.8 mM [Ca?"], medium is also shown (E). Representative results of multiple determinations are summarized in table 1.
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Table 1. Summary of various parameters of [Ca?']; transients induced by capsaicin and RTX in VR1eGFP/cos-7 cells.

Capsaicin (1 pM) RTX (1 nM)

1.8 mM Ca?* 0 mM Ca* 1.8 mM Ca** 0 mM Ca?*
Responding cells (%) 79 46 42 48
Transient type fast slow slow slow fast slow

(69%) (31%) (100%) (100%) (32%) (68%)
Amplitude (nM) 124£29 3111 28.6%£6 68x16 6522 44+ 14
Time to peak (TTP, s) 149+1 63+10 66+ 11 133+23 15.7£3 16621
Rate of rise (ROR, nM/s) 16.6%5 1.1x1 04+0.1 1.9+1 7.1+3 0.36+0.2
Tachyphylaxis (% decrease) 24 £11 40.8+8 44 12 100 41 %11 100
Averaged tachyphylaxis (%) 273+9 N/A N/A 79+13

Parameters shown in the table were determined as described in Materials and methods. All values are expressed as the mean * SE of sev-

eral determinations. N/A, not applicable.

tions. However, there were significant differences in the
proportion of responding cells and in the characteristics
of the different transients for cells in the different extra-
cellular solutions.

In 1.8 mM [Ca?']., 79% of the VR1eGFP/cos-7 cells (n =
42/53) responded with a significant increase in [Ca?'];
upon capsaicin treatment (table 1). These transients, based
on their various kinetic parameters (listed in table 1) could
be classified into two groups. In the first group (‘fast’
transient, fig. 2A, D), the signals were recorded in 69 %
(n=29/42) of the capsaicin-responding cells. Among
these ‘fast’ [Ca?']; elevations, 66% of the transients
(n=19/29) returned to baseline after the termination of
capsaicin application, whereas 3 % (n=10/29) of the tran-
sients showed minimal return (less than 30 % decline com-
pared to the maximal level). For the group displaying tran-
sients which returned to baseline, we were able to investi-
gate the effect of repeated capsaicin application and to
measure the decrease in the amplitude of the transients
(i.e., tachyphylaxis). Statistical analyses revealed that,
upon repeated capsaicin treatment, the second transients
had 24+ 11% (mean £ SE) less amplitude compared to
the maximal value of the first [Ca?']; elevation.

In the second group (‘slow’ transients), the signals were
recorded on 31% (n = 13/42) of the capsaicin-responding
VR1eGFP/cos-7 cells (fig. 2B, D). The transients had a
much reduced maximum amplitude and a slower re-
sponse (table 1). Similar to the ‘fast’ transients, approxi-
mately two-thirds (62 %, n=_8/13) of the ‘slow’ [Ca?'], el-
evations returned to the baseline. However, within the
‘slow’ group, we observed a more pronounced tachyphy-
laxis upon repeated capsaicin application (40.8 + 8% de-
crease in amplitude of the second transient compared to
the first one; mean + SE).

We also measured the specificity of the capsaicin re-
sponse using capsazepine, a competitive antagonist of
capsaicin for VRI1. As seen in figure 2E, 5 pM cap-
sazepine markedly yet reversibly inhibited the capsaicin-
induced [Ca?']; responses. Statistical analyses showed

that, in contrast to the 27.3 £ 9% average tachyphylaxis
on VR1eGFP/cos-7 cells showing any type of responses
to capsaicin (table 1), capsazepine decreased the ampli-
tude of the second capsaicin-evoked [Ca?*]; transient by
91.6£4% (mean = SE, n=15) when compared to the
peak value of the first elevation induced by capsaicin.

In calcium-free solution, capsaicin was able to evoke
[Ca?*]; transients in only 46 % of the VR 1eGFP/cos-7 cells
(n=25/54) (table 1). Furthermore, also in contrast to our
findings with VR1eGFP/cos-7 cells in 1.8 mM [Ca?],, all
of these transients were characterized as ‘slow’ and small
(fig. 2C, D, table 1). Although most of the transients
(84%,n=21/25) returned to the baseline after cessation of
vanilloid treatment, repeated application of capsaicin re-
sulted in a significant decline in the maximal amplitude
(44.5+£13% decrease compared to the peak of the first
capsaicin-induced transient, mean + SE).

We have previously shown [16] that the stimulation of
VR1eGFP-expressing cos-7 cells by RTX results in spe-
cific morphological changes in various intracellular mem-
brane structures. Therefore, using the eGFP-tag to provide
a visual measure of cellular events, we also investigated
the differences and similarities between the actions of cap-
saicin in calcium-free and calcium-containing solutions at
the level of intracellular organelles by real-time confocal
microscopy. As seen in figure 3, similar to the calcium
imaging data, there were marked differences in the actions
of capsaicin depending on the presence of [Ca?'],. For
VR1eGFP/cos-7 cells in calcium-containing solution (fig.
3, upper row), 1 pM capsaicin effectively induced the
vesiculation and disruption of intracellular membrane ele-
ments, i.e., ER and nuclear membrane disruption, within
5—10 min (as was expected, the kinetics of vanilloid-in-
duced changes in cell integrity were much slower, in the
minute range, than those of the calcium responses, in the
second range) [16]. In contrast, in calcium-free solution
(fig. 3, middle row), capsaicin induced much less pro-
nounced intracellular alterations. Although disorganiza-
tion of the ER was prominent, the appearance of charac-
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Figure 3. Effect of capsaicin on cellular membrane organization in
VR1eGFP/cos-7 cells. Single VR 1eGFP/cos-7 cells were identified
by their green fluorescence using a confocal microscope. Images
were obtained in the z axis mode as described in Materials and
methods, and selected time points are represented in the figure. Ap-
plication of 1 pM capsaicin (CAPS) was initiated at 0 min and was
continued throughout the experiment. The action of capsaicin was
investigated in 1.8 mM [Ca?"]. (upper row) and in calcium-free
(middle row) solutions, whereas the inhibitory effect of 5 min prein-
cubation with 5 pM capsazepine (ZEP) in 1.8 mM [Ca?], medium
is shown in the lower row. Note the more pronounced effect of cap-
saicin in calcium-containing solution. Representative results of sev-
eral determinations yielding similar results.

teristic nuclear blebs representing disruption of the nuclear
membrane was rare. Preincubation of the VR1eGFP/cos-7
cells with 5 pM capsazepine for 10 min (which alone did
not cause any modification of cellular integrity, data not
shown) effectively inhibited the cellular changes induced
by 1 pM capsaicin (fig. 3, lower row). In addition, cap-
saicin caused no measurable morphological changes in
control cos-7 cells transfected with the empty pEGFP vec-
tor (data not shown). Consistent with the calcium imaging
data, these findings strongly suggest that the actions of
capsaicin on VR1eGFP/cos-7 cells are markedly depen-
dent on the presence of extracellular calcium.

In the VR1eGFP/cos-7 transient expression system,
RTX induced cellular responses with very similar
potencies in 1.8 and 0 mM [Ca?'], solutions

We next investigated the cellular actions of an ultrapotent
vanilloid agonist, RTX, on [Ca?]; homeostasis and mor-
phological characteristics. As seen in figure 4, | nM
RTX, like capsaicin, increased [Ca?*]; both for cells in 0
and 1.8 mM [Ca?'], solutions. However, there were sig-
nificant differences in the RTX-induced transients both
as a function of the extracellular calcium and compared
to the characteristics of the corresponding capsaicin-in-
duced responses.

For VR1eGFP/cos-7 cells, in 1.8 mM [Ca?'], solution,
RTX was able to evoke [Ca?']; transients in 42% of the
cells examined (n=27/64). However, in contrast to the
data obtained with capsaicin (seen in fig. 2), all of these
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RTX-evoked transients could be classified as ‘slow’ (fig.
4A, D, table 1). Although 52% (n=14/27) of the tran-
sients returned to the baseline after RTX application,
none of the cells showed a [Ca?"]; response after repeated
RTX administration, reflecting maximal tachyphylaxis.
For VR1eGFP/cos-7 cells in calcium-free solution, like
those in 1.8 mM [Ca?'],, RTX was able to evoke [Ca?'];
transients in approximately half (48 %) of the cells exam-
ined (n=33/69). These transients could be classified into
two groups based on kinetic analysis (table 1). In the first
group (‘fast’ transients, fig. 4B, D), the signals were
recorded on 33 % of the RTX-responding cells (n=11/33)
(table 1). On those cells which responded with [Ca?']; re-
sponses returning to baseline (55 % of the ‘fast’ transients,
n=06/11), repeated application of RTX resulted in a marked
tachyphylaxis (40 £11% decrease in the peak amplitude
compared to that of the first elevation, mean + SE).

In the second group (‘slow’ transients, fig. 4C, D), the
signals were recorded on 67% of the RTX responding
cells (n=22/33) (table 1). Interestingly enough, although
most (82 %, n=18/22) of the ‘slow’ transients returned to
the baseline after the termination of the RTX application,
none of the cells showing such [Ca?"]; signals responded
to repeated RTX administration, suggesting maximal
tachyphylaxis.

To obtain more data about the possible functional role of
the VR1eGFP fusion protein on intracellular calcium
stores, we also determined the effect of emptying the in-
tracellular calcium stores on the RTX-induced responses
using thapsigargin (TG), an inhibitor of the ER Ca-AT-
Pase molecule [29]. Since the RTX-induced transients in
calcium-free solution exerted a marked tachyphylaxis
(79.2 £13 % averaged tachyphylaxis on cells showing any
type of responses to RTX, mean + SE, see table 1), we
were unable to measure the effect of TG on repeated RTX-
induced transients. Therefore, we investigated the ampli-
tude of the first RTX-evoked transients under control and
TG-treated (50 nM, 5 min) conditions and statistically
compared the two populations. Whereas 48 % of the cells
responded with any type of transient [Ca*']; elevations to
RTX in control calcium-free solution (with an averaged
amplitude of 57.4 £ 14 nM, mean + SE), we could detect
only minimal (averaged amplitude of 3.6 + 2 nM, mean *
SE, n=20) responses on cells preincubated with TG. We
can conclude, therefore, that the emptying of the ER cal-
cium content resulted in a marked (approximately 93 %)
inhibition of the RTX-induced [Ca?']; transients in cal-
cium-free solution.

We also investigated the effect of RTX on morphological
characteristics of VR1eGFP-expressing cos-7 cells. As
seen in figure 5 (upper and middle rows), 1 nM RTX was
able to induce disruption of intracellular membrane com-
ponents with similar efficiencies in calcium-free and nor-
mal solutions (in marked contrast to the more pronounced
action of capsaicin in 1.8 mM [Ca?'],, see fig. 3). How-
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Figure 4. Effect of RTX on [Ca?']; in VR1eGFP/cos-7 cells. Cells growing on glass coverslips were loaded with 5 pM fura 2-AM and flu-
orescence ratio (Fy,y/Fsg) values of excitations at 340- and 380-nm wavelengths were recorded at an acquisition rate of 10 Hz per ratio. The
effects of 1 nM RTX were measured in 1.8 mM [Ca?'], (4) and in calcium-free (B, C) solutions. For better comparison of various parame-
ters of the RTX-induced transients in different solutions, the first [Ca?*]; elevations in panels A—C (indicated by arrows) are also shown us-
ing the same time and ratio scales (D). Representative results of several determinations are summarized in table 1.

ever, the action of RTX was much slower than that of cap-
saicin (maximal effects were seen after 15—20 min). Fur-
thermore, we also found that the preincubation of the
cells for 5 min with 50 nM TG (hence the emptying of in-
tracellular calcium stores) largely but not completely pre-
vented the disorganization of the intracellular membrane
structures induced by RTX (fig. 5, lower row) (the partial
extent of this blockade can possibly be explained by the
effect of TG alone on [Ca?"]; [30]). Like capsaicin, RTX
was also ineffective on control empty vector-transfected
cos-7 cells (data not shown). Consistent with the calcium
imaging results, these data again strongly argue for the in-
corporation of the VR1eGFP into intracellular calcium

store structures of cos-7 cells and its functional activity.
Furthermore, our findings suggest that the effects of RTX
on the VR1eGFP/cos-7 cells are much less dependent on
the presence of extracellular calcium than seen in the case
of capsaicin.

In the inducible VR1/CHO expression system, RTX
but not capsaicin was ineffective when extracellular
calcium was removed

In VR1/CHO cells in calcium-containing solution, 1 pM
capsaicin induced [Ca?*]; transients in 66 % of cells (n =
66/100) and all of the evoked transients were character-
ized as ‘fast’ ones (fig. 6 A, D, table 2). In striking con-



CMLS, Cell. Mol. Life Sci.  Vol. 60, 2003

10 min 20 min

0 min

RTX
wl [Ca?*],

RTX
no [Ca?'],

RTX
wl TG

Figure 5. Effect of RTX on cellular membrane organization in
VR1eGFP/cos-7 cells. Single VR1eGFP/cos-7 cells were identified
by their green fluorescence using a confocal microscope. Images
were obtained in the z axis mode as described in Materials and
methods and selected time points are represented in the figure. Ap-
plication of 1 nM RTX was initiated at 0 min and was continued
throughout the experiment. The action of RTX was investigated in
1.8 mM [Ca?*], (upper row) and in calcium-free (middle row) solu-
tions, whereas the partial inhibitory effect of 5-min preincubation
with 50 nM thapsigargin (TG) in calcium-free medium is shown in
the lower row. Note the similarly pronounced effects of RTX in both
solutions. Representative results of several determinations yielding
similar results.

trast, in calcium-free solution, only 25% of the
VRI1/CHO cells (n=15/60) responded to capsaicin (table
2) and all of these responses were rather small and ‘slow’
(fig. 6B, D). In both solutions, most of the capsaicin tran-
sients (>80%) completely returned to baseline (fig. 6 A,
B); hence, the effect of repeated applications of capsaicin
could also be measured. However, in marked contrast to
the behavior of VR1eGFP/cos-7 cells (see figs. 2, 4), re-
peated capsaicin application did not result in tachyphy-
laxis of the VR1/CHO cells (table 2) in either solution. In-
stead, especially in 1.8 mM [Ca?*], solution, the second
application of capsaicin resulted in even higher Ca re-
sponses (table 2).

Interestingly (and also contrary to our findings in the
VR1eGFP/cos-7 cell transient expression system; see fig.
4, table 1), in the VR1/CHO inducible expression system,
1 nM RTX was completely ineffective in calcium-free so-
lution (table 2). Moreover, even in 1.8 mM [Ca?"], solu-
tion, only 16% of the cells (n=8/50) responded to RTX
with, in all cases, ‘slow’ [Ca?']; elevations (fig. 6C, D). In
addition, we were unable to measure the effect of re-
peated RTX administration since the [Ca?']; levels never
returned even close to baseline after the first RTX appli-
cation.

The VR1 competitive antagonist capsazepine effectively
blocked the action of capsaicin and RTX in both solu-
tions. Namely, 2-min preincubation of cells with 5 pM
capsazepine completely prevented the effect of the subse-
quent addition of capsaicin (the reversible action of the
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inhibitor in calcium-containing solution is seen in fig.
6E). Since the effect of a second application of RTX
could not be measured in VR1/CHO cells, we determined
the maximal amplitude of the RTX-induced responses in
control and capsazepine-pretreated cells. Whereas in con-
trol cells, RTX initiated transients with an averaged max-
imum amplitude of 47 + 19 nM (mean £ SE, table 2), the
vanilloid was able to affect [Ca?']; only insignificantly in
capsazepine-pretreated cells (3.8+3 nM increase,
mean + SE, n=38).

In the VR1/C6 stable expression system, both
capsaicin and RTX were effective only in calcium-
containing extracellular solution

In VR1/C6 cells measured in calcium-containing solu-
tion, the effect of capsaicin was very similar to that seen
in VRI/CHO cells under similar conditions (table 3).
Namely, all of the cells investigated (n=99) responded
to 1 uM capsaicin application with significant and ‘fast’
[Ca?]; transients (fig. 7A, C, table 3) which returned
to baseline after cessation of capsaicin administration.
Also similar to the VR1/CHO cells, the VR1/C6 cells
never showed any tachyphylaxis upon repeated capsaicin
application (table 3). However, in marked contrast to
data obtained in the VR1/CHO inducible system, in the
VRI1/C6 cells, capsaicin was unable to evoke any sig-
nificant change of [Ca?']; in calcium-free solution
(n=56).

The characterization of the effect of RTX in the VR1/C6
cells resulted in strikingly similar data to those obtained
in the VR1/CHO inducible system (table 3). Namely,
1 nM RTX was only effective in calcium-containing so-
lution and only in a much smaller portion of the cells than
capsaicin (28%, n=19/68). In addition, all of the RTX-
evoked transients were small and ‘slow’ ones (fig. 7B, C,
table 3). As seen in figure 7B, as was expected, the re-
peated application of RTX resulted in no further change
in [Ca?"];. However, since these transients only partially
(if at all) returned toward the baseline after the first RTX
application, we were unable to properly and, most impor-
tantly, statistically measure the phenomenon of tachyphy-
laxis.

The effect of capsazepine was tested in this system as
well. A 2-min preincubation of the cells with 5 uM cap-
sazepine, as in the inducible system, completely yet re-
versibly abolished the effect of capsaicin (fig. 7D).
Since the effect of a second application of RTX could not
be measured in these cells, we determined the maximal
amplitude of the RTX-induced responses in control and
capsazepine-pretreated cells. Whereas in VR1/C6 cells
(not treated with the inhibitor), RTX was able to induce
Ca response transients with an averaged maximum am-
plitude of 29.2 +4 nM (mean + SE, table 3), the RTX
was completely ineffective after capsazepine pretreat-
ment (n=10).
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Figure 6. Effects of capsaicin and RTX on [Ca?']; in VR1/CHO cells. Cells growing on glass coverslips were loaded with 5 pM fura 2-AM
and fluorescence ratio (F5,)/F;5,) values of excitations at 340- and 380-nm wavelengths were recorded at an acquisition rate of 10 Hz per
ratio. The effects of 1 pM capsaicin (CAPS) in 1.8 mM [Ca?'], (4) and in calcium-free (B) solutions, and the effect of 1 nM RTX in 1.8
mM [Ca?*], medium (C) are represented. For better comparison of various parameters of the capsaicin- and RTX-induced transients in dif-
ferent solutions, the first [Ca?*]; elevations A—C (indicated by arrows) are also shown using the same time and ratio scales (D). The effect
of 5 pM capsazepine (ZEP) to significantly yet reversibly inhibit the action of capsaicin in 1.8 mM [Ca?'], medium is shown in £. Repre-
sentative results of several determinations are summarized in table 2.
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Table 2. Summary of various parameters of [Ca?']; transients in-
duced by capsaicin and RTX in VR1/CHO cells.
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Table 3. Summary of various parameters of [Ca?']; transients in-
duced by capsaicin and RTX in VR1/C6 cells.

Capsaicin (1 pM) RTX (1 nM) Capsaicin (1 pM) RTX (1 nM)
1.8 mM 0 mM 1.8 mM 1.8 mM 1.8 mM
Ca2+ CaZ+ Ca2+ Ca2+ Ca2+
Responding 66 25 16 Responding 100 28
cells (%) cells (%)
Transient type fast slow slow Transient type fast slow
(100%) (100%) (100%) (100%) (100%)
Amplitude (nM) 183+£29 28+4 47+£19 Amplitude (nM) 117£19 29.2+4
Time to peak 129+3 49+ 14 144+28 Time to peak 12.1£8 75+£13
(TTPs) (TTEs)
Rate of rise 59+12 75%1 35+1 Rate of rise 25.7+5 73%2
(ROR, nM/s) (ROR, nM/s)
Tachyphylaxis —23+13* 45+6 N/A Tachyphylaxis —-9.5+£5% N/A

(% decrease)

(% decrease)

Parameters shown in the table were determined as described in Ma-
terials and methods. RTX was ineffective in 0 mM [Ca?"], solution.
The negative tachyphylaxis, represented by the asterisk, reflects an
increase in the amplitude of the second transient evoked by cap-
saicin compared to the first one (see text for further details). All val-
ues are expressed as the mean + SE of several determinations. N/A,
not applicable.

In the VR1eGFP/cos-7 cell transient and the
VR1/CHO inducible expression systems, the
membrane-incorporated VR1 may be partially

open in resting cells

Comparison of different characteristics of control and
VRI1-expressing cells in 1.8 mM [Ca?*], solution revealed
another interesting phenomenon. Namely, in the
VR1eGFP/cos-7 cell transient and the VR1/CHO in-
ducible expression systems, but not in the VR1/C6 stable
expression system, the VR1 channel at the surface mem-
brane may be partially open. We found that the resting
[Ca?"]; of empty eGFP vector-transfected cos-7 cells
(n=15) was 60.2+5 nM, whereas this value in
VR1eGFP/cos-7 cells (n=53) was 14824 nM (all
values are the mean = SE). Similarly, the resting [Ca?'];
in VR1/CHO cells was much higher (185+29 nM,
mean = SE, n=100) than that of the control CHO cells
(76 £15 nM, mean = SE, n=25). However, in the
VR1/C6 stable expression system, we did not detect such
differences among the resting [Ca?"]; of control and
VRI1/C6 cells; in control cells, the resting [Ca?'];
was 46 £5 nM (mean * SE, n=17) whereas in VR1-ex-
pressing cells, it was 52.2 £ 8 nM (mean % SE, n=99).
The involvement of VR1 in the elevated resting [Ca?*]; of
the VR1eGFP/cos-7 cells and the VR1/CHO cells was
supported by analyzing the effect of capsazepine. As
seen in figure 2E and figure 6E, 5 pM capsazepine, be-
side inhibiting the action of 1 pM capsaicin, was alone
able to markedly decrease the resting [Ca?']; in the

1

VR1eGFP/cos-7 cell transient expression system and in

Parameters shown in the table were determined as described in Ma-
terials and methods. Capsaicin and RTX were both ineffective in 0
mM [Ca?"], solution. The negative tachyphylaxis, represented by
the asterisk, reflects an increase in the amplitude of the second tran-
sient evoked by capsaicin compared to the first one (see text for fur-
ther details). All values are expressed as the mean + SE of several
determinations. N/A, not applicable.

the VR1/CHO inducible system. Statistical analysis re-
vealed that this decline was 78 £ 13 nM (mean = SE,
n=15) in VR1GFP/cos-7 cells and 110 £ 13 nM (mean +
SE, n=8) in VR1/CHO cells. In marked contrast, similar
pretreatment of VR1/C6 cells with the inhibitor resulted
in an only 7.8 +£2 nM (mean + SE, n=17) decrease in
resting [Ca?*]; (fig. 7D), yet effectively inhibited the ac-
tion of capsaicin. Finally, 2-min incubation of control
(empty vector-transfected) cos-7, CHO, or C6 cells by 5
PM capsazepine never caused more than a 10 nM de-
crease in resting [Ca?*]; (data not shown).

Discussion

In the current study, our goal was to compare the func-
tional characteristics of recombinant rat VR1 expressed
in different (transient, inducible, stable) systems. Our re-
sults clearly demonstrate that the vanilloid sensitivity and
extracellular calcium dependence of VRI-mediated
[Ca?']; responses are markedly different in the various
systems.

Similar to previous results [16, 17], here we showed that
the GFP-tagged VR1 expressed in cos-7 cells was local-
ized both to surface membrane and to intracellular (cal-
cium store) structures (figs. 3, 5). The intracellular VR1
was functional (figs. 2, 4) in that both capsaicin and RTX
were able to increase [Ca?']; and initiate subcellular dis-
organization even in the absence of [Ca?"],, and that
emptying of intracellular calcium stores by TG interfered
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Figure 7. Effects of capsaicin and RTX on [Ca?']; in VR1/C6 cells. Cells growing on glass coverslips were loaded with 5 pM fura 2-AM
and fluorescence ratio (F;,/F;5,) values of excitations at 340- and 380-nm wavelengths were recorded at an acquisition rate of 10 Hz per
ratio. The effects of 1 pM capsaicin (CAPS) (4) and 1 nM RTX (B) in 1.8 mM [Ca?*], solution are represented. For better comparison of
various parameters of the capsaicin- and RTX-induced transients, the first [Ca?']; elevations in 4 and B (indicated by arrows) are shown us-
ing the same time and ratio scales (C). The effect of 5 uM capsazepine (ZEP) to significantly yet reversibly inhibit the action of capsaicin
in 1.8 mM [Ca?], medium is shown in D. Representative results of several determinations are summarized in table 3.

with these actions. There were, however, marked differ-
ences in the effectiveness of the two vanilloids to affect
intracellular calcium depending on the calcium content of
the medium. Whereas the action of capsaicin strongly de-
pended on the [Ca?'],, RTX was equally effective in cal-
cium-containing and -free solutions. These data were in
good accordance with recent data on human recombinant
VRI1 expressed in HEK 293 cells [31], where RTX but
not capsaicin was able to increase intracellular calcium in
calcium-free medium (see also below).

In the VR1eGFP/cos-7 cells, we observed a remarkable
heterogeneity among the vanilloid-induced transients, i.e.,
both fast and slow transients were recorded for capsaicin
in high calcium and for RTX in calcium-free solutions

(table 1). Since these phenomena were exclusively seen in
the VR1eGFP/cos-7 transient expression system, one ex-
planation is that, due to the transient nature and variable
degree of transfection of the VR1eGFP/cos-7 cells, the
level of VR1 in the individual cells could be heterogenous,
allowing the same vanilloid on different cells having dif-
ferent VR1 expression levels to cause different calcium re-
sponses. This hypothesis is consistent with previous mol-
ecular biological and functional data that VR1, both in
sensory neurons and in recombinant systems, is expressed
in various multimeric structures [21] which may result in
heterogeneous responses to the same vanilloid [32].

Among the three systems we studied, the most homoge-
nous vanilloid induced responses were observed in the sta-
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ble (VR1/C6) system. In these cells, similar to findings in
sensory neurons [13—15], capsaicin and RTX were effec-
tive only in calcium containing extracellular medium (fig.
7, table 3). In addition, the capsaicin- or RTX-evoked re-
sponses were characteristically very similar in all of the
cells examined, i.e., capsaicin evoked fast whereas RTX
induced slow [Ca?']; elevations, also reflecting well the
previously described difference in pharmacokinetics of
the two vanilloids [2, 33]. These data suggest that the ex-
pression of VR1 in VR1/C6 cells is well controlled by the
recombinant vector and uniform circumstances can be ob-
tained for VR1 characterization.

The vanilloid-evoked calcium responses in the inducible
system (VR1/CHO cells) were generally very similar to
those obtained in VR1/C6. In 1.8 mM [Ca?'], solution,
both capsaicin and RTX induced uniform, fast and slow
calcium responses, respectively. However, there were also
differences between the inducible and stable expression
systems. Namely, in VR1/CHO cells, capsaicin (but not
RTX) was able to induce calcium transients even in cal-
cium-free solution. However, under such conditions, cap-
saicin was effective in only a much lower percentage of
the cells examined (25% compared to 66% in high cal-
cium solution; table 2) and, furthermore, the capsaicin-
evoked responses were much slower and smaller than
seen in calcium-containing medium. Naturally, further
experiments are needed to unambiguously clarify the pu-
tative localization of some portion of expressed VR1s to
intracellular membrane structures (due to the nature of
commercially available antibodies against VR1, which
were developed to target intracellular domains of VRI,
permeabilization of cells is required for immunocyto-
chemistry and this may affect the localization). However,
our data, consistent with recent findings by Téth et al.
[22] that TG pretreatment of VR1/CHO cells completely
abolished the capsaicin-induced [Ca?']; elevations,
strongly argue for additional (yet much less than seen in
VR1eGF/cos-7 cells) intracellular incorporation of func-
tional VR1 in this system.

A major ‘unexpected’ result, both in the VR1/C6 and
VRI1/CHO cell systems when compared to previously de-
scribed data in sensory neurons [reviewed in ref. 2] was
the complete lack of tachyphylaxis after repeated cap-
saicin applications under our conditions (figs. 6, 7, tables
2, 3). Since the complex mechanism of tachyphylaxis in
sensory neurons [1, 2, 11, 12] may also involve the de-
crease in VR1 density upon repeated or prolonged vanil-
loid administration [2], we suppose that the stable or rel-
atively stable nature of these expression systems may
contribute to the lack of tachyphylaxis. In addition, since
the sophisticated calcium handling and signal transduc-
tion (kinase, phosphatase) systems described in the host
cells [34, 35] are distinct from those of the sensory neu-
rons, the regulation of VRI1 by such systems could be
markedly different. Nevertheless, the phenomenon that
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repeated applications of capsaicin result in almost identi-
cal calcium responses in VR1/C6 and VR1/CHO cells
may even possess an attractive feature for pharmacologi-
cal studies characterizing inhibitory or sensitizing actions
of agents on VR1.

Capsaicin and RTX, although their actions are qualitatively
similar, have distinct spectra of action, resulting in differ-
ences in their relative potencies for different responses [1,
2]. RTX is generally regarded as an ultrapotent analog of
capsaicin; however, there are some responses where it
shows only slightly greater potency or, in contrast to the ac-
tion of capsaicin, ineffectiveness. This latter phenomenon
seems to be true for the inducible and stable recombinant
expression systems; namely, in VR1/CHO and VR1/C6
cells, RTX was able to evoke only small and slow transients
and, of great importance, in a markedly lower percentage
of cells than did capsaicin (tables 2, 3). These findings
were in good accord with previously published data that the
relative potency of capsaicin was much greater on VR1 ec-
topically expressed in HEK 293 cells than on the native
channel in sensory neurons [36], whereas RTX was more
potent in activating VR1 in cultured neurons than in the re-
combinant expression system [37].

Naturally, identifying those factors that may contribute to
differences (subcellular localization, calcium depen-
dence, vanilloid sensitivity) seen in the various expres-
sion systems is of great importance. Based on both our
presented data and the literature, the characteristics of the
recombinant vector [16—18, 20, 38], the functional fea-
tures (e.g., calcium handling) of the host cells [6, 8, 16,
17, 19, 38]; the type of expression (i.e., transient or sta-
ble) [10], the level of glycosylation and heterogenous
stochiometry [21, 38], and the sensitivities of the meth-
ods to record the calcium signals may all contribute to the
distinct properties of the systems. The importance of the
techniques used for analysis is emphasized by the fact
that most authors who either described calcium-depen-
dent [13—15] or -independent [16— 18] VR 1-mediated re-
sponses and, in addition, exclusive surface membrane or
simultaneous surface and intracellular membrane local-
izations, found very similar patterns on sensory neurons
expressing the native VR1. In any case, although the rel-
ative contributions of different parameters to define VR1
functional characteristics in heterologous expression sys-
tems remain to be clearly established, our findings
strongly argue for the influence of the heterologous ex-
pression system on the determination of VRI1 cellular
functions and suggest caution in extrapolating such find-
ings to other systems such as primary sensory neurons.

Acknowledgement. The authors are indebted to Ms. 1. Varga for
helpful technical assistance. This work was supported by Hungarian
research grants: OTKA T030246, OTKA F035036, NKFP
00088/2001, OMFB 00200/2002. Tamas Bir¢ is a recipient of the
Gyorgy Békéssy Postdoctoral Scholarship of the Hungarian Min-
istry of Education.



2240

20

J. Lazar et al.

Holzer P. (1991) Capsaicin: cellular targets, mechanisms of ac-
tion, and selectivity for thin sensory neurons. Pharmacol. Rev.
43: 143-200

Szallasi A. and Blumberg P. M. (1999) Vanilloid (capsaicin) re-
ceptors and mechanisms. Pharmacol. Rev. 51: 159-211
Hergenhahn M., Adolph W. and Hecker E. (1975) Resinifera-
toxin and other esters of novel polyfunctional diterpenes from
Euphorbia resinifera and unispina. Tetrahedron Lett. 19:
1595-1598

Széllasi A. and Blumberg P. M. (1989) Resiniferatoxin, a phor-
bol-related diterpene, acts as an ultrapotent analog of capsaicin,
the irritant constituent in red pepper. Neuroscience 30: 515—-520
Caterina M. J. and Julius D. (2001) The vanilloid receptor: a
molecular gateway to the pain pathway. Annu. Rev. Neurosci.
24: 487-517

Caterina M. J., Schumacher M. A., Tominaga M., Rosen T. A.,
Levine J. D. and Julius D. (1997) The capsaicin receptor: a heat-
activated ion channel in the pain pathway. Nature 389: 816—824
Acs G., Biro T., Acs P, Modarres S. and Blumberg P. M. (1997)
Differential activation and desensitization of sensory neurons
by resiniferatoxin. J. Neurosci. 17: 5622—5628

Tominaga M., Caterina M. J., Malmberg A. B., Rosen T. A.,
Gilbert H., Skinner K. et al. (1998) The cloned capsaicin re-
ceptor integrates multiple pain-producing stimuli. Neuron 21:
531-543

Koplas P. A., Rosenberg R. L. and Oxford G. D. (1997) The role
of calcium in the desensitization of capsaicin responses in rat
dorsal root ganglion neurons. J. Neurosci. 17: 3525-3537
Vellani V., Mapplebeck S., Moriondo A., Davis J. B. and Mc-
Naughton P. A. (2001) Protein kinase C activation potentiates
gating of the vanilloid receptor VR1 by capsaicin, protons, heat
and anandamide. J. Physiol. 534: 813—825

Docherty R. J., Yeats J. C., Bevan S. and Bodekke H. W. G. M.
(1996) Inhibition of calcineurin inhibits the desensitization of
capsaicin-evoked currents in cultured dorsal root ganglion neu-
rons from adult rats. Pfliigers Arch. 431: 828—837

Liu L. and Simon S. (1998) The influence of removing extra-
cellular Ca?* in the tachyphylaxis responses to capsaicin,
zingerone and olvanil in rat trigeminal ganglion neurons. Brain
Res. 809: 246-262

Cholewinski A., Burgess G. M. and Bevan S. (1993) The role of
calcium in capsaicin-induced desensitization in rat cultured
dorsal root ganglion neurons. Neuroscience 55: 1015—-1023
Garcia-Hirschfeld J., Lopez-Briones L. G., Belmonte C. and
Valdeolmillos M. (1995) Intracellular free calcium responses to
protons and capsaicin in cultured trigeminal neurons. Neuro-
science 67: 235—-243

Savidge J. R., Ranashinghe S. P. and Rang H. P. (2001) Com-
parison of intracellular calcium signals evoked by heat and cap-
saicin in cultured rat dorsal root ganglion neurons and in a cell
line expressing the rat vanilloid receptor, VR1. Neuroscience
102: 177184

Olah Z., Szab6 T., Karai L., Hough C., Fields R. D., Caudle R.
M. et al. (2001) Ligand-induced dynamic membrane changes
and cell deletion conferred by vanilloid receptor 1. J. Biol.
Chem. 276: 11021-11030

Olah Z., Karai L. and Iadarola M. J. (2001) Anandamide acti-
vates vanilloid receptor 1 (VR1) at acidic pH in dorsal root
ganglia neurons and cells ectopically expressing VRI. J. Biol.
Chem. 276: 31163-31170

Eun S. Y., Jung S. J., Park Y. K., Kwak J., Kim S. J. and Kim J.
(2001) Effects of capsaicin on Ca?" release from the intracellu-
lar Ca?" stores in the dorsal root ganglion cells of adult rats.
Biochem. Biophys. Res. Commun. 285: 1114—1120

Jerman J. C., Brough S. J., Prinjha R., Harries M. H., Davis J. B.,
Smart D. (2000) Characterization using FLIPR of rat vanilloid
receptor (rVR1) pharmacology. Br. J. Pharmacol. 130: 916—-922
Wisnoskey B. J., Sinkins W. G. and Schilling W. P. (2003) Acti-
vation of vanilloid receptor type I (TRPV1 channel) in the en-

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

VR1 in recombinant systems

doplasmic reticulum fails to activate store-operated Ca* entry.
Biochem. J. 372: 517-528

Kedei N., Szabo T., Lile J. D., Treanor J. J., Olah Z., [adarola M.
J. et al. (2001) Analysis of the native quaternary structure of
vanilloid receptor 1. J. Biol. Chem. 276: 28613-28619

Toth A., Kedei N., Szab6 T., Wang Y. and Blumberg P. M.
(2002) Thapsigargin binds to and inhibits the cloned vanilloid
receptor-1. Biochem. Biophys. Res. Commun. 293: 777782
Szallasi A., Szabo T., Bir6 T., Modarres S., Blumberg P. M.,
Krause J. E. et al. (1999) Resiniferatoxin-type phorboid vanil-
loids display capsaicin-like selectivity at native vanilloid recep-
tors on rat DRG neurons and at the cloned vanilloid receptor
VRI. Br. J. Pharmacol. 128: 428434

Olah Z., Lehel C., Jakab G. and Anderson W. B. (1994) A
cloning and epsilon-epitope-tagging insert for the expression of
polymerase chain reaction-generated cDNA fragments in
Escherichia coli and mammalian cells. Anal. Biochem. 221:
94-102

Papp H., Czifra G., Lazar J., Boczan J., Gonczi M., Csernoch L.
et al. (2003) Protein kinase C isozymes regulate proliferation
and high cell density-mediated differentiation of HaCaT ker-
atinocytes. Exp. Dermatol. 12: 1-14

Laemmli U. K. (1970) Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature 227:
680—685

Bir6 T., Szabo 1., Hunyadi J., Kovacs L. and Csernoch L. (1998)
Distinct sub-populations in HaCaT cells as revealed by the char-
acteristics of intracellular calcium release induced by phospho-
inositide-coupled agonists. Arch. Dermatol. Res. 290: 270-276
Grynkiewicz G., Poenie M. and Tsien R. Y. (1985) A new gen-
eration of Ca?" indicators with greatly improved fluorescence
properties. J. Biol. Chem. 260: 340—350

Thastrup O. (1990) Role of Ca2(+)-ATPases in regulation of cel-
lular Ca2+ signalling, as studied with the selective microsomal
Ca2(+)-ATPase inhibitor, thapsigargin. Agents Actions 29: §—15
Thastrup O., Foder B. and Scharff O. (1987) The calcium mo-
bilizing tumor promoting agent, thapsigargin elevates the
platelet cytoplasmic free calcium concentration to a higher
steady state level: a possible mechanism of action for the tumor
promotion. Biochem. Biophys. Res. Commun. 142: 654—-660
Marshall I. C., Owen D. E., Cripps T. V., Davis J. B., McNulty
S. and Smart D. (2003) Activation of vanilloid receptor 1 by
resiniferatoxin mobilizes calcium from inositol 1,4,5-trisphos-
phate-sensitive stores. Br. J. Pharmacol. 138: 172—176

Liu L. and Simon S.A. (1996) Capsaicin-induced currents with
distinct desensitization and Ca?* dependence in rat trigeminal
ganglion cells. J. Neurophysiol. 75: 1503—-1514

Maggi C. A., Patacchini R., Tramontana M., Amann R., Giu-
liani S. and Santicioli P. (1990) Similarities and differences in
the action of resiniferatoxin and capsaicin on central and pe-
ripheral endings of primary sensory neurons. Neuroscience 37:
531-539

Brismar T. (1995) Physiology of transformed glial cells. Glia
15:231-243

Verkhratsky A. and Kettenmann H. (1996) Calcium signaling in
glial cells. Trends Neurosci. 19: 346—352

Szallasi A., Blumberg P. M., Annicelli L. L., Krause J. E. and
Cortright D. N. (1999) The cloned rat vanilloid receptor VR1
mediates both R-type binding and C-type calcium response in
dorsal root ganglion neurons. Mol. Pharmacol. 56: 581—-587
Shin J. S., Wang M. H., Hwang S. W., Cho H., Cho S. Y. and
Kwon M. J. (2001) Differences in sensitivity of vanilloid recep-
tor 1 transfected to human embryonic kidney cells and capsaicin-
activated channels in cultured rat dorsal root ganglion neurons to
capsaicin receptor agonists. Neurosci. Lett. 299: 135—-139
Jahnel R., Dreger M., Gillen C., Bender O., Kurreck J. and
Hucho F. (2001) Biochemical characterization of the vanilloid
receptor 1 expressed in a dorsal root ganglia derived cell line.
Eur. J. Biochem. 268: 54895496






VIL.






Available online at www.sciencedirect.com

scmnce@mnec‘r- Llfe Sciences

ELSEVIE Life Sciences 75 (2004) 153163

www.elsevier.com/locate/lifescie

Sensitization of recombinant vanilloid receptor-1 by various
neurotrophic factors

Jozsef Lazar®, Tamas Szabo®, Rita Marincsak?, Laszlo Kovacs?,
Peter M. Blumberg®, Tamas Biré**

d Department of Physiology and Cell Physiology Research Group of the Hungarian Academy of Sciences, H-4012 Debrecen,
Nagyerdei krt. 98. P.O. Box 22, Debrecen, Hungary
bDepartment of Pediatrics, Research Center for Molecular Medicine, Medical and Health Science Center,
University of Debrecen, Debrecen, Hungary
¢ Molecular Mechanism of Tumor Promotion Section, Laboratory for Cellular Carcinogenesis and Tumor Promotion,
National Cancer Institute, National Institutes of Health, Bethesda, MD, USA

Received 12 September 2003; accepted 10 November 2003

Abstract

The vanilloid receptor (VR1) is a central integrator molecule of nociceptive stimuli. In this study, we have
measured the effects of various neurotrophins (nerve growth factor, brain-derived neurotrophic factor,
neurotrophin-3, and -4) on recombinant rat VR1-mediated intracellular calcium rise in response to capsaicin in
VRI1/C6 cells. Our results clearly show that all neurotrophins sensitize the VR1 to capsaicin. Furthermore, using
K252a, an inhibitor of tyrosine kinases, we present that actions of neurotrophins are mediated by the trk (A, B, C)
receptors expressed in these cells. These data argue for the putative roles of neurotrophins in inducing
inflammatory (thermal) hyperalgesia via VRI.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Vanilloid receptor-1; Neurotrophins; Sensitization; Calcium; Heterologous expression system

Introduction

The vanilloid receptor (VR1) is a ligand-gated cation channel localized mainly in a subset of sensory
(nociceptive) neurons (Caterina et al., 1997; Caterina and Julius, 2001). The receptor can be activated by
vanilloids such as capsaicin and its ultrapotent analog, resiniferatoxin (Szallasi and Blumberg, 1999;
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Caterina and Julius, 2001). Besides such exogenous factors, endogenous stimuli such as low-threshold
heat, acidosis, bradykinin, eicosanoids, and other arachidonic acid derivatives (Caterina and Julius,
2001; Di Marzo et al., 2002) may also act on VR1. The effect of these “endovanilloids” may represent
either a direct activation of the receptor or indirect sensitization of VR1 subsequent to modulation of
various intracellular signaling pathways (Di Marzo et al., 2002). The process of sensitization, by
decreasing the heat-threshold of VR1, therefore, may have a key role in initiating inflammatory (thermal)
hyperalgesia (Caterina et al., 2000).

The neurotrophins (e.g., nerve growth factor, NGF; brain-derived growth factor, BDNF; neuro-
trophin-3, -4, NT3, NT4) are trophic factors critical in embryonic development, differentiation, survival
and regeneration (Snider, 1994; Lewin and Barde, 1996) of various nerve cell types, including VR1-
expressing sensory neurons (Kirstein and Farinas, 2002). Moreover, the in vivo and in vitro functional
properties of such nociceptive neurons strongly depend on the presence of neurotrophins, particularly
NGF (Winter et al., 1988; Crowley et al., 1994; Winston et al., 2001).

Recently, NGF was suggested to exert an acute effect on nociceptive sensory neurons in addition to
its trophic effect (Shu and Mendell, 1999a). It was postulated that NGF, either indirectly (via the
degranulation of mast cells) (Mazurek et al., 1986; Shu and Mendell, 1999a) or directly (via binding
to its tyrosine kinase receptors which are expressed in such neurons) (McMahon et al., 1994) was able
to sensitize the VRI-mediated cellular responses, e.g., increase the sensitivity of VRI to capsaicin
(Shu and Mendell, 1999b; Shu et al., 1999; Chuang et al., 2001). Levels of NGF are increased in
inflamed tissues (Weskamp and Otten, 1987), and this effect may contribute to the role of
neurotrophin(s) in inflammatory hyperalgesia (Shu and Mendell, 1999a; Chuang et al., 2001; Di
Marzo et al., 2002).

Since only a few papers have explored the direct action of neurotrophins on VR1-expressing (native
or recombinant) cells, in this study we sought to describe the effect of various neurotrophins on VR1-
mediated calcium responses to capsaicin in a heterologous expression system stably expressing the rat
VRI.

Materials and methods
Establishment of VR1/C6 cells stably expressing the rat VRI

A previously constructed metallothionein promoter-based peMTH vector (2—4 ng cDNA) (Olah et al.,
1994) encoding the cDNA of the rat VR1 was used (Olah et al., 2001; Lazar et al., 2003) to transfect C6
rat glioma cells growing in 6-well tissue culture dishes (VR1/C6 cells) by the LipofectAMINE
(Invitrogen, Paisley, UK) transfection reagent, using the protocol suggested by the manufacturer. Cells
were then selected in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma, St. Louis, MO, USA)
supplemented with 10 % fetal bovine serum (FBS) (Invitrogen), 2 mM/L-glutamine, 50 U/ml penicillin,
50 pg/ml streptomycin, 1,25 pg/ml fungison (Biogal, Debrecen, Hungary), and 750 ug/ml G418
(Geneticin) (Invitrogen) for 12—18 days; then, single colonies were isolated. VR1 overexpressing cells
were cultured in supplemented DMEM containing 500 pg/ml G418 at 35 °C to avoid temperature-
induced activation of the VR1 (Olah et al., 2001; Lazar et al., 2003). The efficacy of stable transfection
and expression was monitored by Western blotting (see detailed protocol below). As seen in Fig. 1A,
control (empty vector transfected) C6 cells expressed the VR1 protein at a low level, as was expected
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Fig. 1. Expression of VR1 and neurotrophin receptors in VR1/C6 cells. A: Control (empty vector transfected) C6 and VR1/C6
cells were harvested in lysis buffer, similar amounts of proteins were subjected to SDS-PAGE, and Western immunoblotting
was performed using a goat anti-VR1 antibody as described under “Materials and methods”. Note the several-fold higher
expression of VR1 in VR1/C6 cells. B: A similar Western blot analysis, using rabbit antibodies, was performed on VR1/C6 cells
to determine the expressions of trk (A, B, C) and p75 receptors. C: The expression of neurotrophin receptors was also
determined by immunocytochemistry. VR1/C6 cells were fixed in acetone, then permeabilized and stained with rabbit
antibodies against trk and p75 receptors. Immunofluorescence labeling was employed using a FITC-conjugated secondary
antibody. Magnification, 630 X . All figures are representatives of at least three determinations with similar results.

based on our previous findings (Biro et al., 1998a). However, the levels of VR1 expression in the VR 1-
peMTH stably transfected cells were much higher than in the control cells.

Western (immuno) blotting

Cells were washed with ice-cold phosphate-buffered saline (PBS), harvested in homogenization
buffer (20 mM TRIS-CI, pH 7.4, 5 mM EGTA, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 20 uM
leupeptin, all from Sigma) and disrupted by sonication on ice. The protein content of samples was
measured by a modified BCA protein assay (Pierce, Rockford, IL, USA). Total cell lysates were mixed
with SDS-PAGE sample buffer and boiled for 10 min at 100 °C. The samples were subjected to SDS-
PAGE as described previously (Papp et al., 2003) (8% gels were loaded with 20—30 ng protein per lane)
and transferred to nitrocellulose membranes (BioRad, Wien, Austria). Membranes were then blocked
with 5% dry milk in PBS and probed overnight at 4 °C with rabbit primary antibodies (usually at 1:200
dilution) against trk A, B, and C, and against p75 (Santa Cruz, Santa Cruz, CA, USA) or with a goat
primary antibody against the VR1 (1:100 dilution, Santa Cruz). Peroxidase-conjugated goat anti-rabbit
(for the neurotrophin receptors) or rabbit anti-goat (for the VR1) IgG antibodies (1:1000 dilution, 1 hr,
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room temperature, BioRad) were used as the secondary antibodies, and the immunoreactive bands were
visualized by an ECL Western blotting detection kit (Amersham, Little Chalfont, England) on light
sensitive film (AGFA, Brussels, Belgium).

Immunocytochemistry

VRI1/C6 cells, growing on 25 mm glass coverslips, were washed 4 times in PBS and were fixed with
ice-cold acetone for 5 min. Cells were then permeabilized and blocked with a blocking solution (0.6 %
Triton X-100, 1 % bovine serum albumin in PBS, pH 7.4, both from Sigma) for 30 min at room
temperature and were incubated with the appropriate primary antibodies (against the different neuro-
trophin receptors) at a dilution of 1:50 in blocking solution for 2 hrs. A fluorescein-isothiocyanate
(FITC)-conjugated anti-rabbit goat IgG (Vector Laboratories, Burlingame, CA, USA) was used as
second antibody at a dilution of 1:400 in PBS for 1 hr at room temperature. Samples were covered with a
Vectashield mounting media (Vector Laboratories) and the fluorescent signals were visualized using a
fluorescent microscope (Zeiss, Oberkochen, Germany).

Intracellular calcium measurements

Changes in intracellular calcium concentration ([Ca®'];) were detected as described in our earlier
reports (Biro et al., 1998b; Papp et al., 2003). VR1/C6 cells were cultured on 25-mm glass coverslips
and a calcium sensitive probe was introduced into the intracellular space by incubating the cells with 5
uM fura 2-AM (Molecular Probes, Eugene, OR, USA) for 1 hr at 37 °C. Before each measurement, the
cells were kept at room temperature (22—24 °C) in normal Tyrode’s solution (in mM; 137 NaCl, 5.4
KCl, 0.5 MgCl,, 1.8 CaCl,, 11.8 Hepes-NaOH, 1 g/l glucose, pH 7.4, all from Sigma) for 30 min to
allow homogeneous distribution of the dye. The coverslips, containing the fura-2 loaded cells, were then
placed on the stage of an inverted fluorescence microscope (Diaphot, Nikon, Tokyo, Japan). Excitation
was altered between 340 and 380 nm using a dual wavelength monochromator (Deltascan, Photon
Technology International, New Brunswick, NJ, USA). The emission was monitored at 510 nm with a
photomultiplier at an acquisition rate of 10 Hz per ratio, and the fluorescence ratio (F340/F3g0) values
were determined.

Cells were continuously washed by Tyrode’s solution using a slow background perfusion system,
whereas the agents investigated (capsaicin was form Sigma; NGF, BDNF, NT3, and NT4 were from
Promega, Madison, WI, USA; K252a was from Calbiochem, San Diego, CA, USA) were applied
through a rapid perfusion system positioned in close proximity to the cell measured. In initial
experiments, varying concentrations of neurotrophins were tested and saturating doses resulting in
maximal responses were selected for the subsequent experiments (these concentrations were in good
accord with those used by other groups, Shu and Mendell, 1999a,b; Chuang et al., 2001).

Results and discussion
First, we examined neurotrophin receptor expression in the rVR1/C6 glioma cells. As was revealed by

Western blotting (Fig. 1B), all of the high-affinity neurotrophin receptors, namely the trtkA, B, C, as well
as the low-affinity receptor p75 are expressed in the cells. Immunocytochemistry experiments
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corroborated these observations (Fig. 1C). These findings confirm previous data (using mainly RT-PCR)
that all members of the neurotrophin receptor family are expressed in C6 cells (Hutton et al., 1992;
Kumar and de Vellis, 1996). Furthermore, these results demonstrate that the stable VR1 expression did
not change the neurotrophin receptor pattern of C6 cells.

As we reported elsewhere (Lazar et al., 2003), repeated, short (5—20 s) applications of 1 uM capsaicin
to VR1/C6 cells resulted in fast intracellular Ca-transients, the amplitude of which decrease insignif-
icantly upon repetition (Fig. 2). This lack of tachyphylaxis makes the VR1/C6 cells a convenient system
to objectively study the sensitizing effects of agents on VRI1.

Control (empty vector transfected) C6 cells never responded to such a short (5—20 s) capsaicin
challenge with changes in the [Ca®*];. We were able to detect slowly developing and not transient
[Ca®"]; increases with very moderate amplitudes only after 2—10 min of the continuous presence
of capsaicin (data not shown). These elevated [Ca®’]; levels only approached the baseline (but
never returned to it completely) tens of minutes after removal of the VRI agonist. This finding
was not unexpected since in our previous report (Biro et al., 1998a,b) we predicted that the VRI1
density in C6 cells was approximately 10 % of that seen in sensory neurons. Since in the VRI1/
C6 cells, which expressed 5—10 fold higher VR1 levels (Fig. 1A), 5-20 sec capsaicin application
was sufficient to initiate maximal response, we believe that the endogenous VRI1 expressed in the
C6 cells did not contribute appreciably to the VRI1-mediated [Ca®]; responses presented in this
study.

The following protocol was used to investigate the effect of various neurotrophins on VRI1
function. First, two Ca-transients (control transients) were evoked by repeated administration of 1 uM
capsaicin (for clarity, only the second transients are shown in Figs. 3 and 4), then the cells were
incubated for 2—5 min with the given neurotrophin, and, finally, another Ca-transient was induced by
capsaicin (test transient). To reveal the effect of neurotrophins on the capsaicin-evoked responses, the
amplitudes of the second control and the test Ca-transients were compared. The amplitude of each
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Fig. 2. Effect of repeated capsaicin application on the intracellular calcium level in VR1/C6 cells. VR1/C6 cells growing on
glass coverslips were loaded with 5 pM fura 2-AM and fluorescence ratio (F340/F3g0) values of excitations at 340 and 380 nm
wavelengths were recorded at an acquisition rate of 10 Hz per ratio. The effects of repeated, short (5—20 sec) application of 1
uM capsaicin (CAPS) were measured in Tyrode’s solution. Note the lack of tachyphylaxis upon repeated capsaicin treatment.
Results are representative of multiple determinations.
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Fig. 3. Effects of neurotrophins on capsaicin-induced calcium elevations in VR1/C6 cells. Fura 2-AM-loaded VR1/C6 cells
were fist challenged twice by short (5—20 sec) applications of 1 uM capsaicin (CAPS) (for clarity, only the second capsaicin-
induced Ca-transients are shown in the Figure). Cells were then treated (for 2—5 min) by A: 100 ng/ml nerve growth factor
(NGF); B: 50 ng/ml brain-derived neurotrophic factor (BDNF); C: 50 ng/ml neutotrophin-3 (NT3); D: 50 ng/ml neutotrophin-
3 (NT4). At the end of the neurotrophin treatment, cells were again challenged by 1 pM capsaicin. Note the marked
sensitizing effect of all of the neurotrophins. Results are representative of several determinations (see text for statistical

analysis).

transient was calculated as a difference between the baseline Ca level (measured at the time of the
initiation of the capsaicin application) and the maximum of the Ca elevation. This type of comparison
made it possible to exclude from the analysis the effect of alterations in [Ca” *]; during pre-incubation
(see below).

All of the examined neurotrophins significantly, yet differentially, increased the amplitude of the test
capsaicin-induced transients (Fig. 3). Statistical analysis of data obtained on multiple cells revealed
that, when the amplitude of the control capsaicin-induced transient was regarded as 100%, the increase
in the amplitude of the test transient was 83 =+ 17 % (n = 28) in the case of 100 ng/ml NGF
treatment; 104 = 19 % (n = 14) in the case of 50 ng/ml BDNF application; 71 + 16 % in the case of
50 ng/ml NT3 administration (n = 15); and 68 + 11 % (n = 16) in the case of NT4 treatment (all
values, mean + SEM). These findings indicate that the recombinant rat VR1 can be sensitized by
neurotrophins. In addition, they show that NGF, BDNF and NT4, in parallel with their actions on
primary sensory neurons to sensitize the capsaicin-induced membrane currents (Shu and Mendell,
1999b; Shu et al., 1999; Chuang et al., 2001), are able to potentiate the VRI-mediated calcium



J. Lazar et al. / Life Sciences 75 (2004) 153—163 159

responses. Finally, these results demonstrate for the first time that NT3 exerts a sensitizing effect on
the action of capsaicin on VRI.

In these studies, maximally effective concentrations of the neurotrophins were applied. These
concentrations correspond to those described by other groups analyzing the action of neurotrophins
on VR1 (Shu and Mendell, 1999a,b; Chuang et al., 2001). It should be noted that the concentrations are
higher than the concentrations typically described in whole tissues, but direct comparison is difficult,
because neurotrophins may be released in vivo by cells (e.g., keratinocytes, mast cells, and glial cells)
(Acheson et al., 1991; Lewin and Barde, 1996; Botchkarev et al., 1999) that are in direct contact with
sensory neurons (Wiesner-Menzel et al., 1999; Kettenmann, 1996; Botchkarev et al., 1997).

The various neurotrophins may exert their cellular effect via different membrane receptors (Kaplan
and Miller, 1997; Huang and Reichardt, 2003). However, whereas all of the neurotrophins possess very
similar sensitivities to the low-affinity p75 receptor, NGF binds mostly to trkA, BDNF and NT4 to trkB,
and NT3 to the trkC receptor (Kaplan and Miller, 1997; Huang and Reichardt, 2003). Since all of these
receptors are expressed in VR1/C6 cells (Fig. 1) and, moreover, since all of the examined neurotrophins
caused sensitization of the VR1 (Fig. 3), we determined whether the actions of neurotrophins were
mediated by the Trk or the p75 receptors. We applied K252a, the inhibitor of the tyrosine kinase pathway
(Knusel and Hefti, 1992). In these experiments, the 2—5 min pre-incubation of the VR1/C6 cells with
various neurotrophins (before the test capsaicin administration) was preceded by a 2—5 min treatment
with 50 nM K252a (which was continued in parallel with the application of the given neurotrophin). As
seen in Fig. 4, K252a completely prevented the VRI1 sensitizing action of all of the neurotrophins.
Statistical analysis on numerous cells revealed that, in the presence of the tyrosine kinase inhibitor, the
amplitudes of the test Ca transients after neurotrophin treatment were not significantly different from
those of the control ones: in the case of 100 ng/ml NGF treatment, the test Ca rise was 7 + 5 % less than
control (n = 13); in the case of 50 ng/ml BDNF application, 8 = 6 % more than control (n = 8); in the
case of NT3 administration, 6 + 4 % less than control (n = 11); and in the case of NT4 treatment, 2 + 5
% less than control (n = 9) (all values, mean + SEM). These findings indicate that sensitizing effects of
neurotrophins are mediated by the trk receptors, i.e., trkA for NGF, trkB for BDNF and NT4, and, of
great novelty, trkC for NT3. In primary capsaicin-sensitive sensory neurons, which do co-express trkA
and B but do not express trkC (McMahon et al., 1994), NGF and NT4 were effective in sensitizing the
action of capsaicin on membrane currents whereas NT3 was not (Shu and Mendell, 1999b; Shu et al.,
1999). The lack of crucial involvement of p75 receptor-mediated pathway in the response is also
suggested by the observation that NGF was able to induce hyperalgesia in p75 knockout mice, which do
express trk receptors (Bergmann et al., 1998).

Most of the neurotrophins caused a slow increase in the resting [Ca® ]; level during the 2—5 min pre-
incubation period in a significant portion (approximately 40 %) of the cells investigated. This effect was
much less and slower than that of capsaicin and was in good agreement with previously published data
on the effect of neurotrophins on various neuronal preparations (Marmigere et al., 2001; Lamb and
Bielefeldt, 2003). However, of great importance, as revealed by statistical comparison of findings on
cells where neurotrophins did or did not cause elevations of resting calcium level (data not shown), and,
furthermore, as seen in Fig. 3, the presence, absence, or the degree of this slow calcium rise did not
influence the sensitization effect of neurotrophins on VR1. In addition, K252a was unable to prevent the
neurotrophin-induced slow calcium rise (Fig. 4). Instead, the inhibitor itself (similarly to the action of the
neurotrophins in Fig. 3 and Fig. 4) also caused an elevation in the resting calcium level. Although the
exact mechanism by which K252a alone raised intracellular calcium is still to be determined, it seems
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Fig. 4. Effects of neurotrophins on capsaicin-induced calcium elevations in the presence of the tyrosine kinase inhibitor K252a
in VR1/C6 cells. Fura 2-AM-loaded VR1/C6 cells were fist challenged twice by short (5—20 sec) applications of 1 uM
capsaicin (CAPS) (for clarity, only the second capsaicin-induced Ca-transients are shown in the Figure). Cells were then
pretreated (for 2—5 min) by 50 nM K252a and then (for 2—5 min) by A: 100 ng/ml nerve growth factor (NGF); B: 50 ng/ml
brain-derived neurotrophic factor (BDNF); C: 50 ng/ml neutotrophin-3 (NT3); D: 50 ng/ml neutotrophin-3 (NT4). K252a
administration was continued during neurotrophin application. At the end of this protocol, cells were again challenged by 1 uM
capsaicin. Note the lack of sensitizing effects of the neurotrophins in the presence of K252a. Results are representative of
several determinations (see text for statistical analysis).

that the sensitizing effects of neurotrophins on VR1 and the inhibitory action of K252a to prevent such
responses are independent on their actions on resting calcium.

Conclusions

In summary we can conclude that various neurotrophins are all capable of sensitizing the recombinant
VR1-mediated intracellular calcium response to the action of capsaicin. Furthermore, we have also
shown that the sensitization process may occur via either trk receptors (i.e., A, B, or C) suggesting a
common intracellular mechanisms related to the activation of the trk receptor. Since all trk receptors may
alter the activity of the phospholipase Cy (PLCy) (Kaplan and Miller, 1997; Huang and Reichardt,
2003), the most probable mechanism of VR1 sensitization by the neurotrophins is the one that suggested
by Chuang et al. (2001) claiming that the cleavage of phosphatidylinositol-4,5-bisphosphate (PIP,) by
receptor-coupled PLCy activation releases the VRI1 from the tonic allosteric inhibition by PIP, and
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hence decreases the agonist threshold of the receptor. In addition, the previously described PLC-
mediated activation of certain protein kinase C isoforms (Premkumar and Ahern, 2000) and/or the cyclic
AMP — protein kinase A system (De Petrocellis et al., 2001; Shu and Mendell, 2001; Bhave et al.,
2002) have also been implicated in the sensitization of VR1. Therefore, neurotrophins, investigated in
this study, may all participate in the development of inflammatory (thermal) hyperalgesia.
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The Analgesic Drug, Tramadol, Acts as an Agonist of the
Transient Receptor Potential Vanilloid-1
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BACKGROUND: Tramadol is an effective analgesic substance widely used in medical
practice. Its therapeutic action have been mainly attributed to the activation of
p-opioid receptors as well as to the inhibition of neurotransmitter reuptake
mechanisms and various voltage- and ligand-gated ion channels of the nociceptive
system. As transient receptor potential vanilloid-1 (TRPV1, “the capsaicin recep-
tor”) has been shown to function as a central integrator molecule of pain sensation,
our aim in the current study was to define the involvement of TRPV1 in the
complex mechanism of action of tramadol.

METHODS: To achieve these goals, we used single-cell Ca-imaging as well as
fluorescent image plate reader assays on Chinese hamster ovary (CHO) cells
heterologously over-expressing TRPV1.

RESULTS: We found that (1) tramadol, similar to the well-known TRPV1 agonist,
capsaicin, significantly increased [Ca”']; of TRPV1-CHO cells in a concentration-
dependent fashion; (2) its effect was reversibly prevented by the TRPV1 antagonist
capsazepine; (3) repeated application of tramadol resulted in marked tachyphy-
laxis; and (4) tramadol did not modify [Ca®"]; in control (empty vector expressing)
CHO cells.

CONCLUSIONS: Collectively, these findings strongly support the intriguing and novel
concept that tramadol acts as an agonist of TRPV1. Considering that activation of
TRPV1 on sensory neurons is followed by a local release of vasoactive neuropep-
tides and a marked desensitization of the afferent fibers (hence termination of pain
sensation), our findings may equally explain both the desired analgesic as well as
the often-seen, yet “unexpected,” local side effects (e.g., initiation of burning pain

and erythema) of tramadol.
(Anesth Analg 2008;106:1890-6)

Transient receptor potential vanilloid-1 (TRPV1) is a
nonselective calcium-permeable cation channel, which
was originally described on nociceptive sensory affer-
ents as a central integrator of pain sensation.'” TRPV1
can be activated and/or sensitized by certain exog-
enous agonists, such as capsaicin, a main pungent
ingredient of hot chili peppers, or its ultrapotent
analog, resiniferatoxin, and numerous endogenous
substances, such as heat, protons, bradykinin, lipid
peroxidation products, etc.>* The activation of TRPV1
results in depolarization of the sensory afferents,
firing of action potentials and, hence, the onset of
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pain.!” Therefore, the molecule may serve as an
attractive analgesic pharmacological target.®”

Of great importance, several reports also suggest
that certain analgesics and/or anesthetics, besides
their previously appreciated target molecules, may
also act on TRPV1. However, their action was very
controversially documented by different groups.
Namely, in cells heterologously expressing TRPV1,
several local anesthetics, such as lidocaine, prilocaine,
and procaine, were shown to inhibit the capsaicin-
induced increase of intracellular calcium concentra-
tion ([Ca®"],) in a concentration-dependent manner.?
In contrast, on cultured TRPV1-expressing nociceptive
neurons, tetracaine, another local anesthetic, was
shown to enhance the membrane current induced by
capsaicin.” In the above study, Hirota et al. have also
found that the effect of capsaicin was not modified by
a wide array of IV general anesthetics (such as thio-
pental, ketamine, propofol). However, in the same
expression system, other researchers have shown that
propofol acts as a potent agonist of the receptor.'’

Tramadol is an effective analgesic substance widely
used in medical practice."'? Its therapeutic action was
mainly attributed to the activation of u-opioid recep-
tors''3'* and to the inhibition of serotonin and
norepinephrine reuptake by the synaptosomes.'”'®

Vol. 106, No. 6, June 2008



Interestingly, however, on various cultured neuronal cell
populations, tramadol was also shown to inhibit the activ-
ity of voltage-dependent Na™ channels,"” delayed rectifier
K" channels'® as well as y-aminobutyric acid type A and
N-methyl-p-aspartate ionotropic receptors.'” These
data strongly argue for a more complex mechanism of
tramadol’s action.

Of further importance, data from numerous in vivo
studies also suggest that tramadol may also exert a
local anesthetic-like effect.”* In light of the above
findings, in the current study, we aimed to investigate
the effect of tramadol on one of the key molecules of
nociception, i.e.,, TRPV1. Here, we report that tram-
adol, intriguingly, acts as an agonist of TRPV1.

METHODS
Expression System, Cell Culturing

The expression system was generated as we re-
ported previously.>*2® Briefly, cDNA of the rat TRPV1
was subcloned into pUHG102-3 (Clontech, Palo Alto,
CA) and was transfected into Chinese hamster ovary
(CHO) cells carrying the pTet Off Regulator plasmid
(Clontech) (TRPV1-CHO cells). In these cells, expres-
sion of the pUHG plasmid (hence TRPV1) is repressed
in the presence of tetracycline and is expressed upon
removal of the antibiotic. Therefore, cells were rou-
tinely cultured in Ham F-12 medium (supplemented
with 10% fetal calf serum, and antibiotics, all from
Sigma St. Louis, MO), which contained 500 ug/mL
G418 (Geneticin) (Invitrogen, Paisley, UK), and 1
ug/mL tetracycline (Sigma). Before calcium imaging,
cells were seeded on 25-mm glass coverslips or 96-
well plates and were switched to tetracycline-free
Ham F-12 medium. Cells were then cultured at 34.5°C
rigorously for 48 h to induce similar TRPV1 expres-
sion levels in the different experiments. To evaluate
the efficacy and homogeneity of the induction of
TRPV1 expression, Western blot analysis was per-
formed as described in our previous report® (data not
shown).

Measurements of [Ca”]i Using Single Cell Ca Imaging
Changes in [Ca®"], were detected as described in
our earlier reports.***> TRPV1-CHO cells were cul-
tured on 25-mm glass coverslips and a calcium-
sensitive probe was introduced into the intracellular space
by incubating the cells with 2 uM fura-2 AM (Invitrogen)
for 1 h at 37°C. Before each measurement, the cells were
kept at room temperature (22°C-24°C) in normal Tyrode’s
solution (137 mM NaCl, 54 mM KCl, 0.5 mM MgCl,, 1.8
mM CaCl,, 11.8 mM HEPES-NaOH, 1 g/L glucose, pH
7.4, all from Sigma) for 30 min to allow de-esterification
of the fluorophore. The coverslips, containing the fura-
2-loaded cells, were then placed on the stage of an
inverted fluorescence microscope (Diaphot, Nikon, To-
kyo, Japan). Excitation was altered between 340 and 380
nm using a dual wavelength monochromator (Deltas-
can, Photon Technology International, New Brunswick,
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NJ). The emission was monitored at 510 nm with a
photomultiplier at an acquisition rate of 10 Hz per ratio,
and the fluorescence ratio (F54y/Fg0) Values were deter-
mined. Cells were continuously washed by Tyrode’s
solution using a slow background perfusion system,
whereas the agents investigated (capsaicin and tra-
madol were from Sigma; capsazepine from Alexis,
San Diego, CA) were applied through a rapid
perfusion system positioned in close proximity to
the cell measured. In initial experiments, varying
concentrations of tramadol were tested and saturat-
ing concentrations resulting in maximal responses
were selected for the subsequent experiments. Anal-
yses of the [Ca?"], transients were performed by a
PTI analysis program developed by us, which mea-
sures (1) maximal amplitude of the transient above
the baseline (in fluorescence ratio, F5,,/F3s0); (2) the
time to peak value (time interval between the start
of the application of the drug and the maximal value
of the increase, in s); and (3) the rate of rise value
(slope of the ascending phase measured between the
onset and peak of the transient, in ratio per second).
All data are expressed as the mean * SEM.

Microfluorimetric Measurements of [Ca®™" ],

Cells were seeded in 96-well black-well/clear-
bottom plates (Greiner Bio-One, Frickenhausen, Ger-
many) at a density of 40,000 cells per well in Ham F-12
medium, supplemented as above, and cultured at
34.5°C for 48 h. The cells were then incubated with
Ham F-12 medium containing the cytoplasmic cal-
cium indicator 2 uM Fluo-4 AM (Invitrogen) at 34.5°C
for 40 min. The cells were washed four times with and
finally cultured in Hank’s solution (136.8 mM NaCl,
5.4 mM KCl, 0.34 mM Na,HPO,, 0.44 mM KH,PO,,
0.81 mM MgSO,, 1.26 mM CaCl,, 5.56 mM glucose,
4.17 mM NaHCO;, pH 7.2, all from Sigma) containing
1% bovine serum albumin (Sigma) and 2.5 mM Pro-
benecid (Sigma) for 30 min at 34.5°C. The plates were
then placed to a FlexStation II*** fluorimetric image
plate reader (FLIPR, Molecular Devices, Sunnyvale,
CA) and changes in [Ca®>"]; (reflected by changes
fluorescence; IEX = 494 nm, IEM = 516 nm) induced
by various concentrations of the drugs were recorded
in each well (during the measurement, cells in a given
well were exposed to only one given concentration of
the agent). When calculating dose-response curves,
data were fitted to the Hill equation

B/Bmax = [XI"/(IEC50]" + [X]")

where B is the actual fluorescence value, B, ,, is the
theoretical maximum of B, X is the ligand in question
(tramadol), and # is the Hill coefficient. Experiments
were performed in quadruplets and the averaged data
(as well as seM) were used in the calculations.

Statistical Analysis
Data were analyzed using a Student’s ¢-test, and P <
0.05 values were regarded as significant differences.
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Figure 1. Effect of capsaicin and tramadol on
[Ca®*]; in TRPV1-CHO cells. Cells growing
on glass coverslips were loaded with 2 uM
fura 2-AM and fluorescence ratio (F340/ F3s0)

values of excitations at 340 and 380 nm
wavelengths were recorded at an acquisition
rate of 10 Hz per ratio. A and B represent the
effect of 1 uM capsaicin and 1 uM tramadol,
respectively, on TRPV1-CHO cells. (C) In
contrast to ATP (used as a positive control),
capsaicin and tramadol were unable to
modify [Ca®"];, on empty-vector expressing
CHO cells. Results are representative of mul-
tiple determinations.
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Table 1. Summary of Various Variables of [Ca“],- Transients
Induced by Capsaicin and Tramadol on TRPV1-CHO Cells

Capsaicin Tramadol
(1 uM) (1 pM)

Responding cells (%) 76 (n = 54/71) 72 (n = 41/57)
Amplitude (ratio) 1.5+0.1 1.2 = 0.1 (P = 0.029)
Time to peak (s) 145+ 1.1 20.9 = 1.2 (P = 0.0002)
Rate of rise (ratio/s) 0.49 =0.05 0.27 = 0.04 (P = 0.001)
Tachyphylaxis of the 105 = 9% 63.4 = 5.4 (P = 0.00005)

2nd transient

(% of the 1st

transient)
Tachyphylaxis of the 98 * 6% 46.3 = 3.8 (P = 0.000004)

3rd transient (% of
the 2nd transient)

Variables shown in the table were determined as described in Methods. All values are
expressed as the mean = sem of several determinations. Significant differences (P values)
were determined between the two groups using t-test.

RESULTS

Tramadol Induces Transient Increase of [Ca®*]; in
TRPV1-CHO Cells

We first investigated the effect of capsaicin on TRPV1-
CHO cells. Confirming previous results,” 1 uM capsa-
icin induced a transient increase in [Ca2+]1-, which, upon
repeated applications (in a 300-s long interval), showed
no tachyphylaxis (Fig. 1A, Table 1). This effect was
mediated by TRPV1 since capsaicin was unable to
modify [Ca®*]; on empty-vector expressing CHO cells
(in contrast to adenosine triphosphate which increased
[Ca®*]; on 73% of the cells investigated, n = 11) (Fig. 1C)
and since the TRPV1 antagonist capsazepine (5 uM)
effectively abrogated the action of capsaicin on TRPV1-
CHO cells (data not shown).”

We then intended to investigate the effect of tram-
adol on the capsaicin-evoked [Ca?*], transients. How-
ever, intriguingly, we observed that 1 uM tramadol
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alone induced a transient increase in [Ca®"]; (Fig.
1B), which, again similarly to the action of capsaicin,
was not observed on CHO cells lacking TRPV1 (Fig.
1C). These data strongly suggest that tramadol,
surprisingly, rather acted as a TRPV1 agonist in our
system.

The Tramadol-Induced [Ca2+],- Increases Are Distinct
from Those Evoked by Capsaicin and Exhibit Profound
Tachyphylaxis upon Repeated Applications

To further assess this issue, we have characterized
the effect of tramadol on a large number of TRPV1-
CHO cells (Table 1). Similar to capsaicin, 1 uM tram-
adol was able to induce transient increases in [Ca®"];
in 72% of the TRPV1-CHO cells investigated (n = 41 of
57) (the threshold was minimum 10% increase in the
fluorescence ratio within 60 s after the start of the
application of the drug). These transients were char-
acterized by medium amplitudes (1.2 = 0.1 increase in
the fluorescence ratio), time to peak values of 20.9 *
1.2 s, and rate of rise values of 0.27 * 0.04 ratio per
second (all data expressed as mean * sem). Although
these variables were comparable to those observed
with the application of 1 uM capsaicin (Table 1 and
Ref. 25), the maximal amplitude and rate of increase
values were significantly smaller (P = 0.029 and
0.001, respectively), whereas the time to peak values
were significantly greater (P = 0.0002) in the case of
the tramadol-induced responses (Table 1). In addi-
tion, we found that a similar fraction of transients
(76% with capsaicin, 79% with tramadol) returned
to the baseline value after the cessation of adminis-
tration of the drugs (data not shown).

The most striking difference was found when we
compared the phenomenon of tachyphylaxis. As we
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Figure 2. Effect of repeated application of cap- A
saicin and tramadol on [Ca®*], in TRPV1-CHO L
cells. TRPV1-CHO cells growing on glass cov- 144
erslips were loaded with 2 uM fura 2-am. and 451

fluorescence ratio (Fsyo/Fsq,) values were re-
corded. (A) Effect of repeated administration of 8101
short (10 s) 1 uM tramadol “pulses” at 300 s % 0l
intervals. (B) Statistical analysis of Fs,q/Fsgg
values upon repeated tramadol applications
(as described under panel A). All values are 0d-=

P<0,001

 a—

expressed as the mean * sem of several
determinations (n = 41). Significant differ-
ences (P values) were determined by t-test.

have previous shown™ (and also confirmed in the cur-
rent study, Fig. 1A), in TRPV1-CHO cells, the re-
peated application of 1 uM capsaicin resulted in an
insignificant decrease in the amplitude of the sub-
sequent [Ca“]i transients. In contrast, upon the
repeated administration of 1 uM tramadol (in 300 s
intervals), the amplitude of the second [Ca®*], tran-
sient was 63.4% * 5.4% (mean * sEMm, n = 41) of the
first (control) one (P = 0.0003), whereas the ampli-
tude of the third [Ca®"], transient was 46.3% + 3.8%
(mean * sEMm, n = 41) of the second one (P =
0.000004) (Figs. 1B, 2A and B, Table 1).

The Effect of Tramadol to Increase [Ca2+],- Is Mediated
by TRPV1

To further assess the TRPV1-specificity of the
tramadol-induced [Ca®"]; responses, we also investi-
gated the effect of the TRPV1 antagonist capsazepine
(Fig. 3). In these experiments, due to the above tachy-
phylaxis, the following protocol was used. First, three
consecutive 10 s-long 1 uM tramadol “pulses” were
administered, but now in 600 s intervals. The rate of
tramadol-induced tachyphylaxis on numerous cells
was then determined. This relatively long interad-
ministration period was chosen since (1) as was
shown above (Figs. 1 and 2), it took approximately
200-300 s for the tramadol-induced [Ca®"]; tran-
sients to return to the baseline, and (2) we intended
to measure the effect of a 300 s-long capsazepine
application. Statistical analysis has shown that, un-
der these conditions, the amplitude of the second
[Ca®?"], tramadol-evoked transient was 76.6% =+
7.8% (mean = sgM, n = 10) of the first (control) one
(P = 0.001), whereas the amplitude of the third
[Ca?*], transient was 78.2% * 8.4% (mean * SEM,
n = 10) of the second one (P = 0.000002) (Fig. 3B).

Subsequently, we repeated the above protocol;
however, in this case, 300 s after the initiation of the
second tramadol “pulse,” cells were preincubated
with 5 uM capsazepine for 300 s, and the third 1 uM
tramadol challenge was administered in the presence
of capsazepine. Consistent with the above findings,
the presence of the TRPV1 antagonist almost fully
abrogated the effect of tramadol to induce [Ca®"],
increase (Fig. 3A). Statistically, the amplitude of the
third tramadol-induced [Ca®"]; transients in the pres-
ence of capsazepine was only 12.7% * 2.8% (mean *
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Figure 3. Effect of the TRPV1 antagonist capsazepine on the
tramadol induced [Ca®*], increases in TRPV1-CHO cells.
Cells growing on glass coverslips were loaded with 2 uM
fura-2 AM and fluorescence ratio (Fsuo/Fsg0) Values were
recorded. (A) Cells were first challenged with two consecu-
tive short (10 s) 1 uM tramadol “pulses” at 600 s intervals.
Then, 300 s after the initiation of the second tramadol
“pulse,” cells were preincubated with 5 uM capsazepine for
300 s, and the third 1 uM tramadol challenge was adminis-
tered in the presence of capsazepine. The fourth tramadol
challenge was applied after washing out the antagonist. (B)
Statistical analysis of Fs,,/Fg, Values upon repeated tram-
adol applications at 600 s intervals with or without capsaz-
epine treatment. All values are expressed as the mean = sEm
of several determinations (n = 10). Significant differences
(P values) were determined by t-test.
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Figure 4. Concentration-dependence of tramadol to elevate [Ca®"], in TRPV1-CHO cells using FLIPR. (A) Cells were seeded
into black walled clear-base 96-well plates at a density of 40,000 cells per well and were loaded with 2 uM fluo-4 AM. The
plates were then placed into a FlexStation II°** to monitor cell fluorescence (IEX = 494 nM, IEM = 516 nM) before and after
the addition of various concentrations of tramadol (the application time point were set to 0). Note the lack of effect of tramadol
on empty vector expressing CHO cells. Results are representative of multiple determinations. (B) The theoretical curve was
calculated by fitting the measured mean * sem values of four independent determinations to the Hill equation.

seMm, n = 10) (P = 0.00008) of those (third) increases,
which were recorded in the lack of the TRPV1 antag-
onist (Fig. 3A and B). Finally, this inhibition of the
tramadol-induced responses by capsazepine was re-
versible, since another tramadol application (600 s
after the third one) again resulted in significantly (P =
0.00003) higher [Ca?*]; transients than those evoked in
the presence of the antagonist.

The Effect of Tramadol Is Concentration-Dependent

Finally, we investigated the concentration-dependence
of tramadol on TRPV1-CHO cells. Because of the
above marked tachyphylaxis, we were unable to
use the single-cell Ca-imaging technique to record the
effects of various tramadol concentrations on the very
same cell. Therefore, the measurement of the dose—
response curve of tramadol was performed using
FLIPR. As seen in Figure 4A, tramadol (similar to the
single-cell data shown above) did not alter the [Ca?"],
of control (empty-vector expressing) CHO cell. In
contrast, on TRPV1-CHO cells, it was able to increase
[Ca?*]; in a concentration-dependent fashion; math-
ematical analysis by fitting the measured values to the
Hill equation resulted in an ECs, value of 0.08 = 0.03
uM (mean * seM for four experiments) (Fig. 4B) (and
0.04 = 0.01 uM for capsaicin, mean * sem for five
experiments, data not shown).

DISCUSSION

In this study, we investigated the effect of an
analgesic, tramadol, on the function of TRPV1. Using
a heterologous expression system, we found that (1)
tramadol, similar to capsaicin, significantly increased
[Ca?*];, of TRPV1-CHO cells in a concentration-
dependent fashion; (2) its effect was reversibly pre-
vented by the TRPV1 antagonist capsazepine; and (3)
tramadol did not modify [Ca®"]; in control (empty
vector expressing) CHO cells. These findings strongly

1894 Tramadol Acts as a TRPV1 Agonist

support the intriguing and novel concept that tram-
adol, surprisingly, acts as an agonist of TRPV1.

Interestingly, whereas repeated capsaicin application
resulted in insignificant modification of the Ca-transients,
tramadol was able to induce a marked tachyphylaxis. It
was previously shown that different vanilloid agonists
with different chemical features cause different pat-
terns of calcium response (potency, maximal response,
latency of response, variability of latency of response
among individual cells, and tachyphylaxis) in CHO
cells heterologously expressing TRPV1.>® We propose,
therefore, that differences in the effects of capsaicin
and tramadol to induce tachyphylaxis are also due to
the structural diversities of the two agents.

Previous studies have demonstrated that 50 mg
single dose of tramadol (depending on IM or IV
application routes) reaches 100-300 ng/mL (i.e., 0.3-1
uM) plasma levels.””?® It was important to observe
that this plasma concentration corresponds well to the
EC5, value of 0.08 = 0.03 uM measured in our current
study arguing for a potential in vivo (human) rel-
evance of our findings (see also below).

As was detailed in the Introduction, tramadol (be-
sides stimulating p-opioid receptors) exerts a wide-
array of inhibitory actions of numerous voltage- and
ligand-gated neuronal channel populations, under-
lying its robust effect to mitigate pain. In light of
these previous reports, our data presented in the
current manuscript immediately invite a key ques-
tion: How would the unexpected activation of the
“pain-receptor” TRPV1 “fit” to the in vivo analgesic
action “pattern” of this popular therapeutic drug? One
straightforward explanation could be that the activation
of TRPV1 by tramadol is rapidly followed by the desen-
sitization of the sensory afferents (a phenomenon well
characterized by vanilloid administration to nociceptive
neurons'*®), which, in turn, would lead to the cessation
of action potential firing, and hence pain sensation. This
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idea may be supported by the fact that, in our system,
tramadol induced a much stronger tachyphylaxis than
capsaicin.

However, it is also well established that the activa-
tion of TRPV1 also results in the local release of
various peptides (e.g., substance P, calcitonin gene-
related peptide) from the sensory ending.****?° These
neuropeptides, in turn, act on various neighboring cell
types of the given tissue (e.g., mast cells, vessels,
keratinocytes) and initiate numerous local regulatory
mechanisms, such as vasodilation, immunomodula-
tion, cytokine and mediator release, etc.>*?' It is
conceivable, therefore, that if tramadol (e.g., upon
local application) stimulates TRPV1-expressing sen-
sory afferents, the initiation of the “efferent” function
of the nerve endings would result in such local
responses.

As a support for this argument, in various human
studies, local intradermal application of tramadol,
besides inducing a local anesthetic effect similar to
that of lidocaine, resulted in skin erythema, flare, and
urticaria.””~** Of further importance, in certain stud-
ies, intradermal tramadol injection also initiated burn-
ing skin sensation and pain.*'** Likewise, when the
local anesthetic effect of tramadol was investigated
after short (1 min) venous retention of the drug, in
31% of the patients, transient burning pain sensation
and skin erythema developed distally from the place
of occlusion along the affected veins.*® These in vivo
results further suggest for that tramadol may indeed
activate TRPV1.

Collectively, our presented findings, along with the
above in vitro and in vivo data) suggest that tramadol,
besides the aforementioned multiple targets, may in-
deed act as a “classical” agonist of TRPV1. Namely,
tramadol may first excite sensory neurons (calcium
influx and transient burning pain sensation), then
initiate neuropeptide release (skin erythema and
flare), and finally induce desensitization (tachyphy-
laxis) and analgesia. Hence, although further studies
(e.g., using gene-deficient mice and freshly dissected
sensory neurons endogenously expressing TRPV1) are
to be performed to exactly define the role of TRPV1 in
mediating the action of tramadol, the presented con-
cept of “triple response” by tramadol may equally
explain both the desired analgesic as well as the
“unexpected” local side effects of the drug.
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ABSTRACT Recent studies strongly suggest that the
cannabinoid system is a key player in cell growth
control. Since the organ-culture of human hair follicles
(HF) offers an excellent, clinically relevant model for
complex tissue interaction systems, we have asked
whether the cannabinoid system plays a role in hair
growth control. Here, we show that human scalp HF,
intriguingly, are both targets and sources of endocan-
nabinoids. Namely, the endocannabinoid N-arachido-
noylethanolamide (anandamide, AEA) as well as the
exocannabinnoid A (9)-tetrahydrocannabinol dose-de-
pendently inhibited hair shaft elongation and the pro-
liferation of hair matrix keratinocytes, and induced
intraepithelial apoptosis and premature HF regression
(catagen). These effects were inhibited by a selective
antagonist of cannabinoid receptor-1 (CB1). In contrast
to CB2, CB1 was expressed in a hair cycle-dependent
manner in the human HF epithelium. Since we success-
fully identified the presence of endocannabinoids in
human HF, our data strongly suggest that human HF
exploit a CBl-mediated endocannabinoid signaling sys-
tem for negatively regulating their own growth. Clini-
cally, CB1 agonists may therefore help to manage
unwanted hair growth, while CB1 antagonists might
counteract hair loss. Finally, human HF organ culture
offers an instructive, physiologically relevant new re-
search tool for dissecting “nonclassical” effects of
endocannabinoids and their receptor-mediated signal-
ing in general.—Telek, A., Bir6, T., Bodo, E., Téth,
B. 1., Borbiré, 1., Kunos, G., Paus, R. Inhibition of
human hair follicle growth by endo- and exocannabi-
noids. FASEB J. 21, 3534-3541 (2007)
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* hair cycle

A9-TETRAHYDROCANNABINOL (THC), the psychoactive
component of marijuana, mimics the effects of numer-
ous endogenous substances (collectively referred to as
endocannabinoids) by binding to cannabinoid (CB)
receptors (1-5). Centrally, these endogenous mole-
cules are involved in regulating, e.g., behavior and
learning (1-3, 6-8), while their peripheral effects
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include the modulation of immune and cardiovascular
functions (1-3, 9, 10) and the control of growth normal
and transformed cells as well as cell death and survival
(11-17). CB receptors reportedly are also found on
human epidermal keratinocytes in vitro, with conflict-
ing data as to which types (CB1, CB2) are actually
expressed (18-20). Although activation of CB recep-
tors may suppress growth, murine skin tumors (18) and
human melanomas (16) and, furthermore, cannabi-
noids were suggested to modify in vitro proliferation
and differentiation of transformed keratinocytes (19,
21), it is unclear whether CB receptors are functionally
important in normal human skin physiology.

The organ culture of human scalp hair follicles (HF)
in the growth stage of the hair cycle (anagen VI), which
continue to grow rapidly after microdissection and
produce hair shafts in vitro at almost the in vivo-speed
seen on the human scalp (22), is ideally suited to
follow-up the above reports of growth-modulatory ef-
fects of CB receptor ligands in the human system.
Employing this assay, we had already shown, e.g., that
vanilloid receptor-1 (TRPVI1) agonists (such as capsa-
icin) operate as potent inhibitors of human hair growth
(23). Arguing, furthermore, that the HF is exquisitely
sensitive to the effects of psychoemotional stress (24,
25); that THC is prominently incorporated into human
hair shafts (26, 27); and that several psychotropic
hormones have recently been recognized to modulate
human hair growth (24, 28-32), we now have asked
whether the endocannabinoid system is also involved in
the control of human hair growth.

Since the cycling HF represents a prototypic, con-
stantly remodeled epithelial-mesenchymal interaction
system that switches between states of rapid epithelial
proliferation (anagen), apoptosis-driven organ involu-
tion (catagen), and relative quiescence (telogen), the
organ culture of human HF, which continues to un-
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dergo the anagen-catagen transformation in vitro, offers
a highly instructive, easily accessible model for probing
the effects of test agents on complex human tissue
interaction systems (33, 34). Therefore, as an integral
part of the ongoing exploration of the intriguing
“nonclassical” neuro-endocrine role of the skin both
under physiological and pathological conditions (35—
39), the human HF organ culture promised to offer an
ideal, physiologically and clinically relevant general
model system for dissecting the as-yet-unclear functions
of cannabinoids in the control of human cell growth
and death in situ.

MATERIALS AND METHODS
Materials

AFEA, 2-AG, AM-251, THC, and interferon-y (IFNvy) were
purchased from Sigma-Aldrich (Taufkirchen, Germany).

Isolation and maintenance of hair follicles

The study was approved by the Institutional Research Ethics
Committees and adhered to Declaration of Helsinki guide-
lines. Human anagen HF (n=18-24 per group) were isolated
from skin obtained from females undergoing face-lift surgery
(23, 31). Isolated HF were maintained in Williams E medium
(Biochrom, Cambridge, UK) supplemented with 2 mM L-
glutamine (Invitrogen, Paisley, UK), 10 ng/ml hydrocorti-
sone, 10 wg/ml insulin, and antibiotics (all from Sigma).
Medium was changed every other day, whereas treatment with
various cannabinoids was performed daily.

Measurement of hair shaft elongation

Length measurements were daily performed on individual
HF using a light microscope with an eyepiece measuring
graticule (23, 31).

Histology, histochemistry, quantitative histomorphometry

Cryostat sections (8 pwm thick) of cultured HF were fixed in
acetone, air-dried, and stained with hematoxylin-eosin
(Sigma). Hair cycle stage (anagen, catagen) of each HF was
assessed according to defined morphological criteria whereas
melanin pigment was visualized by the Masson-Fontana histo-
chemistry (23, 34).

Immunohistochemistry of CB receptors

For the detection of CB receptors on isolated HF, two
complementary techniques, the tyramide-substrate amplifica-
tion (TSA) and the alkaline phosphatase (AP) activity-based
methods were used (23, 31). For the TSA technique, sections
were first incubated by primary antibodies (1:400) against the
N terminus of CB1 (H-150, sc-20754, Santa Cruz, Santa Cruz,
CA, USA) or CB2 (Cat. No. 101550-1, Cayman Chemical,
Ann Arbor, MI, USA). Samples were then labeled with
biotinylated multilink swine anti-goat/mouse/rabbit IgG (1:
200, DAKO, Glostrup, Denmark) and finally with streptavi-
dine-horseradish peroxidase (TSA kit, Perkin Elmer, Boston,
MA, USA) followed by an application of fluorescein-tyramide
(1:50, TSA Kkit). Sections were counterstained by DAPI (1
ng/ml, Boehringer Mannheim, Mannheim, Germany). For
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the AP-based method, after staining with the appropriate
CB-specific antibodies (1:40) and the biotinylated multilink
swine anti-goat/mouse/rabbit IgG (1:200), sections were la-
beled by a streptavidin-AP conjugate (1% reagent mixture,
Vector Laboratories, Burlingame, CA, USA). Immunoreac-
tions were finally visualized using Fast Red (Sigma) and the
sections were counterstained by hematoxylin (Sigma).

In both staining procedures, to further assess specificity of
the immunostaining, primary labeling was also performed
using goat C-terminus-specific antibodies: anti-CB1 (K-15,
sc-10068, Santa Cruz) and anti-CB-2 (C-15, sc-10073, Santa
Cruz). The application of these latter primary antibodies
resulted in identical staining patterns (not shown). As nega-
tive controls, the appropriate primary antibodies were either
omitted from the procedure or were preabsorbed with syn-
thetic blocking peptides (purchased from Santa Cruz or
Cayman). In addition, the specificity of CB receptor staining
was also measured on tissues recognized to be CB1 (brain) or
CB2 (spleen) positive (not show).

Image analysis

The intensity of fluorescence CBl-immunoreactivity in each
section was measured at 5-10 previously defined reference
regions of interest (ROI) of either the layers of distal ORS or
the matrix keratinocytes at a 0-255 U/pixel intensity range
using the Image Pro Plus 4.5.0 software (Media Cybernetics,
Silver Spring, MD, USA), and the average of the CBl-specific
immunosignal (mean=*se) was calculated (23). A similar
approach was employed to define the melanin content of the
bulb regions of individual HF, labeled by Masson-Fontana
histochemistry.

Double immunolabeling of proliferating and apoptotic cells

To evaluate apoptotic cells in colocalization with a prolifera-
tion marker Ki-67, a Ki-67/TUNEL (terminal deoxynucleoti-
dyl transferase biotin-dUTP nick end labeling) double-stain-
ing method was employed (23, 31). Cryostat sections were
fixed in formalin/ethanol/acetic acid and labeled with a
digoxigenin-deoxyUTP (ApopTag Fluorescein In Situ Apo-
ptosis Detection Kit, Intergen, Purchase, NY, USA) in pres-
ence of terminal deoxynucleotidyl transferase (TdT), fol-
lowed by incubation with a mouse anti-Ki-67 antiserum
(DAKO). TUNEL+ cells were visualized by an antidigoxige-
nin FITC-conjugated antibody (ApopTag kit), whereas Ki-67
was detected by a rhodamine-labeled goat anti-mouse anti-
body (Jackson Immuno Research, West Grove, PA, USA).
Finally, sections were counterstained by DAPI (1 ng/ml,
Boehringer Mannheim). Negative controls were performed
by omitting TdT and the Ki-67 antibody. The number of cells
positive for Ki-67 and TUNEL immunoreactivity was counted
per hair bulb and was normalized to the number of total
(DAPI+) cells.

uantitative “real-time -
itative “real-time” PCR (Q-PCR

Q-PCR was performed on an ABI PRISM 7000 Sequence
Detection System (Applied Biosystems, Foster City, CA, USA)
using the 5’ nuclease assay (23, 31). Total RNA was isolated
from pools of freshly dissected HFs (n=100-200) using
TRIzol (Invitrogen) and 3 ug of total RNA were reverse-
transcribed into ¢cDNA by using 15 U of AMV reverse tran-
scriptase (Promega, Madison, WI, USA) and 0.025 ng/ul
random primers (Promega). PCR amplification was carried
out by using the TagMan primers and probes (Assay ID:
Hs00275634_m1 for human CBI1, Assay ID: Hs00361490_m1
for human CB2) using the TagMan Universal PCR Master

3535



Mix Protocol (Applied Biosystems). As internal controls,
transcripts of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were determined (Assay ID: Hs99999905_m1 for
human GAPDH). The amount of CB receptor-specific tran-
scripts was normalized to those of GAPDH using the AACT
method (23).

Determination of endocannabinoid levels

Freshly isolated HFs weighing ~50 mg were homogenized in
0.5 ml of an ice-cold solution of methanol: Tris buffer (50
mM, pH 8) 1:1 containing 7 ng of *H,-anandamide (*H,-
AEA), synthesized as described in (40, 41). To each homog-
enate 2 ml of ice-cold chloroform:methanol 1:1 and 0.5 ml of
50 mM Tris buffer, pH 8, was added. The homogenate was
centrifuged at 4°C (500 g for 2 min), and the chloroform
phase was recovered and transferred to a borosilicate tube,
and the water phase extracted two more times with ice-cold
chloroform. The combined extract was evaporated to dryness
at 32°C under a stream of nitrogen. The dried residue was
reconstituted in 110 pl of chloroform, and 2 ml of ice-cold
acetone was added. The precipitated proteins were removed
by centrifugation (1800 g, 10 min) and the clear supernatant
was removed and evaporated to dryness. The dry residues
were reconstituted in 50 pl of ice-cold methanol, of which 35
wl was used for analysis by liquid chromatography/in line
mass spectrometry, using an Agilent 1100 series LC-MSD,
equipped with a thermostated autosampler and column com-
partment. Liquid chromatographic separation of endocan-
nabinoids was achieved using a guard column (Discovery HS
C18, 2 cm X 4.0 mm, 3 pm, 120A) and analytical column
(Discovery HS C18, 7.5 cm X 4.6 mm, 3 pm) at 32°C with a
mobile phase of methanol:water:acetic acid 85:15:0.1 (v/v/v)
at a flow of 1 ml/min for 12 min followed by 8 min of
methanol:acetic acid 100:0.1 (v/v). The MSD (model LS) was
set for atmospheric pressure chemical ionization (APCI),
positive polarity, and selected-ion-monitoring (SIM) to mon-
itor ions m/z 348 for AEA, 352 for 2H4—AEA, and 379 for
2-AG. The spray chamber settings: vaporizer 400°C, gas
temperature 350°C, drying gas 5.0 1/min, and nitrogen, used
as the nebulizing gas with a pressure of 60 psig. Calibration
curves were produced using synthetic AEA and 2-AG (Cay-
man). The amounts of AEA and 2-AG in the samples were
determined using inverse linear regression of standard
curves. Values are expressed as fmol or pmol per mg wet
tissue.

Statistical analysis

Statistical analysis was performed using a Mann-Whitney U
test for unpaired samples (n=18-24 HFs per group) (23, 31).

RESULTS
AFA, unlike 2-AG, inhibits hair growth

First, microdissected, organ-cultured human scalp HF
in the growth stage of the hair cycle (z.e., anagen VI)
(22, 23, 31) were stimulated with one of the best-
characterized endocannabinoids, N-arachidonoyleth-
anolamide (anandamide, AEA) (1-5, 42). AEA signifi-
cantly (P<0.05) and dose-dependently inhibited hair
shaft elongation (Fig. 1a) and (as revealed by determin-
ing the number of Ki67 positive cells) hair matrix
keratinocyte proliferation (Fig. 10). In contrast, the
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endocannabinoid significantly (P<0.05) stimulated
keratinocyte apoptosis in the epithelial hair bulb (as
assessed by TUNEL labeling, Fig. 15) as well as prema-
ture HF entry into apoptosis-driven organ involution
(catagen) (Fig. 1c¢). It is worth noting, however, that
AFEA did not affect HF pigmentation (32, 33), since the
melanin content of anagen VI HF remained un-
changed (not shown).

We have also investigated the effect of the other main
endocannabinoid, 2-arachidonoylglycerol (2-AG) (1-5,
42). Interestingly, 2-AG did not significantly alter hu-
man hair shaft elongation in vitro (Fig. 1a), HF prolif-
eration, apoptosis, or catagen entry (not shown).

CBl1, but not CB2, is expressed in the HF, and its
level is regulated by the hair cycle

We then assessed whether HF express the molecular
targets of cannabinoids (3, 5). By mutually complemen-
tary and confirmatory, independent immunohisto-
chemical methods (Fig. 2a, b), specific CB1 immuno-
reactivity (CBl-ir) was identified in the HF epithelium,
primarily in outer root sheath (ORS) keratinocytes (but
not on the fibroblasts of the HF dermal papilla). In
addition, transcription of the CB1 gene in freshly
isolated, microdissected human scalp HFs (more pre-
cisely: anagen VI hair bulbs) was demonstrated by quan-
titative RT-PCR (Fig. 2d). In contrast, of great importance,
neither immunohistochemistry nor Q-PCR indicated the
expression of CB2 in the HF (not shown).

Intriguingly, CB1 protein expression significantly in-
creased on hair matrix (and, yet only marginally, on
ORS) keratinocytes of cultured HF, which had been
experimentally induced to undergo premature HF invo-
lution (catagen) phase by interferon-y (IFNy) treatment
(23) (Fig. 2b, ¢). Moreover, we have also found that the
intensity of CBl-ir was also up-regulated on AEA-treated
catagen HF (not shown). These data show that normal
human scalp HFs express CB1 (but not CB2) on the gene
and protein level, and suggest that the intrafollicular CB1
expression is hair cycle-dependent.

Effects of AEA are mediated by CB1
but not by TRPV1

The above data also support the argument that the
effects of AEA on the human scalp HF may be trans-
mitted by CBI receptors. Further in line with this
hypothesis, we found that the specific CB1 antagonist
AM-251 (1, 3, 5), which alone did not modify hair shaft
elongation, completely abrogated the hair growth-in-
hibitory effect of AEA and normalized hair growth
parameters to the vehicle control level (Fig. 1a). This
finding corroborates the missing evidence of CB2 ex-
pression in human scalp HF on either the protein or
gene level and suggests that the potent hair growth-
inhibitory actions of the endocannabinoid AEA are
most likely mediated by CBI.

However, previous reports have also documented
that AEA may also activate TRPVI and hence may act as
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Figure 1. AEA inhibits hair shaft elongation and proliferation whereas it stimulates apoptosis of cultured human HF. a) Hair
shaft elongation curves (mean=*sk, 18-24 HF per group). *P < 0.05 when compared to control; *P < 0.05 when values of the
30 uM AEA-treated group were compared to those of the 30 uM AEA + 1 pM AM-251 (AM) group. Note the lack of effect of
2-AG. b) Coimmunolabeling of proliferating (Ki-67+, red fluorescence) and apoptotic (TUNEL+, green fluorescence) cells,
along with nuclei (DAPI, blue fluorescence). Statistical analysis of number of Ki-67+ and TUNEL+ cells as compared to the
number of DAPI+ cells (mean*sk). ¢) Quantitative hair cycle histomorphometry on hematoxylin-eosin-stained sections.
Percentage of HFs in anagen or catagen state (23, 33, 34) was determined (mean=*sk). b, ¢) DP, dermal papilla, MK, matrix
keratinocytes. Scale bars, 10 pm. *P < 0.05 when compared to control.

an “endovanilloid” substance (3, 43, 44). In addition, peppers) inhibits hair shaft elongation and prolifera-
we have previously shown that the human HF epithe-  tion, and induces apoptosis-driven catagen regression
lium also expresses TRPV1 and that the specific activa- (23), very similar to the above action of AEA. There-
tion of the TRPVI-coupled signaling by the exova- fore, we also measured the possible role of TRPVI in
nilloid capsaicin (a pungent ingredient of hot chili mediating the effects of AEA.
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Figure 2. CBI is expressed in the epithelium of the HF and is up-regulated in catagen. Immunodetection of CBI1 using the
alkaline phosphatase (AP) activity-based (@) and the tyramide-substrate amplification (TSA, ) methods. b) Expression of CB1
in anagen (no treatment) and catagen (1000 IU/ml IFNvy treatment for 5 days) HF. ¢) Statistical image analysis of CB1-specific
fluorescence intensities in the outer root sheath (ORS) and matrix keratinocyte (MK) regions (mean=*sk); 5-10 regions of
interest (ROI, boxes in () per section, 18-24 HF per group. DP, dermal papilla. Scale bars, 10 pm. *P < 0.05 when compared
to control. d) Identification of CBl-specific mRNA transcripts in HF by quantitative RT-PCR. NTC, nontemplate control, Brain,
positive control. Mean * sk of quadruplicate determination.
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As seen in Fig. 3a, the TRPVI1 antagonist iodo-
resiniferatoxin (I-RTX), which on its own did not
modify “basal” hair growth (23), was unable to prevent
the effect of AEA to inhibit hair shaft elongation
suggesting the lack of involvement of TRPVI. Further
corroborating this statement, we have also found that
AEA and the TRPVI agonist capsaicin exerted similar
and, of great importance, additive effects to suppress
hair growth (Fig. 3a), to inhibit the proliferation of HF
matrix keratinocytes, and to induce intrafollicular apo-
ptosis (Fig. 30). Since the hair growth-inhibitory effect
of capsaicin (confirming our previous results) (23) was
fully abrogated by the TRPV1 antagonist I-RTX but not
affected by the CBI antagonist AM-251 (Fig. 3a), these
findings strongly support the argument that the synergis-
tic endocannabinoid and vanilloid systems operate inde-
pendently to inhibit human hair growth and hence the
effects of AEA are indeed exclusively mediated by CB1.

HF are sources of endocannabinoids

We were also interested in to define whether HF,
besides responding to the action of cannabinoids and
expressing CBl, also produce certain endocannabi-
noids. Therefore, in a pilot study, HF collected from
two individuals, processed as described under Materials
and Methods, and subjected to mass spectrometry to
measure the presence of endocannabinoids. We
showed for the first time that freshly dissected HF not
only respond to but, intriguingly, also express such
endocannabinoids as AEA and 2-AG. However, it was

100' M

Elongation (%)
(o)) (o]
? ?

N
o
1

20-

AEA - + - + + + + - - -
CAPS - - + + + + +
-RTX - - - - -+ - -+ -
AM - -+ - -+

+
+

noteworthy to observe that whereas the level of AEA
(6.6-11.2 fmol/mg tissue, range, n=2) was comparable
to those of, e.g., heart samples (~7.7 fmol/mg tissue)
(9, 45), the level of 2-AG was much lower (0.2-0.3
pmol/mg tissue, range, n=2) than previously found in
cardiac tissues (~3.5 pmol/mg tissue) (9, 45). Obvi-
ously, these initial, very preliminary data demand care-
ful and systematic repetition using tissue extracts of
many additional HF from several different individuals
before definitive conclusions on the spectrum of en-
dogenous cannibinoid receptor ligands can be drawn.
In addition, these need to be integrated with informa-
tion on the endocannabinoid content of healthy hu-
man skin and organ-cultured HF of various stages of HF
cycling (i.e., anagen, catagen).

THC also inhibits hair growth

THC, the key active ingredient in hashish and mari-
juana, is one of the best-investigated exocannabinoid
(1-5) and is deposited at high levels in the hair shafts of
human cannabis consumers (26, 27), e.g., after inhala-
tion or ingestion and of tumor patients treated with
THC as an antiemetic, psychotropic agent. Therefore,
we finally wished to investigate the effects of this
prototypic exocannabinoid, which binds to both CB1
and CB2 (1-5), on human HF growth in organ-culture.

Almost identical to the actions of AEA reported
above, THC significantly inhibited hair shaft elongation
in a dose-dependent fashion, suppressed proliferation
of HF keratinocytes, and induced both hair matrix
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Figure 3. Effect of AEA to inhibit hair growth is mediated by CB1 but not by TRPVI. @) HF were treated with 10 uM AEA, 10
WM capsaicin (CAPS), 1 uM AM-251 (AM), and 50 nM I-RTX in the above combinations and hair shaft elongation was
determined daily (mean=*sk, 18—-24 HF per group). Data represent elongation values at day 7 of organ-culture. b)) HF (18-24
per group) were treated with 10 uM AEA, 10 uM CAPS, or their combination and, at day 7, coimmunolabeling of proliferating
(Ki-67+) and apoptotic (TUNEL+) cells, along with nuclei (DAPI+), was performed. Data represent values of statistical analysis
of number of Ki-67+ and TUNEL+ cells as compared to the number of DAPI+ cells (mean=*sE). In both panels, asterisks mark

significant (P<<0.05) differences.
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Figure 4. THC inhibits hair shaft elongation and proliferation, whereas it stimulates apoptosis of cultured human HF. a) Hair
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catagen state (23, 33, 34) was determined (mean=*sg). b, ¢) DP, dermal papilla, MK, matrix keratinocytes. Scale bars, 10 pm. d)
Statistical image analysis of melanin content in the bulb region of those THC-treated HF which were not yet transformed to
catagen (mean=*sk); 5—10 regions of interest per section, 18-24 HF per group. *P < 0.05 when compared to control.

keratinocyte apoptosis and premature catagen develop-
ment (Fig. 4a—c). These data, therefore, suggest that
exocannabinoids can mimic the hair growth-inhibitory
effects of endocannabinoids.

We also determined the effect of THC on the melanin
content of the HF. During this measurement, to differen-
tiate the effect of the exocannabinoids from the well-
known catagen-associated “shut-down” of follicular mela-
nogenesis (33, 34, 46—48), the melanin content of only
those THC-treated HF were defined, which were not yet
transformed to catagen. Interestingly, as opposed to find-
ings with AEA, we found that THC significantly and
dose-dependently suppressed the melanin content of the
HF (Fig. 4d), suggesting THC may also exert inhibitory
effects on follicular melanogenesis in situ (independent of
the normal, catagen-associated suppression of the mela-
nin production of the HF) (33, 34, 46—48).

DISCUSSION

Exploration of cannabinoid functions in skin biology
and pathology is an important, integral part of the
ongoing exploration of the skin as a “nonclassical”
neuro-endocrine organ. As a part of this quest, in this
paper, we provide the first evidence that the prototypic
endocannabinoid, AEA (which may even be produced
within human HF), and the—notoriously abused—
exocannabinoid, THC, both inhibit human hair shaft
elongation and induce apoptosis-driven HF involution
(catagen) in vitro. We show that these effects are most
likely mediated via CB1 receptor-mediated signaling
mechanism. Furthermore, we show that intrafollicular
expression of the “targeted” CBI1 is hair cycle-depen-
dent and is up-regulated during catagen. Given that
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these effects were generated with intact components of
a normal human miniorgan and under assay conditions
that preserve in vivolike key functions of this organ
during the test period, our findings are both physiolog-
ically and clinically relevant. Furthermore, these data
support the concept that human HF are both targets
and sources of endocannabinoids, and exploit a physi-
ologically relevant paracrine-autocrine endocannabi-
noid system for negatively regulating their own growth.

Since previous reports have extensively documented
that AEA might exert its cellular actions via CB1, CB2,
and/or TRPVl-coupled signaling mechanisms (1-5,
42-44), a central core of the current study was to
identify the molecular target(s) of this endocannabi-
noid. Our results that i) the hair growth-inhibitory
actions of AEA was fully abrogated by the CBl-specific
antagonist AM-251; i) the effects of AEA was not
modified by the TRPV1 antagonist I-RTX; and i) CB1
was successfully identified in the HF (both at the
protein and mRNA levels), whereas CB2 was not found;
suggest that (although TRPV1 is also functionally ex-
pressed in the HF) (23) AEA may exclusively act on
CB1 to inhibit human hair growth and to modulate the
hair cycle.

Experimental data with the coadministration of AEA
and the TRPV1 agonist capsaicin, by showing that the
similar effects of the two agents were additive (at least
indirectly) further strengthened the above argument.
However, these results (along with our presentation
that the effect of capsaicin was not modified by the CB1
antagonist AM-251) also propose that the otherwise
very intimately related (and often “overlapping”) endo-
cannabinoid and (endo)vanilloid systems (3, 43) syner-
gistically yet, of importance, independently function to
regulate various biological processes (elongation, pro-
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liferation, apoptosis, cycling) of the human HF. This
may also be further strengthened by our recent report
showing that TRPV1 knockout mice (which possess an
essentially unaltered endocannabinoid system) (49)
exhibit a significant delay in the onset of the first
spontaneous catagen during the morphogenesis of the
HF (50). (Our currently running investigation of the
morphogenesis and hair cycle of CB1 knockout mice
will hopefully explore this interaction “the other way
around”).

Our findings that catagen development, per se (at
least in organ-cultured human scalp HF), is already
associated with a marked up-regulation of CBI expres-
sion, suggests that, once catagen has been induced by
either AEA or cannabinoid-independent mechanisms
(such as, e.g., IFNy or on TRPVI activation) (23), the
HF substantially increases its susceptibility to (addi-
tional) stimulation by endocannabinoids via this recep-
tor. This may then further accelerate the speed of
catagen development, depending on the availability of
endogenous agonists.

Our exciting pilot mass spectrometry data (which, as
detailed above, demand further careful and systematic
repetition using tissue extracts of many additional HF
from several different individuals), which demonstrate
the intrafollicular presence of substantial AEA levels in
microdissected, rigorously washed human scalp HF,
suggest that endogenous CB agonists may even be
produced locally, i.e, within the anagen hair bulb.
However, it was surprising to observe that, unlike in
most tissues (1-3, 42), the level of 2-AG was very low in
the HF. This may reflect, e.g., high intrafollicular levels
of fatty acid amide hydrolase and monoacylglycerol
lipase, which participate in the degradation of 2-AG
(1-3, 42). Although further studies are to be performed
to quantitatively define the expression of these mole-
cules in the HF, the above hypothesis may, at least in
part, explain our results that of the two major endocan-
nabinoids (produced by the HF) only AEA was able to
inhibit hair growth and that HF were unresponsive to
2-AG stimulation.

In our hands, the CB1 antagonist AM-251 alone did
not modify hair shaft elongation which, at the first
glance, might suggest that the endogenous cannabi-
noid tone does not affect hair growth. However, it is
well documented that during certain pathological con-
ditions (e.g., inflammatory and autoimmune diseases),
the level of numerous endocannabinoids (including
AEA and 2-AG) and the expression profile of CB
receptors are markedly altered (1-3, 51). Since inflam-
mation as well as alterations in the activity of the
immune system was shown to markedly contribute to
the pathogenesis of several hair loss disorders (such as
alopecia areata, effluvium) (52, 53), it might be hypoth-
esized (and to be definitely measured in the near
future) that endocannabinoid expression may, e.g., be
increased in such diseases. Therefore, our demonstra-
tion that the CB1 antagonist effectively abrogated the
hair growth-inhibitory effects of AEA may be interpreted
as a first, tentative proof-of-principle for a novel, CB1
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antagonistbased adjuvant treatment option in the clinical
management of certain human hair loss disorders.
Irrespective of their potential clinical implications
and further intriguing applications (e.g., future exploi-
tation of the growth-inhibitory effect of CB agonists in
the putative management of unwanted hair growth
such as hirsutism), our results also show that human HF
organ culture offers a very simple, yet highly instructive
new research tool for exploring and dissecting “non-
classical”, growth- and apoptosis-modulatory effects of
endo- and exocannabinoids and of receptor-mediated
signaling in general under physiologically relevant condi-
tions. Using microarray techniques (¢f. 23, 32), this
prototypic tissue interaction system can now even be
exploited to identify novel target genes of CB-mediated
signaling in the human system in situ. Certainly, the
intriguing concept that human HF (at least on the
scalp) may always (or hair cycle-dependently) more or
less “stoned”, and the challenge to selectively get the
HF (rather than the central nervous system. . . ) “high”
in a clinically desired manner will surely excite patients,
investigators, industry, regulatory institutions, the lay
press, and politicians alike.

This work was supported in part by Hungarian research
grants (OTKA T049231, OTKA K063153, NKFP 1A/008/04)
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ABSTRACT We had previously shown that both lo-
cally produced endocannabinoids and exocannabi-
noids, via cannabinoid receptor-1 (CB1), are powerful
inhibitors of human hair growth. To further investigate
the role of the cannabinoid system in pilosebaceous
unit biology, we have explored in the current study
whether and how endocannabinoids have an impact on
human sebaceous gland biology, using human SZ95
sebocytes as cell culture model. Here, we provide the
first evidence that SZ95 sebocytes express CB2 but not
CBl1. Also, prototypic endocannabinoids (arachidonoyl
ethanolamide/anandamide, 2-arachidonoyl glycerol)
are present in SZ95 sebocytes and dose-dependently
induce lipid production and (chiefly apoptosis-driven)
cell death. Endocannabinoids also up-regulate the ex-
pression of key genes involved in lipid synthesis (e.g.,
PPAR transcription factors and some of their target
genes). These actions are selectively mediated by CB2-
coupled signaling involving the MAPK pathway, as
revealed by specific agonists/antagonists and by RNA
interference. Because cells with “silenced” CB2 exhib-
ited significantly suppressed basal lipid production, our
results collectively suggest that human sebocytes utilize
a paracrine-autocrine, endogenously active, CB2-medi-
ated endocannabinoid signaling system for positively
regulating lipid production and cell death. CB2 antag-
onists or agonists therefore deserve to be explored in
the management of skin disorders characterized by
sebaceous gland dysfunctions (e.g., acne vulgaris, se-
borrhea, dry skin).—Dobrosi, N., Téth, B. 1., Nagy, G.,
Dézsa, A., Géczy, T., Nagy, L., Zouboulis, C. C., Paus,
R., Kovacs, L., Bir6, T. Endocannabinoids enhance
lipid synthesis and apoptosis of human sebocytes via
cannabinoid receptor-2-mediated signaling. FASEB J.
22, 3685-3695 (2008)

Key Words: cannabinoid receptor subtypes « human sebaceous
gland-derived SZ95 sebocytes * acne vulgaris + signal transduc-
tion + peroxisome proliferator-activated receptor + gene expression

0892-6638/08/0022-3685 © FASEB

THE ENDOCANNABINOID sYSTEM (ECS), that is, endo-
cannabinoids (such as arachidonoyl ethanolamide,
AEA, and 2-arachidonoyl glycerol, 2-AG), specific can-
nabinoid receptors (CB1 and CB2), and enzymes in-
volved in the synthesis and degradation of endocan-
nabinoids, has emerged as a versatile modulatory
system, implicated in a plethora of physiological and
pathophysiological regulatory mechanisms (1-3). Clas-
sically, CB1-mediated effects were mostly described in
the central nervous system and were shown to involve
regulating e.g., synaptic functions, memory, and motor
learning (3-6). Peripherally, the ECS has become
implicated in regulation of e.g., immune and cardiovas-
cular processes, apparently chiefly via CB2-coupled
signaling (7-9).

Recent intriguing findings, however, have also iden-
tified the functional existence of various members of
the ECS on numerous other, previously unappreciated
cell and tissue types. Among these, we have been
particularly interested in human and murine skin and
related cutaneous phenomena. Elements of the ECS
were extensively documented in epidermal keratino-
cytes (10-12). Moreover, cannabinoids were shown to
suppress in vitro proliferation (and differentiation) of
cultured epidermal keratinocytes (11, 13), similar to
the effects of selective CB2 agonists on human coronary
artery smooth muscle cells (14), as well as the in vivo
growth of murine skin tumors (15) and human mela-
nomas (16). In addition, using double CB1/CB2 gene-
deficient mice, Karsak ¢t al. (17) have elegantly dem-
onstrated that endocannabinoids attenuate allergic
contact dermatitis.
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We have recently identified a CBl-mediated mecha-
nism for nonclassical, peripheral tissue activities of
endocannabinoids and exocannabinoids in the human
system (18). Namely, using organ-cultured human scalp
hair follicles, we have shown that locally produced
endocannabinoids (via CB1 that is expressed mainly on
outer root sheath keratinocytes of the follicle) inhibit
human hair growth and induce premature apoptosis-
driven involution of this complex miniorgan (catagen).

Hair follicles most commonly are arranged in pilose-
baceous units, which display another characteristic
adnexal structure of mammalian skin, i.e., the seba-
ceous gland (reviewed in refs. 19, 20). It is extensively
documented that epithelial cells of the sebaceous
gland, i.e., sebocytes, play a central role in the regula-
tion of cutaneous lipid homeostasis and that patholog-
ical malfunctions of these cells may result in such
common cutaneous diseases as acne vulgaris (21-24).

Of importance, sebaceous gland cells reportedly also
show CB receptor immunoreactivity in situ (12). How-
ever, apart from anecdotes about marijuana users often
developing acne, direct evidence for the presence of
functional ECS in sebaceous glands and a description
of the potential effects of endocannabinoids on various
biological processes of human sebocytes are lacking.

In the current study, we have therefore analyzed the
presence and function of the ECS and related signaling
mechanisms in human sebaceous gland-derived cells,
using the SZ95 sebocyte cell line, one of the best-
established human sebocyte cell culture models (25—
27). Specifically, we intended to clarify which CB recep-
tors are expressed by human sebocytes, and whether
prototypic endocannabinoids (AEA, 2-AG) can be de-
tected in SZ95 sebocytes. Furthermore, we have evalu-
ated the effects of endocannabinoids on defined sebo-
cyte functions (e.g., lipid synthesis, cell growth and
death, gene expression), using an array of cellular and
molecular assays, and have defined the involvement of
various intracellular signaling pathways in mediating
the effects of endocannabinoids (by employing specific
agonists, antagonists, and RNA interference).

Collectively, these studies provide the first evidence
that human sebocytes selectively express functional
CB2, contain key endocannabinoids, and utilize this
endogenous cannabinoid signaling system for the au-
tocrine and paracrine control of human sebocyte lipid
production and death.

MATERIALS AND METHODS
Materials

AFEA, 2-AG, arachidonyl-2-chloroethylamide (ACEA), AM-251,
iodo-resiniferatoxin (I-RTX), and GF10203X were purchased
from Sigma-Aldrich (Taufkirchen, Germany). JWH-015 and
GW9662 were obtained from Cayman Chemical Company
(Ann Arbor, MI, USA). PD098059 and wortmannin were
obtained from Calbiochem (Nottingham, UK), and AM630
was from Tocris Bioscience (Ellisville, MO, USA).
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Cell culturing

Human immortalized SZ95 sebocytes (25-27), were cultured
in Sebomed® basal medium (Biochrom, Berlin, Germany)
supplemented with 10% fetal bovine serum (Invitrogen,
Paisley, UK), 1 mM CaCl,, 5 ng/ml human recombinant
epidermal growth factor (Sigma-Aldrich), 50 U/ml penicillin,
and 50 pg/ml streptomycin (both from Biogal, Debrecen,
Hungary).

Determination of endocannabinoid levels

The levels of endocannabinoids (AEA, 2-AG) were deter-
mined by liquid chromatography/in line mass spectrometry
as described in our earlier reports (18, 28).

Immunocytochemistry

S795 sebocytes were fixed in acetone, permeabilized by 0.1%
Triton-X-100 (Sigma-Aldrich) in phosphate-buffered saline
(PBS), and then incubated with rabbit anti-CB1 or anti-CB2
primary antibodies (Cayman) for 60 min (dilution 1:200).
Slides were then incubated with a goat anti-rabbit fluorescein-
isothiocyanate (FITC) -conjugated secondary antibody (Vec-
tor Laboratories, Burlingame, CA, USA) (dilution 1:200), and
nuclei were visualized using DAPI (Vector). Cells were exam-
ined on a Nikon Eclipse E600 fluorescent microscope (Ni-
kon, Tokyo, Japan) (29).

Immunohistochemistry

The study was approved by the Institutional Research Ethics
Committee and adhered to Declaration of Helsinki guide-
lines. Normal female trunk skin samples, obtained during
plastic surgery, were fixed in 4% formalin and embedded in
paraffin, and 4-pm-thick sections were obtained. After anti-
gen retrieval and blocking of the endogenous peroxidase
activity, tissue sections were incubated with the above CBI
and CB2 primary antibodies (Cayman) (dilution 1:150 for
CB1, 1:200 for CB2). Sections were then incubated with the
EnVision+ System Labeled polymer-HRP Anti-Rabbit (Dako,
Glostrup, Denmark) with 3,3’-diaminobenzidine (DAB) visu-
alization techniques. Tissue samples were finally counter-
stained with hematoxylin (Sigma-Aldrich) and mounted in
aqueous mounting medium (Dako) (18, 29, 30).

In the course of the immunohistochemistry, numerous
control experiments were performed. As “staining-negative”
controls, the appropriate primary antibodies were either
omitted from the procedure or were preabsorbed with syn-
thetic blocking peptides (Cayman) (see Fig. 1). As “tissue-
negative” controls, CB-labeling was performed on tissues not
expressing CB1 (human mast cell line HMC-1) (31) or CB2
(HMC-1, human hair follicle) (18, 31). In addition, the
specificity of CB receptor staining was also measured I) on
tissues recognized to be CB1 (HaCaT epidermal keratino-
cytes, hair follicle) (10, 13, 18) or CB2 (HaCaT keratinocytes,
human peripheral monocytes, spleen) positive (11, 18, 32)
(data not shown); or 2) by employing another set of antibod-
ies against CB1 and CB2 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). The application of these latter primary
antibodies resulted in identical staining patterns (data not
shown).

Western blot analysis

Western immunoblotting was performed as described in our
earlier reports (29, 30, 33). In brief, cell lysates were subjected
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to sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred to BioBond nitrocellulose membranes (What-
man, Maidstone, England), and then probed with anti-CB1 or
anti-CB2 receptor antibodies (1:200, Cayman); with a rabbit
antibody against the mitogen-activated protein kinase
(MAPK) Erk-1/2 (Santa Cruz); or a mouse antibody recog-
nizing the phosphorylated form of Erk-1/2 (pErk-1/2, Santa
Cruz) (1:1500 dilution in both cases). Horseradish peroxi-
dase—polymer-conjugated, respective anti-rabbit or anti-
mouse IgG antibodies (Envision labeling, DAKO) were used
as secondary antibodies, and the immunoreactive bands were
visualized by SuperSignal West Pico Chemiluminescent Sub-
strate-enhanced chemiluminescence (Pierce, Rockford, IL,
USA). Immunoblots were then subjected to densitometric
analysis using an Intelligent Dark Box (Fuji, Tokyo, Japan)
and the Image Pro Plus 4.5.0 software (Media Cybernetics,
Silver Spring, MD, USA). To assess equal loading, membranes
were stripped and then reprobed with a rabbit cytochrome-C
(Cyt-C) antibody (Santa Cruz) followed by a similar visualiza-
tion procedure as described above.

Reverse transcriptase-polymerase chain reaction (RT-PCR)

The expression of CB1 and CB2 receptor mRNA was deter-
mined by semiquantitative RT-PCR, as we have described before
(18, 29, 30). In brief, isolated total RNA was reverse-transcribed
into cDNA and then amplified on a GeneAmp PCR System 2400
DNA Thermal Cycler (Applied Biosystems, Foster City, CA,
USA) using optimized thermal protocols. Primers were synthe-
sized by Invitrogen (CB1, forward: CAAGCCCGCATGGACAT-
TAGGTTA, CBI1, reverse: TCCGAGTCCCCCATGCTGTTATC;
CB2, forward: TCCCACTGATCCCCAATGACTACC, CB2, re-
verse: AGGATCTCGGGGCTTCTTCTTTTG; glyceraldehyde
3-phosphate dehydrogenase (GAPDH), forward: ATGGTGAAG-
GTCGGTGTGAAC, GAPDH, reverse: GCTGACAATCTT-
GAGGGAGT). PCR products were visualized on 1.5% agarose
gel with ethidium bromide (0.5 mg/ml, Sigma-Aldrich) under
UV, and the photographed bands were quantified by Image Pro
Plus 4.5.0 software.

Quantitative real-time PCR

Quantitative PCR (Q-PCR) was performed on an ABI Prism
7000 sequence detection system (Applied Biosystems) using
the 5’ nuclease assay, as detailed in our previous report (18,
29). To detect the expression of genes involved in the
regulation of lipid synthesis (see also Table 1), the following
TagqMan primers and probes were used: peroxisome prolif-
erator-activated receptor (PPAR)a, forward: CATTACGGAGTC-
CACGCGT, PPARq, reverse: ACCAGCTTGAGTCGAATCGTT;
PPARa, probe FAM-AGGCTGCAAGGGCTTCTTTCGGCG-
TAMRA; PPARS, forward: AGCATCCTCACCGGCAAAG,
PPARS, reverse: CCACAATGTCTCGATGTCGTG; PPARS,
probe FAM-CAGCCACACGGCGCCCTTTG-TAMRA; PPARY,
forward: GATGACAGCGACTTGGCAA, PPARY, reverse: CT-
TCAATGGGCTTCACATTCA; PPARYy, probe FAM-CAAAC-
CTGGGCGGTCTCCACTGAG-TAMRA; adipose differentia-
tionrelated protein  (ADRP), forward: TGACTGGCAGTGT-
GGAGAAGA, ADRP, reverse: ATCATCCGACTCCCCAAGA;
ADRP, probe FAM-TCTGTGGTCAGTGGCAGCATTAACACA-
TAMRA; PPARyregulated angiopoietin-related protein (PGAR),
forward: TCCGCAGGGACAAGAACTG, PGAR, reverse: CGGAAG-
TACTGGCCGTTGA; PGAR, probe FAM-TTGGAATGGCTGCAG-
GTGCCA-TAMRA; and a predesigned assay for cyclooxygenase-2
(COX-2) (Applied Biosystems, assay ID: Hs00153133_m1). As in-
ternal controls, transcripts of human cyclophilin-A (forward: ACG-
GCGAGCCCTTGG, reverse: TITCTGCTGTCTTTGGGACCT;
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probe FAM-CGCGTCTCCTTTGAGCTGTTTGCA-TAMRA) were
determined.

RNA interference (RNAi)

SZ95 sebocytes were seeded in G-well culture plates in Se-
boMed medium lacking antibiotics. At 50-70% confluence,
medium was replaced by serum-free OptiMEM (Invitrogen),
and cells were transfected with various CB2-specific Stealth
RNAi oligonucleotides (ID: HSS102085, HSS102086,
HSS102087, Invitrogen) (40 nM) using Lipofectamine 2000
transfection reagent (Invitrogen). For controls, RNAi Nega-
tive Control Duplexes (Scrambled RNAi, Invitrogen) and
CBl-specific Stealth RNAI oligonucleotides (ID: HSS102082)
were employed. Three hours after transfection, medium was
replaced by complete Sebomed® medium, and cells were
allowed to recover for 24 h. The efficacy of siRNA-driven
knockdown was daily evaluated by RT-PCR and Western blot
analysis for 4 days (34).

Determination of intracellular lipids

For semiquantitative detection of sebaceous lipids, SZ95
sebocytes were cultured on glass coverslips and treated with
several compounds (AEA, 2-AG) for 24-48 h. Cells were fixed
in 4% paraformaldehyde (Sigma-Aldrich), washed in 60%
isopropanol, and stained in Oil Red O solution (0.3% in
isopropanol) (Sigma-Aldrich). Cells were counterstained with
hematoxylin (Sigma-Aldrich) and were mounted in aqueous
mounting medium (Dako) (35, 36).

For quantitative measurement, SZ95 sebocytes (15,000
cells/well) were cultured in 96-well black-well/clear-bottom
plates (Greiner Bio One, Frickenhausen, Germany) in qua-
druplicates and were treated with compounds for 24-48 h.
Supernatants were then discarded, and 100 pl of 1 wg/ml
Nile red (Sigma-Aldrich) solution was added to each well.
The emitted fluorescence was measured on a Molecular
Devices FlexStation 384" Fluorescence Image Microplate
Reader (FLIPR, Molecular Devices, San Francisco, CA, USA).
Results are presented as percentages of the relative fluores-
cence units (RFU) in comparison with the controls, using
485-nm excitation and 565-nm emission wavelengths for
neutral lipids, and 540-nm excitation and 620-nm emission
wavelengths for polar lipids (35-37).

Determination of viable cell number

The number of viable cells was determined by measuring the
conversion of the tetrazolium salt MTT (Sigma-Aldrich) to
formazan by mitochondrial dehydrogenases. Cells were
plated in 96-well plates (15,000 cells/well) in quadruplicates
and were cultured for 24-48 h. Cells were then incubated
with 0.5 mg/ml MTT, and the concentration of formazan
crystals (as an indicator of the viable cell number) was
determined colorimetrically (A;;,), according to our previ-
ous reports (29, 33, 34, 38).

Determination of apoptosis

Abolishment of mitochondrial membrane potential is one of
the earliest markers of apoptosis (39). To assess the process,
mitochondrial membrane potential of SZ95 sebocytes was
determined using a MitoProbe DilC, (5) Assay Kit (Invitro-
gen). Cells (15,000 cells/well) were cultured in 96-well black-
well/clear-bottom plates (Greiner Bio One) in quadruplicate
and were treated with various compounds for 24-48 h. After
removal of supernatants, cells were incubated with DilC, (5)
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working solution (30 wl/well), and the fluorescence of
DilC, (5) was measured at 630-nm excitation and 670-nm
emission wavelengths using FLIPR (36).

In addition, another hallmark of apoptosis (i.e., membrane
perturbation) was also assessed by flow cytometry according
to our previous reports (29, 34, 36, 38). In brief, following
treatment with various agents, SZ95 sebocytes were harvested
and stained with an Annexin-V-FITC/propidium iodide (PI)
apoptosis kit (Sigma-Aldrich) following the manufacturer’s
protocol. Fluorescence intensity was measured by a Coulter
Epics XL (Beckman Coulter, Fullerton, CA, USA) flow cytom-
eter.

Determination of necrosis/ cytotoxicity

Necrotic cell death was first determined by measuring the
glucose-6-phosphate-dehydrogenase (G6PD) release (G6PD
Release Assay Kit, Invitrogen). The enzyme activity was de-
tected by a 2-step enzymatic process that leads to the reduc-
tion of resazurin into red-fluorescent resorufin. SZ95 sebo-
cytes (15,000 cells/well) were cultured in 96-well black-well /
clear-bottom plates (Greiner Bio One) in quadruplicate and
treated with various compounds for 24-48 h. A 2X reaction
medium was then prepared according to the manufacturer’s
protocol and was added to the wells in 1:1 dilution. The
fluorescence emission of resorufin was monitored by FLIPR at
545-nm excitation and 590-nm emission wavelengths (36).
The cytotoxic effects of cannabinoid treatment were also
determined by Sytox Green staining (Invitrogen). The dye is
able to penetrate (and then bind to the nucleic acids) only to
necrotic cells with ruptured plasma membranes, whereas
healthy cells with intact surface membranes show negligible
Sytox Green staining. SZ95 sebocytes were cultured in 96-well
black-well/clear-bottom plates (Greiner Bio One) and were
treated with various compounds (AEA, 2-AG, JWH-015,
ACEA) for 24-48 h. Supernatants were then discarded, and
the cells were incubated with 1 uM Sytox Green solution. The
fluorescence of Sytox Green was measured at 490-nm excita-
tion and 520-nm emission wavelengths using FLIPR (36).

Statistical analysis

When applicable, data were analyzed using a 2-tailed un-
paired ¢ test, and values of P < 0.05 were regarded as
significant. In addition, statistical differences were further
verified using 1-way ANOVA with Bonferroni and Dunnett
post hoc probes, resulting in similar results (data not shown).

RESULTS

Human sebaceous gland epithelium and human SZ95
sebocytes express CB receptors

First, we intended to identify the existence of CB
receptors in human sebaceous gland in situ and on
human SZ95 sebocytes. Similar to a previous report
(12), in situ, both CB1- and CB2-like immunoreactivity
was identified in the sebaceous gland epithelium of
normal human scalp skin sections (Fig. 14, B). How-
ever, using mutually complementary and confirmatory
immunocytochemistry and Western blot analysis on
human SZ95 sebocytes, we were able to identify only
the relatively high expression of CB2, whereas the
appearance of CBl-like immunoreactivity, in all cases,
was around the detection limit (Fig. 1 C-F). In addition,
supporting the above findings, transcription of the CB2
(but not of CBI) gene in SZ95 sebocytes was demon-
strated by RT-PCR (Fig. 1F) and by real-time Q-PCR
(not shown). For positive controls, human organ-cul-
tured hair follicles (for CB1) (18) and human periph-
eral monocytes (for CB2) (32) (as well as other tissue
and cell types listed in Materials and Methods, data not
shown) were employed. Therefore, in striking contrast
to human hair follicle epithelium in situ (18), human
sebocytes express primarily, if not exclusively, CB2, at
least in vitro.

e f
PC SZ95-L SZ95-H NTC PC SZ95

Figure 1. Expression of CB receptors on human sebaceous gland in situ and
on cultured SZ95 sebocytes. A, B) CB1 (A) and CB2 (B) specific immunore-
activity (ir), as revealed by EnVision technique (brown staining), on human
sebaceous gland epithelial cells in situ. NC, negative control. C, D) Immuno-
fluorescence identification (FITC labeling, green fluorescence) of CB1 (C)
and CB2 (D) in SZ95 sebocytes. Nuclei were counterstained by DAPI (blue
fluorescence). Note the lack of CBl-ir. NC, preabsorption negative control.
E) Western blot analysis. CB1 and CB2 expression was determined on cell

lysates of SZ95 sebocytes at low (L) and high (H) confluences. Equal loading
was assessed by determining expression of cytochrome C (Cyt-C). F) RT-PCR analysis of CB1 and CB2 mRNA transcripts.
As an endogenous control, GAPDH expression was determined. NTC, nontemplate control. E, F) For positive controls
(PC), human HaCaT keratinocytes (for CB1) and human monocytes (for CB2) were employed. In all cases, 3-5 additional

experiments yielded similar results.
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Human SZ95 sebocytes produce endocannabinoids

We also tested whether SZ95 sebocytes synthesize en-
docannabinoids. Using mass spectrometry, we were
able to show that SZ95 sebocytes express both AEA
(66.7£10 fmol/mg tissue) and 2-AG (6.2+1 pmol/mg
tissue) (means*sg, n=4) at levels similar to those
detected earlier in various skin samples; e.g., ~50
fmol/mg tissue AEA in rat paw and mouse ear samples
(17, 40) or 20-30 pmol/mg tissue 2-AG in mouse ear
skin (17).

Endocannabinoids enhance lipid synthesis and induce
apoptosis in SZ95 sebocytes

To further explore the functionality and the biological
consequences of CB stimulation as well as possible auto-
and paracrine-signaling events, we next investigated the
effects of these endocannabinoids found in human
S7Z95 sebocytes on key functions of these cells. As
revealed by Oil Red-O staining and quantitative Nile

Red-based fluorescence assay, both AEA and 2-AG
markedly (P<0.05) and dose dependently enhanced
neutral lipid accumulation in SZ95 sebocytes (Fig. 24,
B), reflecting stimulation of sebocyte differentiation
(35).

By MTT assay, we also showed that stimulation with
these endocannabinoids decreased sebocyte viability
(Fig. 2C). To assess whether this effect was due to
apoptosis and/or necrosis, first, flow cytometry analysis
was performed. As seen in Fig. 2D, both AEA and 2-AG
markedly (P<0.05) increased the number of Annexin-
V-positive cells (reflecting phosphatidyl-serine translo-
cation) (29, 34, 36, 38, 41), whereas the number of
double Annexin-V- and Pl-positive SZ95 sebocytes was
only slightly elevated. This suggests that exogenously
applied endocannabinoids primarily induce sebocyte
apoptosis. In further support of this concept, in a series
of quantitative fluorimetric assays, AEA (as well as 2-AG,
data not shown) significantly decreased mitochondrial
membrane potential (another hallmark of apoptosis)
(36, 39) in a dose-dependent fashion (P<<0.05), while
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Figure 2. Endocannabinoids enhance lipid synthesis and induce cell death in SZ95 sebocytes. A) Semiquantitative detection of
sebaceous lipids. SZ95 sebocytes were treated with vehicle or 30 pM AEA or 2-AG for 24 h, and lipids were labeled by Oil Red
O solution (nuclei were counterstained with hematoxylin). B, C) Cells were cultured in 96-well plates in quadruplicates and were
treated with various concentrations of AEA and 2-AG for 24-48 h. Graphs report quantitative measurement of intracellular
neutral lipids as assessed by Nile red labeling followed by FLIPR measurement after 24 h (B) and quantitative determination of
viable cell number and cell death (apoptosis, necrosis) after 48 h (C). Cell viability was assessed by a colorimetric MTT assay;
necrotic cell death was measured by FLIPR-based G6PD release and Sytox Green assays; apoptotic cell death was investigated by
a FLIPR-based DilC, (5) assay. Data (means*sE) are expressed as a percentage of the mean value (defined as 100%, solid line
in C) of the vehicle-treated control group. * P < 0.05 vs. control. Three to 5 additional experiments yielded similar results. D)
Measurement of apoptosis by flow cytometry. Control and endocannabinoid-treated (30 pM, 48 h) cells were harvested and
stained with an Annexin-V-FITC and PI kit; fluorescence intensity values were detected by flow cytometry. Numbers represent
percentages of cells exhibiting single Annexin-V-positive (apoptotic cells, lower right quadrant) and double Annexin-V- and
Pl-positive (necrotic cells, upper right quadrant) staining patterns. Two additional experiments yielded similar results.
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only the highest concentration of AEA was able to
moderately (yet significantly, P<<0.05) increase Sytox
Green accumulation and G6PD release, two comple-
mentary indicators of necrosis/cytotoxicity (Fig. 2C)
(36).

The effects of AEA on human sebocytes are
selectively mediated by CB2

We then investigated whether the cellular actions of
AEA on SZ95 sebocytes were mediated by the CB
receptors. As seen in Fig. 34, B, the synthetic CB2-
specific agonist JWH-015 (3, 7, 42)—but, notably, not
the CBl-specific agonist ACEA (3, 7, 43)—mimicked
the action of endocannabinoids to enhance lipid syn-
thesis and to induce (chiefly apoptosis-driven) cell
death. Moreover, the effects of AEA were prevented by
the CB2-specific antagonist AM-630 (3, 7, 11, 28) (Fig.
3C, D) but not by the CBl-specific inhibitor AM-251 (3,
7,18) (Fig. 3C). These data suggested that the sebocyte-
modulatory effects of endocannabinoids are mediated
by CB2 but not by CBI.

However, AEA, in various cellular systems, may also
act on another receptor, i.e., transient receptor po-
tential vanilloid-1 (TRPVI1, the capsaicin receptor)
(3, 44, 45). Furthermore, we have recently described
the functional existence of TRPVI-mediated signal-
ing both in human organ-cultured hair follicles (29)
and in SZ95 sebocytes (36). Therefore, to further
dissect the exact cellular mechanisms of action of the
endocannabinoid, we also measured the effect of the
TRPV1 antagonist I-RTX (46) on the actions of AEA.
As seen in Fig. 3C, I-RTX did not interfere with the

ability of AEA to enhance lipid synthesis (and to
induce cell death, data not shown).

Collectively, these functional data are in agree-
ment with the apparent lack of CBl expression in
SZ95 sebocytes at either the protein or gene level
(Fig. 1) and suggest that the cellular actions of
endocannabinoids are mediated by CB2. To further
assess the role of CB2, a series of RNAi experiments
against the receptors was carried out (Fig. 44, B).
Western blot and RT-PCR analysis revealed that the
expression of CB2 was significantly knocked down by
all 3 RNAIi probes at day 2 after transfection and
remained suppressed also on day 3. However, this
phenomenon was reversible, because we observed a
return of the immunosignals at day 4. Scrambled
RNAi probes (Fig. 4A4) or RNAi oligonucleotides
against CB1 (data not shown) had no effect on the
expression of CB2, indicating the specificity of the
CB2 knockdown.

We then investigated the effects of AEA-treatment
(24 h) on the lipid synthesis of RNAi-transfected
SZ95 sebocytes on day 2. Similar to the effects of CB
inhibitors, RNAi knockdown of CB2 resulted in the
loss of effect of AEA in enhancing lipid synthesis.
In contrast, treatment with the CBl-targeted RNAi
did not affect the cellular action of AEA (Fig. 4C).
Intriguingly, in SZ95 sebocytes with RNAi-mediated
knockdown of CB2, we found markedly and sig-
nificantly decreased basal lipid content as well (Fig.
4C). This strongly suggests that CB2-mediated
signaling indeed plays an important endogenous
role in the constitutive regulation of sebocyte lipid
synthesis.
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Figure 3. The cellular effects of AEA are inhibited by the antagonist of CB2.
SZ95 sebocytes were cultured in 96-well plates in quadruplicates and were
treated with vehicle, AEA, the CB1 agonist ACEA, and the CB2 agonist
JWH-015 (all at 30 uwM) (A, B); or vehicle, 30 uM AEA, and various
inhibitors alone (CB1 antagonist, 1 uM AM-251; CB2 antagonist, 10 uM
AM-630; TRPV1 antagonist, 50 nM I-RTX), or combinations of AEA and one
of the inhibitors (C, D). A, C) Quantitative measurement of intracellular
lipids as assessed by Nile red labeling followed by FLIPR measurement after
24 h. B, D) Quantitative assessment of viable cell number (colorimetric MTT
assay) (B), apoptosis (FLIPR-based DilC,(5) assay), and necrosis (FLIPR-
based Sytox Green assay) after 48 h. Data (means*sE) are expressed as a
percentage of the mean value (defined as 100%, solid line in A and B) of the

vehicle-treated control group. * P < 0.05 vs. control; * P < 0.05 vs. AEA without inhibitors. Three or 4 additional

experiments yielded similar results.
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Figure 4. The cellular effects of AEA are prevented by RNAi-mediated knockdown of CB2. Various RNAi probes against CB2
(indicated by numbers) and CBI, as well as scrambled RNAi probe (SCR), were introduced to SZ95 sebocytes as described in
Materials and Methods. To evaluate the efficacy of this intervention, at days 1-4 after transfection, cells were subjected to
Western blot and RT-PCR analyses. A) Representative Western blot (WB) and RT-PCR results with CB2 at day 2 after
transfection. As housekeeping molecules, expressions of cytochrome ¢ (Cyt-C, Western blotting) and GAPDH (RT-PCR) were
determined. In each case, amounts of CB2 were quantitated by densitometry (OD, optical density), normalized to those of the
housekeeping molecule, and expressed as the percentage of the OD value of the SCR-treated group, regarded as 100%. Note
that all CB2-specific RNAi probes employed markedly suppressed the expression of CB2 both at the protein and gene levels. C,
transfection reagent-treated control group. B) Statistical analysis of Western blot data with CB2. OD values of CB2-specific
immunosignals with RNAi probe 6 against CB2 were determined at days 1-4 after transfection in 3 independent experiments.
Normalized OD values (to Cyt-C) in each group were then averaged and expressed as mean * sk as the percentage of the
averaged values of the respective SCR-treated groups, regarded as 100% (solid line). C) At day 2 after transfection, cells were
seeded in 96-well plates and were treated with vehicle and 30 wM AEA for 24 h. Intracellular lipids were then quantitatively
measured by Nile red labeling, followed by FLIPR measurement. Data (means*sk) are expressed as a percentage of the mean
value (defined as 100%) of the vehicle-treated control group. * P < 0.05 vs. SCR; * P < 0.05 vs. AEA and SCR. Two additional
experiments yielded similar results.

The CB2-mediated cellular signaling involves the have also undertaken attempts to elucidate selected

MAPK pathway components of CB2-mediated intracellular signaling in
human sebocytes.

On various cell types, CB receptor-mediated signaling, As seen in Fig. bA, the enhancement of SZ95 lipid

initiated by either endocannabinoids or exocannabi-  synthesis by AEA was not modified by the PKC inhibitor
noids, recruits multiple intracellular pathway systems, GF109203X (34, 38) or by the PI3K inhibitor wortman-
such as protein kinase C (PKC), MAPK, or phosphati- nin (48). In contrast, the MAPK inhibitor PD098059
dyl-inositol-3-kinase (PI3K) (47-49). Therefore, we (47) significantly (P<0.05) antagonized the effect of
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Figure 5. The CB2-mediated signaling induced by endocannabinoids involves the MAPK pathway. A) SZ95 sebocytes were
cultured in 96-well plates in quadruplicates and were treated for 24 h with vehicle, 30 uM AEA, various inhibitors alone (CB2
antagonist, 10 uM AM-630; PKC antagonist, 100 nM GF109203X; MAPK inhibitor, 10 uM PD98059; PI3K inhibitor, 100 nM
wortmannin; PPARy inhibitor, 5 uM GW9662), or with combinations of AEA and one of the inhibitors. Intracellular lipids were
then quantitatively determined with Nile red labeling, followed by FLIPR measurement. Data (means*sk) are expressed as a
percentage of the mean value (defined as 100%) of the vehicle-treated control group. * P < 0.05 vs. vehicle; * P < 0.05 vs. AEA
without inhibitors. Three additional experiments yielded similar results. B, C) Cells were treated with 30 uM AEA (B) or 30 uM
2-AG (C) for the times indicated, and then Western blotting was performed to reveal expressions of the MAPK Erk-1/2 and its
phosphorylated form. Two additional experiments yielded similar results.
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AFEA, to an extent similar to that seen in the presence of
the CB2 antagonist AM-630 (see Fig. 3C). This suggests
an important involvement of the MAPK pathway in
endocannabinoid-induced sebocyte lipid synthesis.
This concept was further supported by the finding that
both AEA and 2-AG induced a marked, transient phos-
phorylation of MAPK Erk-1/2, which indicated activa-
tion of the MAPK pathway (Fig. 5B, C).

Endocannabinoids upregulate expression of genes
involved in the regulation of lipid synthesis

Members of the peroxisome proliferator-activated re-
ceptor (PPAR) nuclear transcription factor family are
recognized as key regulators of lipid homeostasis in
various cell types (50-53). Interestingly, recent reports
directly link endocannabinoid signaling to certain
PPARs (54, 55). Because the stimulation of lipid syn-
thesis that we had demonstrated for endocannabinoids
appears to be rather similar to that reported for se-
lected PPAR ligands in SZ95 and SEB-1 sebocytes (37,
56, 57), we therefore investigated the effect of endo-
cannabinoid treatment on the expression of PPAR
isoforms in SZ95 sebocytes. As assessed by Q-PCR
analysis (Table 1), both AEA and 2-AG significantly
(P<0.05) up-regulated the expression of PPARS and
PPARYy, whereas PPARa gene expression was only in-
creased in the 2-AG-treated group, at the 24-h time
point.

Furthermore, both in human sebaceous glands and
in cultured human SZ95 sebocytes, we have recently
described (unpublished results) the expression pattern
of recognized target genes (such as ADRP and PGAR),
which are regulated or induced by PPARvy in macro-
phages, adipocytes, or dendritic cells (58-60). In addi-
tion, COX2 was also defined as PPARy-induced target
gene in SZ95 sebocytes (61). Hence, we finally also
tested whether endocannabinoid treatment affects the
expression of selected target genes. Intriguingly, both
AFEA and 2-AG dramatically elevated (i.e., 10- to 15-fold
increase at 24 h) the expression levels of all target
genes investigated, further supporting the activation of
PPARy (Table 1). This idea was further strengthened
by the observation that the effect of AEA to stimulate

lipid accumulation in SZ95 sebocytes was significantly
prevented by GW9662, a selective inhibitor of PPARvy
(61) (Fig. 5A).

DISCUSSION

In an effort to explore the functional significance of the
ECS in human skin physiology, in the current study, we
have focused on the sebaceous compartment of its
adnexal structures—an emerging, major neuroendo-
crine organ (19, 20, 23, 26). In this context, we provide
here the first evidence that prototypic endocannabi-
noids (AEA, 2-AG) are produced by sebocytes, and
show that these endocannabinoids (at physiologically
relevant concentration) stimulate sebocyte lipid synthe-
sis and apoptosis in a CB2-mediated manner. We also
provide evidence suggesting that intrasebocyte signal-
ing downstream of CB2 stimulation involves the MAPK
pathway and various nuclear transcription factors well
recognized in the regulation of lipid synthesis. Taken
together, our data support the concept that human
sebocytes are both sources and targets of endocannabi-
noids, where they function as constitutively active para-
crine-autocrine positive regulators of sebaceous gland
lipid homeostasis and negative regulators of sebocyte
survival.

Previous reports have shown that endocannabinoids
may exert their cellular actions via CB1, CB2, and, in
the case of AEA, TRPVI1 receptors (3, 18, 44, 45).
Furthermore, we have recently described the functional
existence of TRPV1 both in human sebaceous glands
and in SZ95 sebocytes (36). Therefore, an important
goal of our study was to identify the molecular targets of
the endocannabinoids. Several lines of evidence indi-
cate the endocannabinoids induce lipid synthesis and
cell death in sebaceous cells exclusively via CB2 recep-
tors. First, the cellular effects of endocannabinoids
were abrogated by the CB2-specific antagonist AM-630
but not by TRPV1 or CBI antagonists. Second, endo-
cannabinoids were ineffective in sebocytes in which
CB2 expression was selectively knocked down by RNA.
Third, the effects of endocannabinoids were mimicked
by the synthetic CB2-specific agonist JWH-015 but not

TABLE 1. Effect of endocannabinoid treatment on expression of selected genes in SZ95 sebocyles

AFEA (fold change)

2-AG (fold change)

Gene 12 h 24 h 12 h 24 h

PPAR« 0.84 = 0.12 0.96 = 0.05 0.89 = 0.08 1.44 = 0.06*
PPARS 1.67 = 0.12* 2.07 £ 0.11* 1.33 £ 0.12% 2.28 = 0.16%*
PPARYy 1.00 = 0.07 1.49 = 0.01* 1.03 £ 0.08 2.22 * 0.15%
COX2 2.06 = 0.14* 6.93 = 0.65%* 1.59 *£ 0.16* 2.45 = 0.93%
ADRP 1.77 = 0.07* 2.59 = 0.22% 4.44 = 0.45% 3.82 = 0.34*
PGAR 9.95 = 1.23* 11.6 = 1.92% 16.0 £ 1.26* 13.4 = 1.21%

S795 sebocytes were treated either with vehicle (control) or with 30 uM AEA or 2-AG for 12 or 24 h, and gene expression was determined
by Q-PCR. Values were first normalized to gene expression levels of cyclophilin-A, and values of the endocannabinoid-treated samples were then
normalized to the control (vehicle-treated), regarded as 1. Data are expressed as mean * SE of 3 independent determinations performed in

triplicate. ¥ P < 0.05 ws. control.
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by the CBl-specific agonist ACEA. Fourth, CB2 was
successfully identified in SZ95 sebocytes (both at the
protein and mRNA levels), whereas the expression of
CB1 was uncertain.

We also intended to define the downstream signaling
mechanisms activated by CB2. Among the multiple
intracellular signal transduction systems (e.g., PKC,
MAPK, PI3K) known to be modulated by cannabinoids
(47-49), we identified the MAPK pathway as a mediator
of CB2-induced cellular actions of endocannabinoids
in human sebocytes. We also show for the first time that
CB2 activation in sebocytes also results in the induction
PPAR isoforms and certain target genes (of PPARYy)
involved in regulating lipid homeostasis in various cell
types (50-53). This suggests that the ECS may modu-
late the lipogenic gene expression profile of the cells.

Our preclinical data in one of the best established
human sebocyte cell culture systems encourage the
systematic exploration now of whether CB2 antagonists
or agonists can be exploited in the management of
common skin disorders that are characterized by seba-
ceous gland dysfunctions (e.g., acne vulgaris, seborrhea,
dry skin, sebaceous gland-derived tumors). The ob-
served enhancement of lipid synthesis induced by en-
docannabinoids strikingly resemble those seen in acne
vulgaris, a common, multifactorial pilosebaceous in-
flammatory skin disease in which differentiation and
hence lipid synthesis of sebocytes are pathologically
increased (21, 23, 24). This, and the finding in CB2-
silenced SZ95 sebocytes that both AEA-stimulated and
basal lipid synthesis, were suppressed may be inter-
preted to indicate a role of enhanced CB2 signaling in
acne pathogenesis. Proof-of-principle studies are now
warranted to test the therapeutic value of CB2 blockade
in the clinical management e.g., of acne and seborrhea.
Conversely, CB2 agonists deserve exploration as novel
therapeutic tools for enhancing sebum production in
excessively dry skin and/or for stimulating sebocyte
apoptosis in sebaceous tumors.

CBl-mediated signaling inhibits human hair growth
and induces apoptosis-driven regression in the hair
follicle (18). Furthermore, it also suppresses differenti-
ation of epidermal keratinocytes (10, 13). Moreover,
both CBI and CB2-coupled mechanisms have been
reported to suppress murine (15) and human (16) skin
tumor growth and to attenuate murine allergic contact
dermatitis (17). Our current data suggest that the
endogenously active ECS, which enhances sebocyte lipid
synthesis and cell death selectively operates via CB2.
This, in turn, suggests the existence of cell type-specific
and receptor-selective regulatory endocannabinoid
mechanisms in mammalian skin, which call for system-
atic further experimental dissection. Moreover, in view
of growing insights into the importance of neuroendo-
crine cross-talks, e.g., between cannabinoids/CBs and
melanocortin receptors (63), and of the multiple neu-
roendocrine controls that human sebocytes are subject
to (23, 24, 26), including melanocortin receptor-medi-
ated ones (63), it also deserves to be dissected whether
and how CB2-mediated signaling is regulated by other

ENDOCANNABINOIDS REGULATE SEBOCYTE BIOLOGY

sebaceous neuroendocrine signals and/or modulates
their production/activity.

In summary, we have shown the expression of func-
tional CB2 receptors and of key endocannabinoids by
human sebocytes, which may utilize this endogenous
cannabinoid signaling system for the autocrine and
paracrine control of sebocyte lipid production and
death in a MAPK pathway-dependent manner.
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Abstract The mechanism of skeletal muscle regenera-
tion in vivo can be well modeled in vitro by culturing
skeletal muscle cells. In these cultures mononuclear satel-
lite cells fuse to form polynuclear myotubes by prolifera-
tion and differentiation. The aim of this study was to de-
termine how the different protein kinase C (PKC)
isozymes were expressed during differentiation of human
skeletal muscle in vitro. The expressions of desmin, used
as a muscle-specific intermediate filament protein marker
of differentiation, and of different PKC isozymes were de-
tected by single and double immunohistochemical label-
ing, and by Western blot analysis. In skeletal muscle cells
we could identify five PKC isozymes (PKCa., -y, -n, -6
and -{). The expressions of PKCao and -C did not change
significantly during differentiation; their levels of expres-
sion were high in the early immature cells and remained
unchanged in later phases. In contrast, the expression lev-
els of PKCy and -n increased with differentiation. Fur-
thermore, the cellular localization of PKCy markedly al-
tered during differentiation, with a perinuclear-nuclear to
cytoplasmic translocation. The change in the level of ex-
pression of PKCO during differentiation showed different
pattern; its expression was high during the early phases,
but a decreased immunostaining was detected in the ma-
tured, well-differentiated myotubes. We conclude, there-
fore, that cultured human skeletal muscle cells possess a
characteristic PKC isozyme pattern, and that the different
phases of differentiation are accompanied by different ex-
pression patterns of the various isozymes. These data sug-
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Introduction

Skeletal muscle cells possess a marked regeneration ca-
pacity [11]. During this process, which plays a central
role in postnecrotic muscle reconstitution seen for exam-
ple after muscle injury and in muscle dystrophies, the
mononuclear satellite cells of the muscles proliferate and
differentiate to form functional skeletal muscle fibers [6,
11]. The mechanism of muscular regeneration can be
well modeled in vitro by culturing skeletal muscle cells
[7, 31]. Satellite cells isolated enzymatically and mechan-
ically from muscle biopsy specimens proliferate and fuse
to form multinuclear myotubes (after the appropriate
change of culture media), which eventually results in the
development of matured, well-differentiated striated mus-
cle cells [7, 31].

A variety of in vitro studies have been performed to
follow the mechanism of muscle differentiation. Among
the several muscle-specific candidates, the intermediate
filament protein desmin has proven to be as one of the
best markers of skeletal muscle differentiation since time-
dependent changes in its expression level and staining
pattern can be detected from the early stages of differenti-
ation [2, 8, 33]. Furthermore, it has also been reported that
proliferation and differentiation of satellite cells are under
the control of several growth factors (e.g., insulin-like
growth factor-1, prostaglandins, transforming growth fac-
tor-B; [11, 15]) and myogenic transcription factors (e.g.,
MyoD, MRF4, myf5, myogenin [6, 35]). The marked di-
versity in the intracellular signal transduction pathways
influenced by these growth factors [15, 18] and, more-
over, the very recent results claiming that the phosphory-
lation state of the transcription factors might affect muscle
regeneration [21] suggest a complex regulation of the mus-



cle cell proliferation and differentiation by different ki-
nase cascades [5].

Protein kinase C (PKC) comprises a family of serine/
threonine kinases that play crucial roles in signal trans-
duction and in the regulation of cellular proliferation and
differentiation of several cell types [27-29]. At least
11 different isozymes of PKC have been isolated so far
[16, 27], which can be grouped into four classes: PKCa,
-BI1, -BIL, and -y as calcium- and phorbol ester-dependent
“conventional” PKC; PKC9, -¢, -1, and -0 as calcium-in-
dependent and phorbol ester-responsive “novel” PKC;
PKCC and -A as calcium-independent and phorbol ester-
unresponsive “atypical” PKC; and PKCy, a unique cal-
cium-independent isoform.

Emerging evidence suggests important differences
among PKC isozymes both in their regulation and in their
biological roles. However, besides their functional diver-
sity, they possess different patterns of tissue expression
and subcellular localization, and they have different co-
factor requirements [29]. Not only may some PKC iso-
forms be active for a given response whereas others are
not, but different PKC isozymes may often have antagonis-
tic effects on the same cellular event. Thus, PKCo was sug-
gested to mediate phorbol 12-myristate 13-acetate (PMA)-
induced cytostasis in K562 erythroleukemia cells, whereas
PKCBI was involved in promoting proliferation [25].
Furthermore, in NIH 3T3 fibroblasts, PKCd arrested cell
growth, whereas PKCe had a stimulating effect on the
same phenomenon [4, 24]. In C6 glioma cells [3] the ex-
pression levels of PKC isozymes markedly changed with
cellular differentiation. These data suggest pivotal and
differential regulatory roles of specific PKC isoforms in
these processes.

PKC participates in the regulation of various cellular
processes in different types of muscle. In cardiac muscle,
the activation of PKC evoked a positive inotropic effect;
furthermore, its pathognomic effect in the induction of
cardiomyopathies was also implicated [30]. In smooth
muscle cells, PKC has been described as an activator of
the contractile machinery by phosphorylating several reg-
ulatory proteins such as calponin or caldesmon [26]. It has
also been shown that the different PKC isoforms may dif-
ferentially affect cellular responses; for example in A7r5
smooth muscle cells, the overexpression of PKCo de-
creased proliferation [34], whereas, in vascular smooth
muscle cells, the overexpression of PKCBIL, but not of
PKCBI, increased cell doubling time [36].

Very little information is available, however, about the
functional role of PKC in skeletal muscles. The modifica-
tion of PKC activity altered insulin-dependent glucose
transport [12] and vitamin D-induced calcium uptake
[23]. Furthermore, treatments of avian skeletal muscle
cells with vitamin D; and PMA modified the subcellular
localization of PKC [22]. It was also shown that some
phorbol esters, acting as activators of the enzyme, may
down-regulate the transcription of gene sequences coding
contractile proteins in terminally differentiated myotubes
[38]. Nevertheless, the possible role of PKC (and espe-
cially of PKC isozymes) in such cellular processes as
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skeletal muscle proliferation, differentiation, or regenera-
tion is basically unknown.

In this study we examined expression levels of different
PKC isoforms during human skeletal muscle differentiation
in vitro using desmin as a marker of the process. We report
here that the levels of PKC isozymes alter as differentiation
proceeds; thus, different stages of proliferation and differ-
entiation are represented by different PKC isozyme pat-
terns, suggesting different functional roles of PKC isoforms
in human skeletal muscle differentiation in vitro.

Materials and methods
Cell culture

Satellite cells were obtained from muscle tissue waste of orthope-
dic surgery. The use of this material was approved by the Ethical
Committee of the University Medical School of Debrecen. The
procedure of growing myotubes closely followed the method of
Sipos et al. [32]. Briefly, the biopsy material (23 biopsy samples
were used to initiate cultures) was enzymatically dissociated at
37°C in calcium/magnesium-free phosphate buffered saline solu-
tion (CMF-PBS) containing collagenase (250 U/ml, Type II, Sigma,
St. Louis, Mo.) and bactotrypsin (3%, Difco, Detroit, Mich.). The
reaction was stopped with Hanks’ solution (136.75 mM NacCl,
5.36 mM KCl, 0.34 mM Na,HPO,, 0.44 mM KH,PO,, 0.81 mM
MgS0O,, 1.26 mM CacCl,, 5.56 mM glucose, 4.17 mM NaHCO;,
10 mg/ml phenol red, pH 7.2) containing 10% fetal calf serum
(FCS) (Sebak, Aidenbach, Germany). After filtrations and cen-
trifugations (three times at 100 g for 10 min) the pellet was resus-
pended in Ham’s F-12 (Sigma) growth medium containing 5%
FCS and 5% horse serum (HS; Sebak), 2.5 mg/ml glucose,
0.3 mg/ml glutamate, 1.2 mg/ml NaHCO;, 50 U/ml penicillin,
50 pg/ml streptomycin, 1.25 pg/ml fungizone (both from Biogal,
Debrecen, Hungary), and kept at 5% CO, atmosphere on glass
coverslips (Menzel-Glaser, Braunschweig, Germany) in petri-
dishes (Nunc, Kamstrup, Denmark). After 3 days the culture me-
dium was changed to Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma) containing 2% FCS and 2% HS to induce my-
oblast fusion and differentiation [32].

Western blot analysis

Cells were washed with ice-cold PBS, harvested in homogeniza-
tion buffer (1% Triton X-100, 50 mM NaCl, 25 mM HEPES, 1 mM
EDTA, 1 mM EGTA, 1 mM PMSF, 20 uM leupeptin, pH 7.4; all
from Sigma) and disrupted by sonication on ice. The protein con-
tent of samples was measured by a modified amido black method
[17]. Total cell lysates were mixed with SDS-PAGE sample buffer
and boiled for 10 min at 100°C. The samples were subjected to
SDS-PAGE according to Laemmli [20] (8% gels were loaded with
max. 20 ug protein per lane) and transferred to nitrocellulose
membranes (Bio-Rad, Wien, Austria). Membranes were then
blocked with 5% dry milk in PBS and probed with the appropriate
antibody. All antibodies against PKC isozymes were developed in
rabbits and were shown to react with human PKC isoforms; anti-
PKCa, -n, and - were from Sigma; anti-PKCy, -8 and -€ from
Gibco (Gaithersburg, Md.); anti-PKCBI and -BII from Biomol
(Plymouth Meeting, USA); anti-PKCO from Santa Cruz (Santa
Cruz, Calif.). Monoclonal mouse antibody against the intermediate
filament protein desmin (Dako, Glostrup, Denmark) was used to
follow muscle differentiation. Peroxidase-conjugated goat anti-
rabbit IgG (Bio-Rad) was used as secondary antibody in the cases
of PKC isozymes and anti-mouse Vectastain ABC Kit (Vector,
Burlingame, Calif.) in the case of desmin. Immunoreactive bands
were finally visualized by ECL Western blotting detection kit
(Amersham, Little Chalfont, UK).
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Fig.1 A-F Immunohistochemical analysis of the expression of
desmin in human skeletal muscle cells. Cells of different ages
(d represents days) were fixed in acetone, solubilized by exposure
to Triton X-100, and incubated with mouse anti-desmin antibody
as described under Materials and methods. Immunofluorescence
staining was employed using FITC-conjugated anti-mouse IgG.
The figure is a representative of five individual experiments with
similar results

Immunofluorescence analysis

Cultured myoblasts and myotubes were washed with PBS, fixed in
acetone for 5 min at 4 °C, air dried, and blocked at room tempera-
ture for 30 min in blocking solution containing 0.6% Triton X-100
and 1% BSA. Cells were incubated with the appropriate rabbit
anti-PKC antibody for 2 h (diluted 1:50 in blocking solution), and
then with mouse anti-desmin antibody (1:100 in blocking solu-
tion) for 1 h. The samples were then incubated for 1 h with a bi-
otin-conjugated goat anti-rabbit IgG (diluted 1:300 in PBS, Vector),
and finally co-incubated with fluorescein isothiocyanate (FITC)-
conjugated sheep anti-mouse IgG (diluted 1:50 in PBS, Amersham)
and streptavidin-conjugated Texas Red (diluted 1:50 in PBS,
Amersham) for an additional hour. The resulting green fluores-
cence of desmin and red fluorescence of PKC isozymes were stud-
ied by an Opton fluorescence microscope (Oberkochen, Germany).

Results

Desmin is an excellent marker of human skeletal muscle
differentiation in vitro

Among the several markers regarded as good indicators of
regeneration in skeletal muscle cells of other species [2, 8,
33], we investigated the expression of the 53-kDa muscle
specific intermediate filament protein desmin during dif-
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ferentiation. Using immunohistochemistry we found that
the expression level of desmin changed parallel with the
time in culture (Fig.1). The expression of desmin was
negligible in the very young (1- to 2-day old) mononu-
clear satellite cells (data not shown). The intensity of
staining then continuously and markedly increased during
the proliferation phase (days 4-8; Fig. 1 A) and during the
fusion of myoblasts (days 8—12; Fig. 1 B, C), and reached
its maximum level between 12 and 20 days when young,
immature myotubes appeared at their highest density (Fig.
1C, D). Between days 24 and 29, the expression of
desmin decreased slightly in the matured, multinuclear
myotubes (Fig. 1 E). Finally, after 28-30 days (Fig.1F),
the expression of desmin gradually decreased in the large
myotubes (the staining remained significant only close to
the sarcolemma), possibly due to the markedly increased
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Fig.2 Western blot analysis of the expression of desmin in human
skeletal muscle cells. Cells of different ages (d represents days)
were harvested, similar amounts of proteins were subjected to
SDS-PAGE, and Western immunoblotting was performed using
mouse anti-desmin antibody as described under Materials and
methods. The figure is a representative of three individual experi-
ments with similar results
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Fig.3 Western blot analysis of the expression of different PKC
isozymes in 15-day-old human skeletal muscle cells. Cells were
harvested, similar amounts of proteins were subjected to SDS-
PAGE, and Western immunoblotting was performed using dif-
ferent rabbit anti-PKC antibodies as described under Materials
and methods. The figure illustrates one representative experi-
ment of three sets of individual experiments for each PKC iso-
form

cell number and to the development of cell-to-cell con-
tacts.

In parallel with the immunohistochemical analysis, we
also examined the expression of desmin by Western blot-
ting. By loading the same amounts of protein into each
well (thus normalizing the intensity of the immunoreac-
tive bands to cell protein), we found similar changes in
the expression pattern of desmin (Fig.2). Desmin produc-
tion gradually increased during the phases of proliferation
and myotube formation (up to days 10—12), and saturated
with maximal intensity by days 12—18 of differentiation.

40 pm
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Similar to the immunofluorescence data, a marked de-
crease of desmin production was observed after days
26-28. These data suggest that desmin is indeed an excel-
lent marker of human skeletal muscle differentiation in
vitro, at least up to day 25 of culture. For this reason, cell
cultures older than 25 days were not used in further ex-
periments.

Expressions of certain PKC isozymes (PKCy, -1, and -6)
alter with differentiation

Using immunohistochemical analysis, we identified five
PKC isozymes in cultured muscle cells (PKCa, -y, -1, -C,
and -0) (Fig.4-Fig.8; see below). This observation was
also confirmed by Western blot analysis of 15-day-old
cultures (Fig.3). On the other hand, we failed to detect
any expressions of PKCPI, -BII, -8 and -€¢ by either
method, although the presence of these isoforms was de-
scribed in skeletal muscle cells of other species [9, 14,
37].

To achieve more information about the possible roles
of PKC isozymes in differentiation, we investigated the
co-expression of the desmin and the existing PKC iso-
zymes using double immunohistochemical labeling (due
to the limited protein content of the young cultures, we
were unable to perform Western blot analysis). In young
mononuclear satellite cells, PKCy showed a nuclear-per-
inuclear patched staining which pattern did not alter dur-
ing myotube formation and fusion (up to days 10-12; Fig.
4 A—C). With the appearance of immature, multinuclear
myotubes, besides the nuclear-perinuclear patched stain-

40 pm 40 pm

Fig.4 A-E Immunohistochemical analysis
of the expression of PKCy in human skele-
tal muscle cells. Immunofluorescence
staining of desmin was employed using
mouse anti-desmin and FITC-conjugated
anti-mouse antibodies (green fluores-
cence), whereas PKCy was detected by
rabbit anti-PKCy and biotin-conjugated
goat anti-rabbit IgG antibodies, and then
by streptavidin-conjugated Texas Red (red
fluorescence). The figure is a representa-
tive of three individual experiments with
similar results
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Fig.5 A—E Immunohistochemical analysis
of the expression of PKCn) in human skele-
tal muscle cells. Immunofluorescence
staining of desmin was employed using
mouse anti-desmin and FITC-conjugated
anti-mouse antibodies (green fluores-
cence), whereas PKCn was detected by
rabbit anti-PKCn and biotin-conjugated
goat anti-rabbit IgG antibodies, and then
by streptavidin-conjugated Texas Red (red
40 un fluorescence). The figure is a representa-

L tive of four individual experiments with
similar results

30 um

Fig.6 A—E Immunohistochemical analysis
of the expression of PKCO in human skele-
tal muscle cells. Immunofluorescence
staining of desmin was employed using
mouse anti-desmin and FITC-conjugated
anti-mouse antibodies (green fluores-
cence), whereas PKCO was detected by
rabbit anti-PKC6 and biotin-conjugated
goat anti-rabbit IgG antibodies, and then
by streptavidin-conjugated Texas Red (red
40 um Sfluorescence). The figure is a representa-

I tive of three individual experiments with
similar results

sl pm

ing, faint cytoplasmic expression appeared (Fig.4D). In most intensive. Furthermore, parallel with this increased
the older cultures (Fig.4 E), the intensity of cytoplasmic cytoplasmic expression, the nuclear-perinuclear patched
staining markedly and consistently increased, particularly staining of PKCy faded, representing an intracellular
at the end of the myotubes where fusion activity was the translocation of the enzyme.
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The changes in the expression levels of PKCn during
muscle differentiation showed a tendency similar to that
found in the case of PKCY, although with the lack of in-
tracellular translocation. Faint cytoplasmic staining ap-
peared in 2- to 4-day-old mononuclear satellite cells (Fig.
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Fig.7A—E Immunohistochemical analysis
of the expression of PKCa in human
skeletal muscle cells. Immunofluorescence
staining of desmin was employed using
mouse anti-desmin and FITC-conjugated
anti-mouse antibodies (green fluores-
cence), whereas PKCa was detected by
rabbit anti-PKCo and biotin-conjugated
goat anti-rabbit IgG antibodies, and then
by streptavidin-conjugated Texas Red (red
fluorescence). The figure is a representa-
tive of four individual experiments with
similar results

40 pm

Fig.8 A—E Immunohistochemical analysis
of the expression of PKC{ in human skele-
tal muscle cells. Immunofluorescence
staining of desmin was employed using
mouse anti-desmin and FITC-conjugated
anti-mouse antibodies (green fluores-
cence), whereas PKCC was detected by
rabbit anti-PKC{ and biotin-conjugated
goat anti-rabbit IgG antibodies, and strep-
tavidin-conjugated Texas Red (red fluores-
cence). The figure is a representative of
three individual experiments with similar
results

5 A), which did not alter significantly in the proliferating
phase (up to days 10-12; Fig.5B). The intensity of the
expression, on the other hand, markedly increased with
the appearance of the immature multinuclear myotubes,
and then remained constantly high in the later phases of
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differentiation (Fig.5C-E). Similar to that for PKCy,
maximal expression of PKCn was located in the cyto-
plasm of the fusion end of myotubes.

In contrast, the expression of PKCO decreased with
differentiation. A significant, intensive cytoplasmic ex-
pression was observed in young, mononuclear satellite
cells (Fig.6 A), which remained high during and after fu-
sion (up to day 20); Fig. 6B, C). However, after day 20—
22, when the maturation of myotubes was accelerated,
PKC6 staining decreased significantly (Fig.6D, E). As
for PKCn), there was no measurable intracellular translo-
cation of PKCO during muscle differentiation.

Expressions of other PKC isozymes (PKCao and -C)
do not alter with differentiation

The expression of PKCa reached significant levels in the
cytoplasm of the young cells where only faint desmin
spots represented initial proliferation and differentiation
(Fig.7 A, B). The relative expression level of this isozyme
remained high during myotube formation and fusion, and
did not alter with the appearance of the immature multin-
uclear myotubes (Fig. 7 C-E).

PKCC showed a similar staining pattern; relatively
high expression levels were detected in the cytoplasm of
the young satellite cells even before desmin appeared
(Fig.8 A, B) and remained practically unchanged during
the whole period of differentiation (Fig.8C, D). It was
also of importance that neither of these isozymes showed
intracellular translocation.

Discussion

In this study we have shown that human differentiating
skeletal muscle cells possess characteristic patterns of
PKC isozymes (o, v, M, §, and 0). We have also demon-
strated that expression levels of certain isoforms (PKCy, -
M and -0) changed in parallel with the appearance of the
differentiation marker desmin, whereas expression levels
of other isozymes (PKCo and -{) remained relatively
constant. These data suggest differential roles of PKC
isozymes in human skeletal muscle differentiation in
vitro.

In our experiments, during the process of differentia-
tion, conventional calcium-dependent PKC isozymes
(PKCo and -y), novel calcium-independent PKC isozy-
mes (PKCn and -0), and the atypical (calcium- and phor-
bol-ester independent) PKCC are expressed by cultured
human skeletal muscle cells. This characteristic isoform
pattern differed significantly from those described for rat
or mouse skeletal muscle cells (PKCa, -9, -C, -€, -0 in rat
skeletal muscles [9, 13, 14], but PKCa, -BI, -BIL, -y, -1,
- in mouse embryonic myoblasts [37]). Thus, our data
provide further evidence that PKC isozymes of different
groups exist within the same cell, and that the expression
of the isozymes within the same tissue type possesses
strong species dependence [19].

It is intriguing that differentiating human skeletal mus-
cles cells lack PKCS and -€ isozymes, which have been
described as ubiquitously expressed in most tissue types
[10, 27]. These PKC isozymes were generally regarded to
be the major regulators of cellular proliferation and differ-
entiation in several cell types (fibroblasts, glia cells,
smooth muscles) [10, 27]; thus, their absence in cultured
human skeletal muscle cells, which show intensive prolif-
eration and differentiation is of great importance. Simi-
larly, skeletal muscles from other mammalian species do
not generally express these isozymes (except for adult rat
muscles in which both PKCS and -¢ are expressed [9,
14]); hence, it seems that proliferation and differentiation
are affected by other PKC isozymes in skeletal muscles.

Cultured human skeletal muscle cells, on the other
hand, express PKCy, an isozyme that was previously de-
tected mainly in the nervous system [27, 28]. The search
for this isozyme in muscle cells of different species indi-
cates that it seems to be specific for human skeletal mus-
cle since otherwise only mouse embryonic myoblasts
were shown to express PKCy [37]. Our skeletal muscle
cultures did not contain neuronal elements; thus, the pres-
ence of PKCy is not due to some “neuronal contamina-
tion” of the culture medium. Not only did the expression
of PKCy increase in parallel with time in culture (thus
with differentiation), but there was a marked alteration in
its cellular localization represented by perinuclear to cyto-
plasmic translocation. These data, which are in good agree-
ment with previously published observations describing a
decreased nuclear localization of PKCo but not of PKCd
during liver regeneration [1], and the differential modifi-
cation of subcellular localizations of different PKC iso-
forms by vitamin Dj in avian muscle cells [22] suggest
that PKCy may be a key factor in controlling differentia-
tion.

One of the most important findings of our study is that
different PKC isozymes possessed different expression
patterns during different phases of differentiation. In the
early, proliferative phase (before the fusion of satellite
cells) the expressions of PKCa, -0 and -C is dominant,
whereas the appearance of young, immature myotubes is
accompanied by the additional elevation in the expression
levels of PKCy and -1 (especially at the fusion ends of the
myotubes). It seems, therefore, that in this intermediate
phase of differentiation represented by the intensive fu-
sion of myoblasts, all of the detected isozymes reached
their maximal levels of expression, reflecting the possible
roles of these isozymes in muscle differentiation. Finally,
as differentiation proceeded, the expression of PKCH de-
creased, whereas there were no measurable changes in the
levels of other isozymes. Similar changes in the expres-
sion patterns of PKC isoforms were described during cel-
lular proliferation and differentiation in C6 glioma cells
[3] and during liver regeneration [1], which may suggest
the pivotal roles of most of the existing PKC isozymes in
the processes.

The changes in the expression patterns of PKC iso-
zymes showed no correlation with the PKC group they
belonged to. Patterns of early appearance and relatively



constant expression levels were shown by both the con-
ventional PKCa and the atypical PKCC. Furthermore, the
expression of the conventional PKCy and the novel PKCn
were similar since they followed closely the progress of
differentiation, whereas the expression of the novel PKCO
decreased with the time in culture. Hence, it seems that,
besides calcium dependence, other factors may also regu-
late the activities of PKC isoforms during muscle differ-
entiation.

Our data suggest that those isozymes (PKCy, -n and
-0) whose expression levels changed during culturing may
closely control muscular proliferation and differentiation,
whereas isozymes with relatively constant expression lev-
els (PKCa and -{) may provide continuous “background
activity” for these processes. However, the functional
roles of the different PKC isozymes in the process of in
vitro proliferation and differentiation are yet to be under-
stood.
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Abstract We have previously shown that cultured human
skeletal muscle cells express five protein kinase C (PKC)
isoforms (PKCa, -y, -1, -0, and -{) and that expression
levels of various PKC isozymes differentially change dur-
ing differentiation. In this study we investigated the ef-
fects of the PKC activator phorbol 12-myristate 13-acetate
(PMA) on differentiation and on PKC isozymes of human
skeletal muscle satellite cells. PMA inhibited the growth
and fusion of cultured human myoblasts in a dose-depen-
dent manner. In addition, prolonged treatment of cells with
PMA suppressed the expression of the myogenic differen-
tiation marker desmin showing similar dose-response char-
acteristics. Furthermore, PMA also induced the intracellu-
lar translocation of PKCY, -1, and -0, whereas cellular lo-
calization of PKCo and -{ were not altered. These changes
in subcellular localization patterns were of great impor-
tance since only those PKC isoforms were translocated that
possessed alterations in their expression levels during dif-
ferentiation. Our findings, therefore, suggest that the PMA-
induced inhibition of differentiation of human skeletal mus-
cle cells is mediated by certain PKC isoforms. Moreover,
these data strongly argue for differential and isozyme-spe-
cific roles of various PKC isoforms in these processes.
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Introduction

The various processes of in vivo human skeletal muscle
regeneration (seen, for example, in post-traumatic or dys-
trophic muscle reconstitution [7, 13]) can be well modeled
in vitro by culturing skeletal muscle cells [1, 8, 32]. In this
model system, skeletal muscle satellite cells isolated en-
zymatically and mechanically from muscle biopsy speci-
mens proliferate and fuse into multinuclear myotubes,
which eventually results in the development of matured,
well-differentiated striated myofibers [1, 8, 32].

The proliferation and differentiation of satellite cells
are under the control of several growth factors [e.g., in-
sulin-like growth factor-1, prostaglandins, transforming
growth factor-f (TGF-B)] [13, 16] and myogenic transcrip-
tion factors (e.g., MyoD, MRF4, myf5, myogenin) [7, 35].
The marked diversity in the intracellular signal transduc-
tion pathways influenced by these agents [16, 19], and,
moreover, results claiming that the phosphorylation state
of the transcription factors might affect muscle differenti-
ation [22] suggest a complex regulation of the muscle cell
proliferation and differentiation by different kinase cas-
cades.

Protein kinase C (PKC) comprises a family of serine/
threonine kinases that play pivotal roles in the regulation
cellular proliferation and differentiation of numerous cell
types [29, 30, 31]. To date, at least 11 different PKC
isozymes have been identified [17, 29], which can be clas-
sified into the groups of the calcium- and phorbol ester-
dependent “conventional” (PKCa, -BI, -BII, and -y; cPKCs),
the calcium-independent “novel” (PKC39, -g, -1, and -6;
nPKCs), and the calcium- and phorbol ester-independent
“atypical” (PKCC, -MA, and -u; aPKCs) isoforms. These
isoforms possess a characteristic expression pattern in a
given cell type, and isozyme-specifically regulate various
cellular processes including proliferation and differentia-
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tion [4, 31]. It was also postulated that not only may some
PKC isoforms be active, whereas others are not, for a given
response, but different PKC isozymes may often have an-
tagonistic effects on the same cellular event. PKCo was, for
example, suggested to mediate phorbol 12-myristate 13-ac-
etate (PMA)-induced cytostasis in K-562 erythroleukaemia
cells, whereas PKCPII was involved in inducing prolifer-
ation [27]. Furthermore, PKCJd arrested cell growth of
NIH 3T3 fibroblasts, whereas PKCe had a stimulating ef-
fect on the same phenomenon [5, 26], suggesting pivotal
and differential regulatory roles of specific PKC isoforms
in these processes.

The regulatory roles of PKC have also been described
in skeletal muscles. It has been shown that the modifica-
tion of PKC activity by phorbol esters, such as PMA, stim-
ulated insulin-dependent glucose transport [14, 33] and
vitamin D-induced calcium uptake [24], and mimicked
the effects of prostanoids in promoting myoblast fusion
[9]. Treatments of skeletal muscle cells by vitamin Dy
modified the subcellular localization of PKC [23], also
implicating functional role of PKC in mediating the effect
of agents modifying skeletal muscle cellular functions. It
has also been shown that phorbol esters might down-reg-
ulate the transcription of gene sequences coding contractile
proteins in terminally differentiated myotubes [37], and,
furthermore, that they abolish the up-regulation of myf5
gene expression (a muscle regulatory factor that is involved
in the establishment of skeletal muscle precursor cells) by
dexamethasone and anisomycin [28].

However, the role of PKC in cellular proliferation and
differentiation of skeletal muscle cells is rather controver-
sial and exerts marked species dependence. In primary cul-
tures of rat satellite cells, treatment with highly specific
PKC inhibitors or with PMA did not significantly alter
myogenic differentiation [21]. In contrast, in cultured chick
muscle cells, PMA modified the expressions of differenti-
ation markers, selectively and reversibly inhibited the on-
going differentiation program [25], and blocked DNA syn-
thesis [6]. Similar to these findings, in normal human skele-
tal muscle cells, PMA inhibited myogenesis but only in
already fused myotubes [10, 11].

We have recently shown that cultured human skeletal
muscle cells express five PKC isoforms (PKCao, -, -1, -6,
and -{) and that expression levels of different PKC
isozymes differentially change during cellular prolifera-
tion and differentiation [1]. In the present study we exam-
ined the effect of PMA on human skeletal muscle prolif-
eration and differentiation in vitro and, since there is no
data available about the roles of different PKC isoforms in
these processes in human skeletal muscle cells, the partic-
ipation of existing PKC isoforms in the PMA-induced cel-
lular events. We show here that prolonged PMA treatment
led to the suppression of cellular proliferation and differ-
entiation by differentially acting on certain PKC isoforms.
PMA translocated PKCy, -1 and -6 to other cellular com-
partments, whereas cellular localization of PKCao and -{
were not altered. These data strongly argue for different
functional roles of PKC isoforms in the proliferation and
differentiation of cultured human skeletal muscle cells.

Materials and methods
Antibodies

All antibodies against PKC isozymes were developed in rabbits and
were shown to react with human PKC isoforms [1]; anti-PKCa,
-1, and - were from Sigma (St. Louis, Mo.); anti-PKCy from
Gibco (Gaithersburg, Md.); anti-PKCO from Santa Cruz (Santa
Cruz, Calif.). Monoclonal mouse antibody against the intermediate
filament protein desmin (DAKO, Glostrup, Denmark) was used to
follow muscle differentiation.

Cell culture and separation

Satellite cells were obtained from muscle tissue waste of orthope-
dic surgery. The use of this material was approved by the Ethical
Committee of the University Medical School of Debrecen, Hun-
gary. The technique of growing myotubes followed the method of
Boczan et al. [1] with the introduction of a novel separation proce-
dure using magnetic cell sorting (MACS; Miltényi Biotech, Bergisch
Gladbach, Germany) to obtain fibroblast-free cultures. Briefly, the
biopsy material (15 biopsy samples were used to initiate cultures)
was enzymatically dissociated at 37°C in calcium/magnesium-free
phosphate buffer saline solution (PBS) containing collagenase
(250 U/ml, Type 11, Sigma) and bactotrypsin (3%, Difco, Detroit,
Mich.). The reaction was stopped with Hanks” solution (136.75 mM
NaCl, 5.36 mM KCI, 0.34 mM Na,HPO,, 0.44 mM KH,PO,,
0.81 mM MgSO,, 1.26 mM CaCl,, 5.56 mM glucose, 4.17 mM
NaHCOj;, 10 mg/ml phenol red, pH 7.2) containing 10% fetal calf
serum (FCS) (Sebak, Aidenbach, Germany).

After filtration and centrifugation (3%, 100 g, 10 min), the pel-
let was washed twice in sterile PBS supplemented with 0.5% bovine
serum albumin (BSA, Sigma), and resuspended in the same me-
dium containing 20% anti-fibroblast MicroBeads (Miltényi Biotech).
This labeling agent is a colloidal super-paramagnetic MicroBead
conjugated to mouse anti-fibroblast monoclonal antibody recog-
nizing a fibroblast-specific antigen. Cells were labeled in this solu-
tion for 30 min at room temperature in a dark room, then washed
in PBS-BSA, and were subjected to a column, which was placed in
the magnetic field of a MACS separator. The column was washed
with 5 ml PBS-BSA and, since magnetically labeled fibroblasts
were retained in the columns, fractions that ran through were col-
lected. These fibroblast-free muscle cell suspensions were then re-
suspended in Ham’s F-12 (Sigma) growth medium containing 5%
FCS and 5% horse serum (HS, Sebak), 2.5 mg/ml glucose, 0.3 mg/
ml glutamate, 1.2 mg/ml NaHCO;, 50 U/ml penicillin, 50 pg/ml
streptomycin, 1.25 pg/ml fungizone (both from Biogal, Debrecen,
Hungary). Cells were cultured in a 5% CO, atmosphere on either
glass coverslips (Menzel-Glaser, Braunschweig, Germany) in petri
dishes or in 4-well multititer plates (Nunc, Kamstrup, Denmark).
After 3 days, the culture medium was changed to Dulbecco’s mod-
ified Eagle’s medium (Sigma) containing 2% FCS and 2% HS to
induce myoblast fusion and differentiation [1]. Fibroblasts were
collected by washing the columns with 2 ml PBS-BSA after re-
moving the column from the magnetic field. In control experiments,
to determine the efficiency of separation, immunohistochemistry
was performed on 14-day-old cultures initiated using either the
non-separated total cell suspension or the separated muscle cell-
enriched and fibroblast-rich fractions of the same biopsy. Cells were
washed with PBS, fixed in acetone for 5 min at 4°C, air dried, and
blocked at room temperature for 30 min in a blocking solution
containing 0.6% Triton X-100 and 1% BSA. Cells were first incu-
bated with the highly muscle cell-specific anti-desmin monoclonal
antibody for 1 h (diluted 1:100 in blocking solution; DAKO) and
then with a horseradish peroxidase-conjugated goat anti-mouse
IgG (diluted 1:300 in PBS, Sigma) for 1 h. Immunoreactive signals
were visualized by a standard diaminobenzidine method. As seen
in Fig. 1, cultures initiated using separated, muscle-enriched frac-
tions were practically free of fibroblasts, whereas significant num-
bers of fibroblasts were detected in non-separated cultures.



Fig.1A—C Determination of efficiency of separation by immuno-
histochemistry. Cell cultures, using either the non-separated total
cell suspension (A), or the fibroblast-rich (B) and muscle cell-en-
riched (C) fractions following separation of the same biopsy, were
initiated. After 14 days in culture, cells were immunostained with
mouse anti-desmin and horseradish peroxidase-conjugated goat
anti-mouse antibodies, and visualized using diaminobenzidine;
desmin-positive muscle cells possess a brown staining. Note that
the separated, muscle cell-enriched cultures (C) lack practically
any fibroblast contamination

Assessment of cellular growth and fusion

Cell cultures were treated daily from day 2 of culturing, for the time
indicated, with either the vehicle dimethyl sulfoxide (DMSO, Sigma;
less than 0.1%) or with different doses (0.1 nM—1 uM) of PMA.
Supernatants were routinely tested for dead cells by a light micro-
scope. Since counting of number of cells was uncertain, especially
in the older cultures having much higher cell densities, growth
curves were recorded by counting numbers of cell nuclei (5 inde-
pendent visual fields per well) using an inverted phase contrast mi-
croscope and by averaging the values. The fusion of muscle cells
was monitored morphologically and by calculating the fusion in-
dex of cultures. The fusion index was given as a ratio of the summed
number of nuclei in myotubes (cell having two or more nuclei) and
the total number of nuclei (including nuclei of mononuclear myo-
blasts and of myotubes). All data are expressed as mean + SEM.

Western blot analysis

Cells were washed with ice-cold PBS, harvested in homogeniza-
tion buffer (1% Triton X-100, 50 mM NaCl, 25 mM HEPES, 1| mM
EDTA, | mM EGTA, 1 mM PMSF, 20 uM leupeptin, pH 7.4; all
from Sigma) and disrupted by sonication on ice. Protein content of
samples was measured by a modified Amido Black method [18].
Total cell lysates were mixed with SDS-PAGE sample buffer and
boiled for 10 min at 100°C. The samples were subjected to SDS-
PAGE according to Laemmli [20] (8% gels were loaded with max
10-20 pg protein/lane) and transferred to nitrocellulose mem-
branes (Bio-Rad, Wien, Austria). Membranes were then blocked
with 5% dry milk in PBS and probed with mouse anti-desmin an-
tibody (DAKO) to follow muscle differentiation. An anti-mouse
Vectastain ABC Kit (Vector, Burlingame, Calif.) containing anti-
mouse secondary antibody (IgG) was then used to enhance speci-
ficity. Immunoreactive bands were finally visualized by an ECL
Western blotting detection kit (Amersham, Little Chalfont, UK).
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Immunohistochemistry and confocal microscopy

Control and PMA-treated muscle cells growing on glass coverslips
were washed with PBS, fixed in acetone for 5 min at 4°C, air dried,
and blocked at room temperature for 30 min in a blocking solution
containing 0.6% Triton X-100 and 1% BSA. Cells were first incu-
bated with the appropriate rabbit anti-PKC antibody for 2 h (diluted
1:50 in blocking solution) and then with a fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit IgG (diluted 1:160 in PBS,
Sigma) for 1 h. Cells were visualized using a Zeiss MicroSystem
Laser Scanning microscope (Oberkochen, Germany), and images
were stored for further analysis.

Results

PMA inhibits growth and fusion of cultured human
satellite cells, and decreases the expression
of the muscle-specific differentiation marker desmin

To obtain information about how PMA treatment affects
the events of in vitro skeletal muscle cell differentiation,
we investigated the growth and fusion of satellite cells, and
the expression of a muscle-specific differentiation marker
desmin in the presence of the phorbol ester.

Human skeletal muscle cultures, growing in 4-well mul-
tititer plates, were treated daily with different concentra-
tions of PMA (0.1 nM—1 uM) from day 2 of culturing for
1 week (further monitoring of cultures was obscured by
the overgrow of cells preventing exact counting of nu-
clei). As seen in Fig.2, PMA significantly decreased the
number of cells (and of nuclei) per visual fields. Further-
more, in the PMA-treated cultures, only a few myotubes
were observed, suggesting the inhibition of fusion as well
(significant fusion activity was detected only in those cul-
tures which were treated with low doses of PMA). Con-
sistent with the fact that analysis of the cultures and the
culturing media never revealed significant cytotoxicity
upon PMA treatment (data not shown), these findings in-
dicate that the effect of PMA was rather due to the inhibi-
tion of proliferation and not to cytotoxicity.
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Fig.2 Effect of PMA on
growth of human cultured
skeletal muscle cells. Cell cul-
tures were treated daily from
day 2 of culture with either
DMSO (control, C) or with
different doses (0.1-1000 nM)
of PMA. Photomicrographs
were taken at day 14 using an
inverted phase contrast micro-
scope. PMA decreased the
number of cells per visual
fields in a dose-dependent
manner (PMA phorbol 12-
myristate 13-acetate, DMSO
dimethyl sulfoxide)

Fig.3A, B Effect of PMA on
the number of cell nuclei and
on the fusion index of human
cultured skeletal muscle cells.
Cell cultures were treated daily
from day 2 of culture with ei-
ther DMSO (Control) or with
different doses of PMA for

1 week. Counting of cell nuclei
(A) and the calculation of fu-
sion index (B) were performed
daily. Values are expressed as
mean + SEM. Data are repre-
sentative of three individual
experiments with similar re-
sults. PMA inhibits both the
proliferation and fusion of
skeletal muscle satellite cells,
showing similar dose-response
characteristics

Number of nuclei

To quantitatively determine the inhibition of growth and
fusion of muscle cells by PMA, growth curve analysis of
cultures (by counting numbers of nuclei) and the calcula-
tion of the fusion index were performed. As seen in Fig. 3A,
PMA inhibited the cellular growth in a dose- and time-de-
pendent manner; significant inhibition was seen after 5-6
days of treatment, and 0.1-1 UM PMA were the most ef-
fective concentrations. As revealed by calculating the fu-
sion index (Fig.3B), PMA also suppressed the fusion of
myoblasts (fusion started at day 5—6 in control cultures),
showing a similar dose-response relationship.

To confirm that the PMA-induced inhibition of prolif-
eration also results in the delay of maturation and differ-
entiation, we also investigated the possible changes in the
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expression of the muscle-specific differentiation marker
desmin (the intense appearance of which is regarded as a
good indicator of skeletal muscle differentiation in vitro)
[1, 2]. Similar to the previously described protocol, skele-
tal muscle cultures were treated daily with different con-
centrations of PMA from the day 2 of culturing. In this case,
however, phorbol ester treatment was continued for 2 weeks
since the expression of desmin has been described to have
maximal levels in 12- to 16-day-old cultures [1]. As seen
in Fig.4 showing Western blot analysis of samples pre-
pared at the end of this protocol, PMA decreased the ex-
pression of desmin in a dose-dependent manner, similar to
that found in inhibiting cellular growth and fusion (desmin
expression was hardly detected in the 1 uM PMA-treated
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Fig.4 Effect of PMA on the expression of the muscle-specific dif-
ferentiation marker desmin. Cultures were treated with either DMSO
(control, C) or with different concentrations of PMA from day 2 of
culture for 2 weeks. Cells were then harvested, similar amounts of
proteins were subjected to SDS-PAGE, and Western immunoblot-
ting was performed using mouse anti-desmin antibody. Data are rep-
resentative of three individual experiments with similar results. PMA
decreases the expression of desmin in a dose-dependent fashion

cultures). We conclude that, since various PKC isoforms
are differentially expressed during different stages of hu-
man skeletal muscle differentiation in vitro [1], and since
PMA inhibited all of the examined events of this process,
PKC might play a pivotal role in the regulation of skeletal
muscle differentiation in vitro.

PMA translocates PKCy, -1, and -6 but not PKCa, and -{

In the second part of our study, we investigated the effect
of the PMA treatment on the existing PKC isoforms. Since
the activation of PKC can be characterized by a transloca-
tion between different intracellular compartments, and since
PMA has been shown to induce translocation of the sensi-
tive PKC isoforms in various cells types [17, 29, 30], we
investigated the changes in subcellular localization of iso-
forms after PMA treatment. Cell cultures were treated
with 1 uM PMA (or with the vehicle) from the day 2 of
culture for 2 weeks, and then a confocal microscopy study
was performed (following immunohistochemical labeling
of PKCs) to monitor possible translocation. Since PMA
treatment inhibited proliferation and fusion of cells, for bet-
ter comparison, we also investigated the mononuclear myo-
blast or young myotubes (maximum 2—4 nuclei) in the con-
trol cultures. As seen in Fig.5, PMA differentially affected
the subcellular localization of various PKC isozymes with-
out causing any significant down-regulation of the isoforms.
PKCa exerted a rather homogeneous plasma and fairly in-
tense nuclear membrane localization in the control cells,
which was not affected significantly by PMA treatment.
Similarly, the diffuse cytoplasmic staining and the intense
nuclear-perinuclear accumulation of PKC{ were not mod-
ified by the phorbol ester (this latter finding was not un-
expected since PKC( is a phorbol ester-insensitive iso-
form).

In contrast, the subcellular localization of the other three
isoforms was markedly changed by PMA (Fig.5). PKCn,
located mainly in the cytoplasm (and weakly in the nu-
cleus) of control cells, was translocated to the perinuclear-
nuclear membrane structures and also to the nucleus in the
phorbol ester-treated cultures. Furthermore, PKC6, which
was stained mainly in the cytoplasm (and very faintly in
the nucleus) in control cells, was translocated by PMA
into the cell nucleus, resulting in a very intense patched
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nuclear staining, presumably labeling the nucleoli. Finally,
PKCY, located almost exclusively in the nucleus of mononu-
clear myoblasts in control cultures (only faint cytoplasmic
signals were detected), was partially translocated into the
cytoplasmic compartment; however, a significant nuclear
staining also remained in the PMA-treated cells. These
data indicate that prolonged PMA treatment differentially
affected the localization of the PKC isozymes.

Discussion

In this report we show that the phorbol ester PMA inhib-
ited the processes of proliferation, fusion, and the expres-
sion of the differentiation marker desmin in human skele-
tal muscle cells. In addition, this is the first demonstration
that the PMA-induced cellular effects were accompanied
by the differential translocation of certain PKC isoforms
in these cells. Our data, therefore, strongly argue for the
differential roles of PKC isozymes in human skeletal mus-
cle differentiation in vitro.

In our experiments, PMA inhibited most of the events
(proliferation, fusion, differentiation) of myogenic devel-
opment of human skeletal muscle cells in vitro. These find-
ings, at least in part, are similar to those described in the
rare reports investigating human skeletal muscle differen-
tiation. However, in contrast to the results of Fisher et al.
[10, 11], we have observed significant inhibition of myo-
genesis by PMA even prior to fusion of the myoblasts. In
addition, we have also shown that the PMA treatment sup-
pressed the expression of the differentiation-specific marker
desmin. These, rather minor, differences between our find-
ings and Fisher’s data may be due to the different cultur-
ing conditions used along the experiments (we employed
a new separation procedure to obtain close to 95—-100% fi-
broblast-free myogenic cell suspension). Nevertheless,
our results that PMA inhibited differentiation of human
skeletal muscle cells similarly to chick myoblasts [6, 25]
but not to rat muscle cells [21] further strengthen the idea
that the cellular effects of PMA on skeletal muscles cells
(similarly to other cells types) [12, 26] exert marked species
dependence.

One of the major novel findings of our experiments is
that the PMA-induced inhibition of human skeletal mus-
cle cells was accompanied by differential translocation of
certain PKC isoforms within the cells. PMA caused sub-
cellular changes in localization patterns of PKCy, -n and
-0, whereas PKCo and -{ were not translocated. It was
also of great importance that the prolonged PMA treat-
ment did not cause significant down-regulation of any of
the PKC isozymes. Corresponding to our data, others have
described differential modification of cellular localization
and expression levels of existing PKC isoforms upon PMA
treatment in skeletal muscle cells of other species. For ex-
ample, in cultured rat muscles, prolonged PMA treatment
selectively translocated PKCo, BII, and & [3] and down-
regulated PKCo and & in the membrane compartment [15].
Furthermore, in L6 myogenic cell line, PMA down-regu-
lated PKCa, 6 and €, but not the PKCu and 1 [34], whereas,
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Fig.5 Effect of PMA on sub-
cellular localization of differ-
ent PKC isoforms. Cell cul-
tures were treated with either
DMSO (Control) or with 1 uM
PMA (PMA) for 2 weeks, and
immunofluorescence staining
of various PKC isoforms using
rabbit anti-PKC and FITC-con-
jugated anti-rabbit antibodies
was performed. Images were
acquired by a laser scanning
confocal microscope with
strictly the same antibody
staining and visualization pro-
cedure. PMA differentially
translocates PKCn, -6 and -y,
whereas the subcellular local-
ization of PKCao and -{ are not
modified by the phorbol ester

PKCa

PKCC,

PKCn

PKCO

PKCy

in chick myoblasts, it selectively down-regulated PKCo
but not PKCB, 9, €, and { [6]. Similar to the differential
sensitivity of PKC isoforms to PMA reported in other cell
types [17], both our findings and these aforementioned
data suggest that there is also a marked difference among
phorbol ester-sensitive PKC isoforms (members of the
“conventional” and “novel” groups) in responsiveness to
PMA in skeletal muscle cells. For example, in our exper-

iments, PMA induced the translocation of the “conven-
tional” PKCy but not of PKCa that also belongs to this
group.

The lack of down-regulation of PKC isoforms during
prolonged PMA treatment suggests that the inhibitory ef-
fect of PMA on human skeletal muscle differentiation was
rather due to activation (hence translocation) and not to
the decrease in cellular levels of certain isoforms (down-



regulation). Alternatively, the possibility that PMA first
induced a fast down-regulation then (during its prolonged
presence) the de novo re-synthesis of various PKC iso-
forms can not be excluded. However, our preliminary find-
ings suggest (Bir6 et al., unpublished observation) that
there is no significant down-regulation of PKC isoforms
upon short (1 day) PMA treatment of human skeletal mus-
cle cells. The phenomenon of differential translocation
without any down-regulation, therefore, argues for distinct
cellular mechanisms and significance in regulating the two
processes.

We have previously described [1] that, in human cul-
tured skeletal muscle cells, the existing five PKC isoforms
exerted differential expression patterns during cellular dif-
ferentiation. There were no significant changes in the ex-
pressions of PKCa and -{ during differentiation; however,
the expressions of PKCy and -n increased, whereas the ex-
pression of PKCO decreased as differentiation proceeded.
In this report we demonstrate that only those PKC isozymes
were translocated upon PMA treatment that possessed al-
terations in levels of expression during differentiation in
vitro. These data also strongly argues for the differential
regulatory roles of the existing PKC isoforms in human
skeletal muscle differentiation.

We have also found that the various PKC isoforms that
were translocated upon PMA administration targeted dif-
ferent intracellular structures. PKCn was translocated from
mainly the cytoplasm to the perinuclear-nuclear membrane
structures and also, to a lesser extent, to the nucleus; PKCy
exerted a partial translocation from the cell nucleus to the
cytoplasmic compartment; PKCO moved from the cyto-
plasm to the cell nucleus and nucleoli. Since the prolifer-
ation and differentiation of skeletal muscle cells are under
the strict control of myogenic transcription factors (e.g.,
MyoD, MRF4, myf5, myogenin) [7, 35], and since the
phosphorylation state of the transcription factors might af-
fect proliferation and differentiation of cultured muscle
cells [22], it is of great significance that PMA inhibited the
events of differentiation in parallel with targeting PKCn
and -0 into the nucleus. Our data, therefore, suggest that
these isozymes (in contrast to PKCa and -{ that were not
translocated by PMA) might negatively regulate the process
of differentiation in human skeletal muscle cells. These
findings are also in a good accord with the previously de-
scribed fact that, in mouse myoblasts, the overexpression
of PKC8 but not of PKCo and - mediates the differenti-
ation inhibitory effect of TGF-B3 [36].

There is an interesting phenomenon, however, in the
case of PKCy, suggesting an attractive hypothesis. As we
have previously shown [1], this PKC isozyme (partially)
translocates from the nuclear-perinuclear region to the cy-
toplasmic compartment in parallel with the development
of differentiation (thus the appearance of matured multin-
uclear myotubes). Since PKCy was the only PKC isoform
that exerted such changes in subcellular localization dur-
ing differentiation [1], this result argues for a role of the
isoform in regulating the process. Our current presenta-
tion that PMA caused a very similar alteration in translo-
cation pattern of PKCy, therefore, would suggest that PMA
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is a positive regulator of human skeletal muscle differen-
tiation. Since we found a significant and dose-dependent
inhibition of all the examined events of differentiation by
PMA, we can assume that the differentiation inhibitory ef-
fects of other PKC isoforms (presumably of PKC6 and
-1) may have overcome the differentiation promoting ef-
fect of PKCy. Naturally, another hypothesis, suggesting
that the translocation of PKCy during the differentiation
[1] or upon PMA treatment rather reflects an inhibitory
role of the isoform, can not be ruled out. Nevertheless, the
exact, isozyme-specific roles of the various PKC isoforms
in the above processes have yet to be investigated in detail.

In summary, we can conclude that the PMA-induced
inhibition of the processes of human skeletal muscle dif-
ferentiation is accompanied by the differential transloca-
tion of certain PKC isoforms. Our data, therefore, strongly
argue for the differential and isozyme-specific roles of the
various PKC isoforms in the regulation of human skeletal
muscle differentiation.
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Abstract

In this study, we have investigated the effects of insulin-like growth factor-I (IGF-I) on cellular responses of primary human skeletal muscle
cells and mouse C2C12 myoblasts. In human muscle, IGF-I stimulated proliferation and fusion of the cells and the expression of the differentiation
marker desmin. These effects were completely inhibited by Rottlerin, the inhibitor of the protein kinase C (PKC)d, but were not affected by the
inhibition of the mitogen-activated protein kinase (MAPK) or the phosphatidylinositide 3-kinase (PI-3K) pathways. Furthermore, IGF-I initiated
the selective translocation of PKC5b to the nucleus. In C2C12 myoblasts, the growth-promoting effects of IGF-I were abrogated by inhibition of
PKC9, but not by the inhibition of the PI-3K system. However, in contrast to the human data, the MAPK inhibitor PD098059 partially (yet
significantly) also inhibited the action of IGF-I and, furthermore, IGF-I induced phosphorylation of the MAPK Erk-1/2. In addition,
overexpression of constitutively active form of PKC6 in C2C12 cells fully mimicked, whereas overexpression of kinase inactive mutant of the
isoform prevented the action of IGF-I. Finally, the inhibition of PKC6 suspended the IGF-I-induced phosphorylation of Erk-1/2 and, moreover, the
inhibition of the MAPK pathway partially (yet significantly) inhibited the accelerated growth of C2C12 cells overexpressing PKCS. Taken
together, these results demonstrate a novel, central and exclusive involvement of PKC9 in mediating the action of IGF-I on human skeletal muscle
cells, with an additional yet PKCo-dependent contribution of the MAPK pathway on C2C12 myoblasts.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Human skeletal muscle; C2C12 cells; Insulin-like growth factor-I (IGF-I); Protein kinase C (PKC); PKC®; Mitogen-activated protein kinase (MAPK);
Proliferation

1. Introduction opment of skeletal muscle [1-3]. IGF-I, which is also produced
by the skeletal muscle and satellite cells [4], for example
stimulates gene expression, DNA and protein synthesis, differ-
ent transport mechanisms, migration, proliferation and differ-
entiation of cultured myogenic cells [2,5-9]. It was also

documented that the expression of IGF-I is increased in satellite

Insulin-like growth factor-I (IGF-I) acts as an autocrine,
paracrine and endocrine regulator a cellular growth and devel-
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cells, myoblast, myotube and muscle fibers of atrophic skeletal
muscles [10,11] suggesting that the growth factor may stimu-
late regenerative processes in the muscle [12,13]. This hypoth-
esis was also strengthened by that the administration of
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recombinant human IGF-I or specific gene transfer therapies
improved metabolism and function of impaired skeletal mus-
cles of patients with muscle diseases [14—16].

It is generally accepted that IGF-I exerts its mitogenic
cellular effects by acting on its one-transmembrane domain
receptor, which bears tyrosine kinase activity [17]. It is also
known that the binding of IGF-I to its receptor, after tyrosine
(auto)phosphorylation of the receptor, results in the initiation
of intracellular cascades of various kinase systems [18]. How-
ever, the interplay between the elements of these intracellular
signaling pathways is very controversially described on ske-
letal muscle cell types of different species and under va-
rious experimental conditions. Namely, in mouse and rat
skeletal muscle preparations (similarly to other cell types),
the involvement of both the mitogen-activated protein kinase
(MAPK) pathway and MAPK-independent signaling mechan-
isms, including the Akt/phosphatidylinositide 3-kinase (PI-3K)
and the protein kinase C (PKC), were equally documented
[5,6,19-21].

We, however, possess extremely limited data on the exact
cellular signaling mechanism of IGF-I on human skeletal mus-
cle cells [8]. Therefore, in this study, we measured the possible
involvement of the MAPK, PI-3K and PKC systems in medi-
ating the mitogenic effect of IGF-I on cultured primary human
skeletal muscle cells. In addition, for comparison and to expand
the technical repertoire with additional molecular biological
methods, we repeated our experiment on the mouse C2C12
myoblast cell line that is very often used to study the effects
of growth factors on skeletal muscles [5,6]. Our presented
results strongly argue for the novel, central, and exclusive
involvement of PKCo in mediating the action of IGF-I on
human skeletal muscle cells, with an additional yet PKC6-
dependent contribution of the MAPK pathway on C2CI12
myoblasts.

2. Materials and methods
2.1. Materials

In this study, the following materials were used: IGF-I, GF10203X, G66976
and Rottlerin were from Sigma (St. Louis, MO, USA), whereas PD098059,
U01216 and wortmannin were from Calbiochem (Nottingham, UK).

All antibodies against PKC isozymes were developed in rabbits and were
shown to specifically react with the given PKC isoforms [22,23]: anti-PKCa, 3,
v, 1, ¢ and N were from Sigma, whereas anti-PKCS and 6 from Santa Cruz
Biotech (Santa Cruz, CA, USA). The specificity of anti-PKC antibodies was
also tested by applying isoform-specific blocking peptides, which suspended
the immunostaining in all cases (see Fig. 5). In addition, a monoclonal mouse
antibody against the intermediate filament protein desmin (DAKO, Glostrup,
Denmark) was used to follow muscle differentiation. Furthermore, a polyclonal
rabbit antibody was used to detect the MAPK Erk-1/2 (42/44), whereas mono-
clonal mouse antibodies were employed to label the phosphorylated Erk-1/2
(pErk-1/2), the phosphorylated Tyr residues of proteins (pTyr) and cytochrome
C (all from Santa Cruz Biotech).

2.2. Cell culture and separation

Human satellite cells were obtained from muscle tissue waste of orthopedic
surgery and cultured according to our previously optimized and developed
protocol. The procedure also included a magnetic separation procedure using

Magnetic Cell Sorting (MACS; Miltényi Biotech, Bergisch Gladbach, Ger-
many) to obtain fibroblast-free skeletal muscle cell cultures [22,23]. Briefly,
the biopsy material (38 biopsy samples were used to initiate cultures during the
course of our experiments) was enzymatically dissociated at 37 °C in calcium/
magnesium-free phosphate buffer saline solution (PBS) containing collagenase
(250 U/ml, Type II, Sigma) and bactotrypsin (3%, Difco, Detroit, MI, USA).
The reaction was stopped with Hank’s solution (in mM; 136.75 NaCl, 5.36
KCl, 0.34 Na,HPO,, 0.44 KH,PO,, 0.81 MgSQO,, 1.26 CaCl,, 5.56 glucose,
4.17 NaHCO3;, 10 mg/ml phenol red, pH 7.2, all from Sigma) containing 10%
fetal calf serum (FCS) (Invitrogen, Paisley, UK). After filtrations and centrifu-
gations (3%, 100 g, 10 min), the pellet was washed twice in sterile PBS
supplemented with 0.5% bovine serum albumin (BSA, Sigma), then was
resuspended in the same medium containing 20% anti-fibroblast MicroBeads
(Miltényi Biotech). This labeling agent is a colloidal super-paramagnetic
MicroBead conjugated to a monoclonal mouse anti-fibroblast antibody recog-
nizing a fibroblast-specific antigen. Cells were labeled in this solution for
30 min at room temperature, then washed in PBS-BSA and were subjected
to a column, which was placed in the magnetic field of a MACS separator.
The column was washed with 5 ml PBS-BSA and, since magnetically
labeled fibroblasts were retained in the columns, fractions that ran through
were collected. These fibroblast-free muscle cell suspensions were then
resuspended in Ham’s F-12 (Sigma) growth medium containing 5% FCS and
5% horse serum (HS, Invitrogen), 2.5 mg/ml glucose, 0.3 mg/ml glutamate,
1.2 mg/ml NaHCOs3, 50 U/ml penicillin, 50 pg/ml streptomycin and 1.25 pg/ml
fungizone (all from Sigma). Cells were cultured at 5% CO, atmosphere on either
4-well multititer plates (Nunc, Kamstrup, Denmark) or on glass coverslips
(Menzel-Glaser, Braunschweig, Germany) in Petri dishes for immunocytochem-
istry. After 3 days, the culture medium was changed to Dulbecco’s Modified
Eagle’s Medium (DMEM) (Sigma) containing 2% FCS and 2% HS. As we have
shown before, the separation procedure resulted in >95% fibroblast-free muscle-
enriched cell suspension and cultures [23]. The use of this method was approved
by the Ethical Committee of the University of Debrecen, Hungary and all
patients gave written informed consent.

The mouse C2C12 myogenic skeletal muscle cell line was cultured in
DMEM supplemented with 15% FCS and antibiotics, and were sub-cultured
before reaching confluence to prevent high cell density-induced differentiation
and myotube formation; therefore, C2C12 myoblasts were used throughout the
study.

2.3. Assessment of cellular growth

In the case of human primary cultures, cells were treated daily from day 3 of
culturing, for the time indicated, with either the vehicle dimethyl sulfoxide
(DMSO, Sigma; less than 0.1%) or with different doses of agents. Supernatants
were routinely tested for dead cells by a light microscope. Since counting of
number of cells was uncertain, especially in the older cultures having much
higher cell densities and multinuclear myotubes, growth curves were recorded
by counting numbers of cell nuclei (five independent visual fields per well in
duplicate culture disks) using an inverted phase contrast microscope and by
averaging the values [23].

In the case of the C2C12 cell line, proliferation was measured by a color-
imetric bromo-deoxyuridine (BrdU) assay kit (Boehringer Mannheim, Man-
nheim, Germany) [24]. In those BrdU assays where the effects of PKC acting
agents were tested on cellular proliferation, cells were plated in 96-well multi-
titer plates (5000 cells/well density, approximately 30% confluence) in quad-
ruplicates and 4 h later were treated with different concentrations of the agents
examined for the time indicated. Cells were then incubated with 10 uM BrdU
for 4 h, and the cellular incorporation of BrdU (as the indicator of cellular
proliferation) was determined colorimetrically (absorbance was measured at
450 nm) according to the manufacturer’s protocol. When BrdU assays were
employed to investigate growth properties of PKC transfectants, C2C12 cells
were seeded at 1000 cells/well density and the BrdU incorporation was daily
determined, as described above.

The fusion of muscle cells was monitored morphologically and by calcu-
lating the fusion index of cultures. The fusion index was given as a ratio of the
summed number of nuclei in myotubes (cell having two or more nuclei) and the
total number of nuclei (including nuclei of mononuclear myoblasts and of
myotubes) [23].
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In all cases, data are expressed as mean+S.E.M. Statistical analysis was
performed by using the Student’s 7-test.

2.4. Western blot analysis

Cells were washed with ice-cold PBS, harvested in homogenization buffer
(1% Triton X-100, 50 mM NacCl, 25 mM HEPES, | mM EDTA, 1 mM EGTA,
1 mM PMSF, 20 uM leupeptin, pH 7.4; all from Sigma) and disrupted by
sonication on ice. Protein content of samples was measured by a modified
Amido Black method [23,24]. Total cell lysates were mixed with SDS-PAGE
sample buffer and boiled for 10 min at 100 °C. The samples were subjected to
SDS-PAGE (8% gels were loaded with max. 10-20 pg protein per lane) and
transferred to nitrocellulose membranes (Bio-Rad, Wien, Austria). Membranes
were blocked with 5% dry milk in PBS and then first probed with primary
antibodies and species-matched peroxidase-conjugated goat anti-rabbit or anti-
mouse IgG secondary antibodies (BioRad). Immunoreactive bands were visu-
alized by an ECL Western blotting detection kit (Amersham, Little Chalfont,
England). When applicable, immunoblots were subjected to densitometric
analysis using an Intelligent Dark Box (Fuji, Tokyo, Japan) and the Image
Pro Plus 4.5.0 software (Media Cybernetics, Silver Spring, MD, USA), and
then normalized densitometric values of the individual lanes of several inde-
pendent experiments were determined. To assess equal loading, membranes
were stripped in 200 ml of 50 mM Tris—HCI buffer (pH 7.5) containing 2%
SDS and 0.1 B-mercaptoethanol (all from Sigma) at 65 °C for 1 h and were re-
probed with a mouse anti-cytochrome C antibody (Santa Cruz Biotech) fol-
lowed by a similar visualization procedure as described above.

2.5. Immunoprecipitation of PKCS

Cells were washed several times with ice-cold PBS and scraped into 1 ml of
radioimmunoprecipitation assay (RIPA) buffer containing 50 mM Tris—HCI,
1% NP-40, 0.25% Na-deoxycholate, | mM NaCl, | mM PMSF, 1 pg/ml
leupeptin, 1 pg/ml aprotinin, 1 mM Na,VO,, 1 mM EDTA (all from Sigma),
and were disrupted by sonication on ice. After mixing on an orbit shaker, the
samples were incubated on ice for 15 min and then centrifuged in a microcen-
trifuge at 4 °C for 15 min at 15,000xg. The supernatant was removed, mixed
with 100 pl of protein A/G Agarose (Sigma) and 5 pl of anti-PKC6 antibody
(Santa Cruz Biotech), and then immunoprecipitation was performed by rotating
the samples overnight at 4 °C. The samples were spun at 15,000xg at 4 °C for
5 min, the pellet was washed three times with RIPA buffer, and then resus-
pended in SDS-PAGE sample buffer and boiled for 10 min at 100 °C. All
samples were subjected to Western blotting as described above.

2.6. Immunohistochemistry and confocal microscopy of PKC isoforms

Cells growing on glass coverslips were washed with PBS, fixed in acetone
for 5 min at 4 °C, air dried and blocked at room temperature for 30 min in a
blocking solution containing 0.6% Triton X-100 and 1% BSA (both from
Sigma). Cells were first incubated with the appropriate rabbit anti-PKC anti-
bodies for 2 h (diluted 1:50 in blocking solution) and then with a goat anti-
rabbit fluorescein isothiocyanate (FITC)-conjugated secondary antibody (dilut-
ed 1:160 in PBS, Sigma) for 1 h. Immunosignals were visualized by a Zeiss
Laser Scanning confocal microscope (Oberkochen, Germany) using the “z-
stack mode” in which consecutive, 0.5-1 pm thick images were recorded
along the full thickness of the immunostained cell. Usually, those images
were analyzed in which all cellular compartments could be visualized (gener-
ally, the second image from the level of the coverslips).

2.7. Generation of PKC constructs

PKC constructs were engineered as described previously [25-27]. Briefly,
the cDNA sequences of PKC6 and its kinase (dominant)-negative mutant (DN-
PKC%) were subcloned into a metallothionein promoter-driven eukaryotic ex-
pression vector (MTH) [28]. The vector sequence encodes a C-terminal PKCe-
derived 12 amino acid tag (€MTH) and attaches it to the end of the PKC
proteins. As we have previously shown [25,26], this epitope tag affects neither
the localization nor the translocation of the given isoform.

2.8. Transfection of PKC isoforms

C2C12 cells were seeded in 6-well tissue culture dishes and at 60—70%
confluence were transfected by either the empty peMTH vector or by the
vectors encoding the cDNA sequences of PKC6 or DN-PKC6 [25-27]. Trans-
fections were performed using a Lipofectamine anionic detergent (Invitrogen)
in serum-free OptiMEM (Invitrogen) solution using 2—4 pug cDNA according to
the protocol suggested by the manufacturer. Cells were then selected in DMEM
containing 750 pg/ml G418 (geneticin, Invitrogen) for 12—18 days, then single
colonies were isolated. PKC overexpressing cells were cultured in supplemen-
ted DMEM containing 500 pg/ml G418. Experiments were routinely carried out
on pools of transfected cells, but the results we confirmed on at least three other
individual clones for each isoform. The efficacy of recombinant overexpression
was monitored by Western blotting (see Fig. 7) and by measuring PKC-specific
kinase activities according to as recently published by our laboratory [24].

3. Results

3.1. IGF-I stimulates proliferation, fusion and the expression of
the differentiation marker desmin on primary human skeletal
muscle cells

First, we quantitatively determined the effect of IGF-I on
cellular proliferation of cultured human skeletal muscle cells.
As revealed by daily counting of the number of nuclei, IGF-I
(as expected [8,9]) markedly increased cellular proliferation of
the cells in time- and dose-dependent manners (Fig. 1A), which
effect started from day 5 (after 2 days of treatment), but most
evidently could be recognized on days 6—8 (further counting
was obscured by the overgrowth of the cultures).

Since proliferation of cultured human skeletal muscle cells is
accompanied by the concomitant onset of differentiation pro-
gram, exemplified by multinuclear myotube formation and the
increased expressions of certain muscle-specific differentiation
markers even in the well sub-confluent cultures [12,22,23], we
also investigated the effect of IGF-I on the fusion of the myo-
blasts and the expression of the differentiation marker desmin
[29]. As seen in Fig. 1B and C, IGF-I, besides increasing
proliferation, elevated the number of multinuclear myotubes.
In addition, as revealed by Western immunoblotting against
desmin (Fig. 1D), IGF-I also increased the expression of the
differentiation marker in a dose-dependent manner suggesting
that the mitogenic effect of IGF-I was also accompanied by the
onset of the maturation and differentiation program.

3.2. The action of IGF-I involves PKC6 but not the MAPK and
PI3-K pathways on primary human skeletal muscle cells

As was described above, the cellular action of IGF-I,
depending on the actual cell type, may involve the MAPK,
PI3-K and/or PKC pathways [5,6,8,19—-21]. Therefore, in the
next phase of our experiments, we investigated the effects of
PD098059 and U0126, inhibitors of the MAPK Erk-1/2 path-
way; wortmannin, an inhibitor of the PI3-K; and GF109203X, a
general PKC blocker [5,8,30] on the IGF-I evoked cellular
response. As seen in Fig. 2A and B, the inhibition of the
MAPK system by 20 pM PD098059 or 5 pM UO0126 (not
shown); or suppression of the activity of the PI3-K pathways
by 100 nM wortmannin exerted insignificant effects on the
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Fig. 1. Effect of IGF-I on proliferation, fusion and desmin expression of cultured primary human skeletal muscle cells. Cells were daily treated with different doses of
IGF-I or DMSO (as control) from day 3 of culturing, and counting of the number of nuclei (A) and the calculation of the fusion index (B) were performed as described
under Materials and methods. All values are expressed as mean+S.E.M. Asterisks mark significant (p<0.05) differences when compared to the daily-matched
controls. (C) Photomicrographs of control and IGF-I-treated (100 ng/ml) cultured human skeletal muscle cells at day 8. The arrow indicates a large, multinucleated
myotube in the treated cultures. (D) Cells were daily treated with different doses of IGF-I from day 3 of culturing until day 14. Cells were then harvested, similar
amounts of proteins were subjected to SDS-PAGE, and Western immunoblotting was performed using a mouse anti-desmin antibody as described under Materials and
methods. To assess equal loading, nitrocellulose membranes were stripped and re-probed with a mouse anti-cytochrome C antibody (Cyt C). The figure is a

representative of three individual experiments with similar results.

cellular responses (i.e., increases in proliferation and differen-
tiation) induced by IGF-I treatment. The lack of involvement of
the MAPK Erk-1/2 was also supported by that IGF-I, unlike
fibroblast growth factor (FGF, which was used as a positive
control based on previously published data [5]), caused no
measurable phosphorylation of Erk-1/2 (Fig. 2C) reflecting
the lack of activation. As a marked contrast, inhibition of the
PKC system by 1 uM GF109203X (which concentration alone
did not affect the basal growth of the cells) completely pre-
vented the mitogenic action of IGF-I and its effect to increase
desmin expression (Fig. 2A and B).

These data strongly suggested the lack of involvement of the
MAPK and the PI3-K systems but the central role of the PKC
pathway in mediating the action of IGF-I in primary human
skeletal muscle cells. As was previously shown by our labora-
tory [22,23,31] (and also confirmed in this study, Fig. 3),
primary human skeletal muscle cells in culture express six
PKC isoenzymes: the calcium-dependent “conventional”
cPKCa and +y; the calcium-independent “novel” nPKCH6, 6
and m; and the “atypical” aPKC¢ (for classification of PKC
isoforms, see [32]). Therefore, the above findings with
GF109203X (which is an inhibitor of both the cPKC and

nPKC isoenzymes) [30] suggested that one (or more) PKC
isoform(s) might play central roles in mediating the cellular
actions of IGF-I on the human skeletal muscle cells.

To clarify this issue, in the next experiments, we first mea-
sured the effect of G66976, the selective inhibitor of the cPKC
isoforms (in our case, the PKCa and +y) [33], on the IGF-I-
mediated responses. Using similar approaches, we could not
detect any changes in the stimulatory effect of IGF-I on growth
and differentiation in the presence of 200 nM G66976 (Fig. 2D
and E), which data argued for the lack of involvement of PKCa
and v in the cellular action of IGF-I.

We then continued our experiments with the investigation of
the nPKC isoforms. As seen in Fig. 2D and E, the specific
inhibition of PKCo6 by Rottlerin [34], used at as low concen-
tration as 500 nM which concentration alone did not modify
proliferation and the expression of desmin, completely inhib-
ited the effects of IGF-I, identically to the action of GF10920X
(Fig. 2A and B). These findings strongly implicated a pivotal
role of nPKCo in mediating the cellular effects of IGF-I on
primary human cultured skeletal muscle cells.

It is generally accepted that the PKC isoenzymes, upon
activation, translocate into another intracellular (usually
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Fig. 2. Effect of the inhibition of the PKC, MAPK and PI-3K pathways on the actions of IGF-I on cultured primary human skeletal muscle cells. (A) From day 3 of
culturing, cells were daily treated with 100 ng/ml IGF-I, or with various inhibitors such as 20 pM PD098059 (PD), 100 nM wortmannin (Wort), or I pM GF109203X
(GF), or with the inhibitors and IGF-I together, then counting of the number of nuclei was performed. All values are expressed as mean+S.E.M. Asterisks mark
significant (p<0.05) differences. (B) Cells were daily treated with the above combinations, then at day 14 cells were harvested, similar amounts of proteins were
subjected to SDS-PAGE, and Western immunoblotting was performed against desmin. The amount of desmin in the different samples was quantitated by
densitometry (optical density, OD) and expressed as relative numbers normalized to the OD value of immunoreactive bands of control groups without any treatment
(regarded as OD 1). (C) At day 14 of culturing, cells were treated with 100 ng/ml of IGF-I or 10 ng/ml FGF for 30 min, then Western immunoblotting was performed
using antibodies recognizing the MAPK Erk-1/2 or its phosphorylated form (pErk-1/2). (D) Cells were daily treated with 100 ng/ml IGF-I; or with various inhibitors
such as 200 nM G66976 (G6) or 500 nM Rottlerin (Rott); or with the inhibitors and IGF-I together, then counting of the number of nuclei was performed. All values
are expressed as mean+S.E.M. Asterisks mark significant (p<0.05) differences. (E) Cells were daily treated with the above combinations, then, at day 14, Western
immunoblotting was performed against desmin. The amount of desmin in the different samples was quantitated as described under point B. In the Western blot
experiments (B, C, E), equal loading was assessed by determining the expression of cytochrome C (Cyt C). The Western blot data are representatives of at least three
independent experiments for each inhibitor yielding similar results.

nucleus both in the control and IGF-I-treated cells. In contrast,
we observed a marked subcellular translocation of PKCo from

membrane) compartment [32,35]. In the next stage of our
experiments, we, therefore, investigated the effect of IGF-I on

the subcellular localization of the existing isoforms. As
revealed by confocal microscopy, the application of 100 ng/
ml IGF-I for 30 min did not modify the subcellular localization
of PKCa, v, 1, 6 and ¢ (Fig. 3A). PKCa and m were found in
the cytoplasm whereas PKCvy, 6 and ¢ in the cytoplasm and

the cytoplasm to the nucleus and to nuclear membrane upon
IGF-I treatment (Fig. 3B). Consistent with the aforementioned
findings with the specific PKCo inhibitor Rottlerin (Fig. 2D
and E), these observations further argued for the central role of
this isoform in the cellular responses evoked by IGF-I.
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Fig. 3. Effect of IGF-I on the subcellular localization of the PKC isoforms in cultured primary human skeletal muscle cells. At day 7, cell cultures were treated with
either DMSO (control) or with 100 ng/ml IGF-I for 30 min, then immunofluorescent staining of various PKC isoforms were employed using rabbit anti-PKC and
FITC-conjugated, goat anti-rabbit antibodies. Images were acquired by a laser scanning confocal microscope using the “z-stack mode” with strictly the same antibody
staining and visualization procedure (the second image from the level of the coverslips). (A) Lack of modification of subcellular localization of PKCa, y, 7, 6 and ¢.
(B) Translocation of PKCS. In the control samples, PKC® is mainly localized to the cytoplasm (opened arrow), whereas upon IGF-treatment, the isoform was

translocated to the nucleus and to the nuclear membrane (solid arrows).

3.3. Besides the central involvement of PKCY, the action of
IGF-I is also mediated by the MAPK pathway on C2CI12
myoblasts

In the next phase of our study, we repeated the above
experiments on mouse C2C12 myoblasts. This cell line provid-
ed a fine tool, besides comparing our results on another skeletal
muscle cell type, to expand the range of methods with addi-
tional biochemical and molecular biological techniques (appli-
cations of which were obscured by the very limited protein
content and the lack of possibility for passaging of primary
human cultures). BrdU proliferation ELISA assays revealed
that IGF-I, very similarly to its action on human skeletal muscle
cells, stimulated the cellular growth of C2C12 cells as well
(Fig. 4A), which effect was paralleled by the formation of
multinucleated myotubes in the sub-confluent cultures (Fig.
4B and C). In addition, the growth factor significantly elevated
the expression of the differentiation marker desmin in the sub-
confluent cultures (Fig. 4D), which, in the non-treated control
cells, started to increase only with the onset of the high cell
density-mediated differentiation program (data not shown).

Investigation of various putative signaling mechanisms in
mediating the effect of IGF-I on C2CI12 cells also revealed
similar yet, of great importance, not identical data when com-
pared to results with the primary human cultures. Namely, the
mitogenic and differentiating actions of IGF-I on C2C12 myo-

blasts were completely antagonized by 1 puM GF109203X (an
inhibitor of the PKC system) but were not affected by 100 nM
wortmannin (blocker of the PI3-K pathway) (Fig. 5A and B).
However, as a marked contrast to our data on the primary
muscle cells, the presence of the MAP kinase inhibitor 20 pM
PD098059 (which concentration alone negligibly affected the
basal, IGF-I-independent growth of the cells) significantly, yet
not completely (30—40% inhibition), prevented the effect of
IGF-I (Fig. 5A and B). In addition, also in contrast to findings
on primary human skeletal muscle cells (Fig. 2C), IGF-I treat-
ment increased the phosphorylation levels of the MAPK Erk-1/
2 (Fig. 6A) suggesting that the pathway was activated upon
IGF-I application. These data demonstrated that, besides the
PKC system, the MAP kinase pathway is also involved in the
action of IGF-I on C2C12 myoblasts.

To clarify the roles of these two signaling mechanism, we
first intended to identify that/those PKC isoenzyme(s) which
might play a role in the IGF-I-mediated effects. Since previous
findings only very superficially described the PKC isoform
pattern of the C2C12 cell line [36], we first determined the
expressions of the isoenzymes. As was revealed by Western
blotting (and by RT-PCR and immunocytochemical methods,
data not shown), C2C12 myoblasts possessed a very similar,
but notably not an identical PKC isoform pattern to that of the
primary human skeletal muscle cells. Namely, we were able to
detect the expression of cPKCa and p, the nPKCd, 6 and v,
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Fig. 4. Effects of IGF-I on proliferation, fusion and desmin expression of cultured C2C12 myoblasts. C2C12 myoblasts, growing in 96-well (A) or 12-well (B)
microtiter plates, were daily treated with 100 ng/ml IGF-I or DMSO (as control) from day 1 of culturing, then the cellular proliferation (using BrdU assays, A) and the
fusion index (B) were determined. In both cases, points represent the mean=S.E.M. of quadruplicate determinations in one representative experiment. At least three
additional experiments yielded similar results. (C) Photomicrographs of control and IGF-I-treated (100 ng/ml) C2C12 cells at day 4 where the confluence of the
control cultures was around 50—-60%. The arrow indicates a large, multinucleated myotube in the treated cultures. (D) Cells were daily treated with different doses of
IGF-I from day 1, then, at day 6 (at about 70-80% confluence), Western immunoblotting was performed to determine desmin and (after membrane stripping)
cytochrome C (Cyt C) expressions. The figure is a representative of three individual experiments with similar results.

and the aPKC¢ (Fig. 5C), but not of the cPKCvy, nPKCg and
aPKCA/u (data not shown).

We then investigated the effects of various PKC (isoform)
inhibitors on the IGF-I-induced cellular responses. As seen in
Fig. 5B and D, identically to those found on the human muscle
cells (Fig. 2D and E), 500 nM Rottlerin, the inhibitor of PKCd,
completely suspended the action of IGF-I (without affecting
basal growth rate), whereas 200 nM G56976, the inhibitor of
the cPKCs (in this case of PKCa and p), did not modify the
cellular effects of the growth factor.

These data strongly argued for the central involvement of
PKCSH in the above processes. To further test this hypothesis,
the following multi-step biochemical and molecular biological
approach was used. We first investigated whether IGF-I treat-
ment affected the tyrosine-phosphorylation of PKCd, a gener-
ally accepted phenomenon of activation [26,37]. As revealed
by immunoprecipitation of PKCo followed by Western blotting
using a phosphotyrosine-specific antibody, the growth factor
significantly elevated the tyrosine-phosphorylation level of
PKC6 (Fig. 6B) with not measurable effects on the other
PKCs (data not shown).

In addition, exploiting the ability of C2C12 myoblasts to be
continuously passaged, we established such C2C12 cells, which
stably overexpress a constitutively active recombinant PKCd or
a kinase (dominant) negative mutant of the isoform (DN-PKC&)
(for control, we used empty vector-transfected cells). We first

examined the efficacy of recombinant overexpression. Cell
lysates of pooled cultures and several transfected clones (data
not shown) were subjected to Western blotting. Using an anti-
PKCg antibody, which recognizes the e-tag sequence of the
recombinant, expressed PKCo6 and DN-PKC? (and, theoretical-
ly, the approximately 90 kDa endogenous PKCe which is not
found in C2C12 myoblasts, see above), we were able to specif-
ically detect the transfected enzymes (Fig. 7A). Furthermore,
using an anti-PKC6 antibody, we found that the level of the
recombinant proteins was approximately three- to four-fold
higher than that of the endogenous PKCd (Fig. 7A).

Using BrdU assays, we then compared the growth properties
of control and overexpresser C2C12 cells. As seen in Fig. 7B,
cells overexpressing PKCO possessed a markedly accelerated
proliferation rate when compared to the growth of control
C2C12 cells. Actually, overexpression of PKCS resulted in a
very similar growth acceleration to that seen when control
C2C12 cells were treated by IGF-I. In addition, IGF-I treatment
of PKCO overexpressers resulted in no further increase of
proliferation, suggesting that the constitutive activation of
nPKC6 mimicked the mitogenic effect of IGF-I on these cells.

The overexpression of DN-PKCO resulted in opposite
changes in the growth rate of the cells. Namely, the presence
of the mutant isoform dramatically suppressed the proliferation
of the cells when compared to the growth of the control myo-
blasts (Fig. 7B). In addition, IGF-I was unable to induce any
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Fig. 5. Effect of the inhibition of the PKC, MAPK and PI-3K pathways on the actions of IGF-I on cultured C2C12 myoblasts. C2C12 cells were daily treated with 100
ng/ml IGF-I, or with various inhibitors such as 20 uM PD098059 (PD), 100 nM wortmannin (Wort) or 1 uM GF109203X (GF) (A, B); or with 200 nM G66976 (G6)
or 500 nM Rottlerin (Rott) (B, D); or with the inhibitors and IGF-I together, then quadruplicate BrdU assays were daily performed to assess cellular proliferation (A,
D). All values are expressed as mean+S.E.M. Asterisks mark significant (p<0.05) differences. (B) Alternatively, cells were harvested at day 6 (at about 70—-80%
confluence) and Western immunoblotting was performed to determine desmin and (after membrane stripping) cytochrome C (Cyt C) expressions. The amount of
desmin in the different samples was quantitated by densitometry (optical density, OD) and expressed as relative numbers normalized to the OD value of
immunoreactive bands of control groups without any treatment (regarded as OD 1). Data are representatives of at least three independent experiments for each
inhibitor yielding similar results. (C) Determination of the PKC isoform pattern of C2C12 cells at day 6 using Western blotting. To assess specificity of staining,
samples were immunolabeled using appropriate primary antibodies with (+) or without (=) pre-absorption with the control blocking peptides (BP).

growth stimulation on these cells further arguing for that PKCo
is an obligatory element of the signaling pathway evoked by
IGF-L

3.4. PKC6 is an upstream regulator of the MAPK pathway in
mediating the action of IGF-I on C2C12 myoblasts

The above results obtained with the overexpressers (i.c.,
PKCS6 is a crucial mediator of the IGF-I signaling), along with

those findings that Rottlerin (inhibitor of PKCo6) completely
prevented the proliferative action of IGF-1 whereas PD098059
(inhibitor of the MAPK pathway) only partially suspended
the effect of IGF-I, argued for a possible relationship between
PKC6 and the MAPK signaling. To investigate this hypoth-
esis, we measured the effect of Rottlerin on the action of
IGF-1 to modify phosphorylation levels of PKC6 and the
MAPK Erk-1/2. As was expected, the presence of 500 nM
Rottlerin did not modify the effect of IGF-I to increase the
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Fig. 6. Effects of IGF-I on the phosphorylation of the MAPK Erk-1/2 and on the tyrosine phosphorylation of PKCb on cultured C2C12 myoblasts. (A) C2C12 cells
were treated with 100 ng/ml IGF-I for 10 or 30 min and then Western blotting was performed to reveal expressions of the MAPK Erk-1/2, its phosphorylated form
(pErk-1/2) and (to assess equal loading) cytochrome C (Cyt C). (B) C2C12 myoblasts were treated similarly, then immunoprecipitation (IP) was performed (as
described under Materials and methods) using an anti-PKCd antibody. Samples were then subjected to Western blotting (WB) using antibodies against phosphotyr-
osines (to determine the level of tyrosine phosphorylation of PKC6), PKCd (to determine the efficacy of immunoprecipitation) and cytochrome C (Cyt C, to further
assess equal loading).

tyrosine phosphorylation of PKCo (Fig. 8A). Of greatest exerted a complete inhibition of the increased growth of the

importance, however, the specific PKC inhibitor significant- PKCH overexpressers, “back” to the level of the proliferation of

ly suppressed the IGF-I-induced phosphorylation of Erk-1/2  the control C2C12 myoblast (Fig. 8C). These data strongly

(Fig. 8B) suggesting that the effect of IGF-I to stimulate the argue for the intimate relationship between PKCO and the

phosphorylation of Erk-1/2 is PKC&-dependent. MAPK-coupled signaling and introduce PKCo as an upstream
Finally, we investigated the effects of the two inhibitors on activator of the MAPK pathway in mediating the cellular

the proliferation of C2C12 myoblasts overexpressing the con-  effects of IGF-I on C2C12 myoblasts.

stitutively active PKCo isoform. As seen in Fig. 8C, the accel-

erated proliferation of nPKCO overexpressers was partially yet 4. Discussion

significantly (approximately by 35—40%) inhibited by 20 pM

PD098059 very similarly to the effect of the inhibitor to sup- In this study, we investigated the effects of IGF-I on

press the mitogenic effect of IGF-I on control C2C12 cells (Fig. growth properties of cultured human skeletal muscle cells

5A and B). Furthermore, as was predictable, 500 nM Rottlerin and C2C12 myoblasts and the participation of various signal
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Fig. 7. Effect of the overexpression of the constitutively active and the kinase-negative mutant of PKC6 on control and IGF-I-induced growth of C2C12 myoblasts.
(A) Determination of efficacy of overexpression. C2C12 cells stably overexpressing PKC9, its kinase-negative mutant (DN-PKCS) or the empty vector (Control)
were harvested at day 6, and Western immunoblotting (WB) was performed using either an anti-PKCe antibody recognizing the e-tag of the overexpressed PKCs; or
with an anti-PKC9 antibody to determine the level of overexpression; or with an anti-cytochrome C (Cyt C) antibody to assess equal loading. (B) The above
overexpresser cells were seeded at densities of 1000 cells/well in 96-well microtiter plates and were daily treated with 100 ng/ml IGF-I or vehicle. Cell proliferation
was then daily determined using BrdU assays. Points represent the mean+S.E.M. of quadruplicate determinations in a representative experiment. Three additional
experiments yielded identical results.
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and then Western blotting was performed to reveal expressions of the MAPK Erk-1/2, its phosphorylated form (pErk-1/2) and cytochrome C (Cyt C). (C) C2C12 cells
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500 nM Rottlerin (Rott) or 20 uM PD098059. Cell proliferation was then daily determined (the figure shows data obtained at day 6) using BrdU assays. Points
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experiments yielded identical results.

transduction systems in mediating the effect of the growth
factor. Here we provide the first evidence that the action of
IGF-I to stimulate proliferation and differentiation of human
skeletal muscle cells (Fig. 1) is exclusively mediated by
PKC6 but not by the other existing PKC isoforms or by the
MAPK or the PI-3K pathways. This argument was supported
by the following data: (1) the effect of IGF-I was completely
inhibited by the PKCd-specific inhibitor Rottlerin but not by
the inhibitor of the “conventional” PKCa and <y isoforms or
by inhibitors of the MAPK or the PI-3K pathways (Fig. 2);
(2) IGF-I caused the selective translocation of PKC6, presum-
ably reflecting activation of the isoform (Fig. 3) [32,35]. Since
such factors of myogenic proliferation and differentiation as
myogenin and MyoD are under the strict, phosphorylation-
mediated regulation, for example by the PKC system [38,39],
the nuclear—perinuclear targeting of PKC6 by IGF-I may be a
key step in initiating the mitogenic effect of the growth factor;
(3) IGF-I did not stimulate the phosphorylation of the MAPK
Erk-1/2 (Fig. 2).

According to our best knowledge, previously, only Foul-
stone et al. [8] have investigated the cellular signaling mecha-
nism of IGF-I on human cultured skeletal muscle cells. In
contrast to our findings, they have shown that both the
MAPK and PI3-K pathways are involved in mediating the
action of IGF-I. However, since (1) they used non-separated
human myoblast of passages from 2 to 6 and cultivated them on
gelatin, whereas we employed “strictly” fibroblast-free primary
satellite cell cultures; (2) their cells were cultured in low serum
(i.e., differentiating) media in which IGF-I was unable to pro-
mote myotube formation (in contrast to our data showing that
IGF-I was an effective stimulator of fusion, see Fig. 1); (3) they
did not measure at all the possible role of the PKC isoenzymes;
the dissimilarities between their and our data are most probably
due to the differences seen in the technical and culturing
conditions.

Investigation of the IGF-I-coupled signaling on C2C12
myoblasts revealed similar, yet notably, not identical findings.
We have shown that (1) the growth-promoting effect of IGF-I
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was completely abrogated by the selective inhibition of PKCo
but not by the inhibitors of the cPKCs or the PI-3K system (Fig.
5); (2) IGF-I initiated the selective tyrosine phosphorylation of
PKCSH, a putative sign of activation [32,35,37] (Fig. 6); (3) the
recombinant overexpression of constitutively active form of
PKC&d stimulated cellular growth and mimicked the prolifera-
tive action of IGF-I (Fig. 7); (4) the recombinant overexpres-
sion of kinase inactive form of PKCo (DN-PKC9) inhibited
proliferation of C2C12 cells and completely prevented the
development of the IGF-I-induced effects (Fig. 7). These data
strongly argued for the central involvement of PKCS in the
development of IGF-I-specific mechanism in C2C12 cells as
well.

However, on C2C12 myoblasts (as was previously sug-
gested by Milasincic et al. [5]), we also found that the MAPK
pathway is additionally involved in mediating the cellular ac-
tion of IGF-I. This conclusion was supported by that the effect
of IGF-I to promote cellular growth was partially (yet signifi-
cantly) inhibited by the inhibitor of the MAPK (Fig. 5) and that
IGF-I increased the activity-dependent phosphorylation of the
MAPK Erk-1/2 (Fig. 6). Furthermore, since (1) the inhibition of
PKCo completely whereas that of the MAPK only partially
prevented the mitogenic effect of IGF-1 (Fig. 5); (2) the PKC6
inhibitor Rottlerin effectively inhibited the action of IGF-I to
increase phosphorylation of Erk-1/2 (Fig. 8); (3) the accelerated
growth of C2C12 myoblasts overexpressing PKC6 was par-
tially inhibited by the MAPK inhibitor PD098059 (Fig. 8); our
findings also indicated that the involvement of the MAPK
system requires the preceding IGF-I-mediated activation of
PKCH, introducing the isoform as an “upstream” regulator of
the MAPK pathway.

The role PKCS (similarly to other PKC isoenzymes) was
very often documented as a central signaling molecule coupled
to tyrosine-kinase receptor activation by various growth factors.
In keratinocytes, for example, PKC was shown to possess a
cross-talk with the epidermal growth factor signaling pathway
[40] and also mediated the proliferative effect of insulin [41],
similarly to that seen on cultured rat muscle cells [42]. In
addition, of great importance, this isoform functioned as a
central element of the IGF-I-mediated cellular responses (such
as migration and cell transformation) in fibroblasts and colonic
epithelial cells [43,44]. In the frame of our current presentation,
it appears, therefore, that PKCO indeed plays a key role in
mediating the IGF-I-coupled effect on numerous cell types,
including skeletal muscle cells of various origins.

Finally, the experimental series presented in this report
revealed another rather intriguing phenomenon. The PKC$ iso-
form was very often implicated in the regulation of cellular
proliferation and differentiation of numerous cell types [45].
However, in most studies (for example, in human keratinocytes
[24,31] and fibroblast [25,26,46]), the isoform was suggested to
stimulate differentiation and to inhibit proliferation. Up to date,
PKC6 was shown to stimulate proliferation (acting as a prosur-
vival factor) only in certain breast cancer cell lines [47]. There-
fore, our current additional findings—i.e., overexpression of the
constitutively active PKCo stimulated whereas the kinase inac-
tive DN-PKCO6 mutant inhibited cellular growth of C2CI12

myoblasts (along with our unpublished observations that
nPKCd overexpresser C2C12 cells, when injected to immuno-
deficient mice, initiated the development of large, malignantly
transformed tumors, in contrast to control C2C12 myoblasts
which induced benign tumors of much smaller size; Czifra et
al., manuscript in preparation) (Fig. 7)—introduce nPKC9 as a
novel significant player in skeletal muscle biology positively
controlling cellular growth.
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Abstract: Protein kinase C (PKC) isoforms play pivotal roles in the
regulation of differentiation of normal human epidermal keratinocytes
(NHEK). In this study, we investigated the participation of the PKC
system in the proliferation and high cell density-induced differentiation of
the human immortalized keratinocyte line HaCaT. HaCaT keratinocytes
possessed a characteristic PKC isoform pattern (PKCa, B, v,0,e,1,0.,0),
which altered during proliferation and differentiation. The GF109203X
compound, a selective PKC inhibitor, suppressed the expressions of the
late (granular cell) differentiation markers involucrin (INV) and filaggrin
(FIL), and the terminal marker keratinocytes-specific transglutaminase-1
(TG), but did not affect the level of the early (spinous cell) marker keratin
10 (K10) and cellular proliferation. Phorbol 12-myristate 13-acetate
(PMA), an activator of PKC, inhibited proliferation, elevated intracellular
calcium concentration, decreased the expression of K10, and increased the
expressions of INV, FIL, and TG. These data indicate that the
endogenous activation of PKC regulates the expressions of the late
differentiation markers, and that the exogenous activation of PKC by
PMA results in the induction of terminal differentiation. Because the
cellular effects of PMA were accompanied by differential down-
regulations of the sensitive PKC isoforms in proliferating and
differentiating cultures, our findings argue for the differential roles of the
existing PKC isoforms in the regulation of cellular proliferation and high
cell density-induced differentiation of HaCaT cells.
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Introduction

The epidermis, the most superficial layer of the
skin, forms a major physical-chemical barrier to
protect the organism against environmental fac-
tors. The structure and the function of the epider-
mis are maintained by a well-defined and
-balanced program of proliferation and differen-
tiation of the keratinocytes resulting in the basal,
spinous, granular, and cornified layers (1). Once
differentiation is initiated, the basal keratinocytes

Abbreviations: NHEK: normal human epidermal keratinocytes; PKC:
protein kinase C; PMA: phorbol 12-myristate 13-acetate; DMSO:
dimethyl sulfoxide; SDS: sodium dodecyl sulfate; PAGE:
polyacrylamide gel electrophoresis; K: keratin;, DMEM: Dulbecco’s
modified eagle’s minimal essential medium; FCS: fetal calf serum;
BrdU: bromo-deoxyuridine; PBS: phosphate-buffered saline; BCA:
bicinchoninic acid.

cease their proliferation and move toward the cor-
nified layer. The process of differentiation can be
investigated thoroughly by measuring the sequen-
tial appearance of various differentiation markers
representing different stages of differentiation.
Namely, keratins (K) 5 and 14 representing the
basal layer will be exchanged to K1 and K10 in
the spinous layer (1). Later, in the granular layer,
these intracellular proteins will be shifted to invo-
lucrin (INV), filaggrin (FIL), and loricrin, which
serve as substrates for the keratinocyte-specific
transglutaminase-1 (TG) to form the chemically
resistant cornified envelope structures in the term-
inally differentiated keratinocytes (2-4).

Protein kinase C (PKC) comprises a family of
serine/threonine kinases that play central roles in
the regulation of various cellular processes in

811



Papp et al.

numerous cell types (5-7). Up to date, at least 11
different PKC isozymes have been identified (5,8),
which can be classified into the groups of the
calcium- and phorbol ester-dependent ‘conven-
tional” (PKCa, BI, BII, and y; cPKCs), the cal-
cium-independent ‘novel’ (PKCo, &, n, and 6;
nPKCs), the calcium- and phorbol ester-indepen-
dent ‘atypical’ (PKCE, and A/t; aPKCs) isoforms,
and the unique PKCu. These isoforms possess a
characteristic expression pattern in a given cell
type, and isozyme-specifically regulate various cel-
lular processes including proliferation and differ-
entiation (4,6,9). It was also postulated that not
only may some PKC isoforms be active whereas
others not for a given response, but different PKC
isozymes may often have antagonistic effects on
the same cellular event (10-12) suggesting differ-
ential regulatory roles of specific PKC isoforms.

Emerging evidence suggest the pivotal role of
PKC in the regulation of the proliferation and
differentiation of keratinocytes. Both normal
human epidermal keratinocytes (NHEK) and
murine keratinocytes express several PKC iso-
forms. The existence of PKCa, 0, €, 1, and { is
well documented (13-16); however, other PKC
isoforms (namely PKCp, y, and p) were also
found in various keratinocytes (14,17,18). It was
also shown that the PKC expression levels and the
subcellular localization of certain isoforms (repre-
senting changes in their activities) altered with
calcium- or high cell density-induced differentia-
tion (15,16). In addition, the activation of PKC by
phorbol 12-myristate 13-acetate (PMA) resulted in
the inhibition of proliferation and the induction of
terminal differentiation both in mouse (19-21) and
NHEK (22-24). Furthermore, the inhibition of the
PKC activity by selective inhibitors GF109203X
and Ro 31-7549 compounds modified the expres-
sion of various differentiation markers (16) and
stimulated cellular proliferation (25) and [*HJ-
thymidine incorporation (26) suggesting that the
endogenous (constitutive) activation of PKC may
also regulate the processes. Very recently, isozyme-
specific roles of PKC regulating cellular prolifera-
tion and differentiation of keratinocytes were also
described. For example, PKCd and m isoforms
were shown to inhibit cellular growth and induce
differentiation in NHEK when expressed using
adenoviral vectors (27, 28) whereas PKCa was
implicated in the regulation of differentiation of
normal and neoplastic keratinocytes (29).

The HaCaT cell line was developed by a spon-
taneous transformation from unaffected keratino-
cytes of a patient suffering from melanoma (30).
The cells are immortal but yet non-tumorgenic
(30,31), express various differentiation markers
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(such as KI1,K10,INV,FIL), and maintain their
differentiation capacity (32). There is very little
known, however, about the function of the PKC
system in HaCaT keratinocytes. It was documen-
ted that the inhibition of PKC results in morpho-
logical changes of cultured cells and alteration in
the expressions of certain differentiation markers
(33), and, furthermore, that the changes in the
expression of PKC9 is associated with the tumor-
genic transformation of the cell line (34). However,
there is no direct evidence available about the
possible regulatory roles of the PKC isoforms in
the proliferation and differentiation of HaCaT
cells.

To address this issue, in this study, we examined
the different PKC isoforms expressed in HaCaT
cells, and, furthermore, the cellular effects of phar-
macological modification of the PKC activity on
the cellular function. We report here that the char-
acteristic PKC isozyme pattern of HaCaT cells
changes with alterations in the proliferation and
differentiation status of the cells. We also demon-
strate that the activation or inhibition of PKC
by pharmacological agents modifies the prolifera-
tion and differentiation of HaCaT cells, very simi-
larly (yet not identically) to that seen in NHEK
(16,22-25).

Materials and methods
Cell culture

The human immortalized HaCaT keratinocyte cell line was a
kind gift from Professor Norbert E. Fusenig (Division of Differ-
entiation and Carcinogenesis, German Cancer Research Center,
Heidelberg, Germany). Cells were cultured in (Sigma), 2mM
L-glutamine, 50U/ml penicillin, 50mg/ml streptomycin,
1.25mg/ml fungizone (all from Biogal, Debrecen, Hungary) at
37°C in a 5% CO, atmosphere. Cell cultures were usually
initiated at approximately 20% confluence (proliferating cells)
in 25-cm? or 75-cm” tissue culture flasks, reached 100% conflu-
ence usually at day 6 of culturing, and started the high cell
density-mediated differentiation (differentiating cells).

Determination of viable cell numbers

The number of viable cells was determined by measuring the
conversion of the tetrazolium salt MTT to formazan (Sigma).
Cells were plated in 96-well multititer plates (5000 cells/well den-
sity) in quadruplicates and were treated with different concentra-
tions of the agents investigated for the time indicated. Cells were
then incubated with 0.5mg/ml MTT for 2h, and the concentra-
tion of formazan crystal (as the indicator of number of viable
cells) was determined colorimetrically according to the manufac-
turer’s protocol. Data are expressed as mean + SEM.

Determination of cellular proliferation

Proliferation was measured using a bromo-deoxyuridine (BrdU)
assay kit (Boehringer Mannheim, Mannheim, Germany). Cells
were plated in 96-well multititer plates (5000 cells/well density) in



quadruplicates and were treated with different concentrations of
the agents examined for the time indicated. Cells were then
incubated with 10 mM BrdU for 4 h, and the cellular incorpora-
tion of BrdU (as the indicator of cellular proliferation) was
determined colorimetrically according to the manufacturer’s pro-
tocol. Data are expressed as mean + SEM.

Antibodies

All primary antibodies against PKC isoenzymes were developed
in rabbits and were shown to react specifically with the given
PKC isoforms (35,36). Anti-PKCa, B, &, m, and { were from
Sigma, whereas anti-PKCy, 9, 6, and A from Santa Cruz (Santa
Cruz, CA, USA). Specificity of anti-PKC antibodies was also
tested by applying isoform-specific blocking peptides, which sus-
pended the immunostaining in all cases (data not shown).
Monoclonal mouse antibodies against K10 (Sigma) and K17
(Novocastra, Benton Lane, Newcastle-upon-Tyne, UK), and
against INV (Sigma), FIL (Biomedical Technologies, Inc.,
Stoughton, MA, USA), and TG (Biomedical Technologies, Inc.)
were used as markers of keratinocyte differentiation.

Western blot analysis

Cells were washed with ice-cold phosphate-buffered saline (PBS),
harvested in homogenization buffer [20mM Tris-HCI, 5SmM
EGTA, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 20 mM
leupeptin, pH 7.4; all from Sigma] and disrupted by sonication on
ice. The protein content of samples was measured by a modified
bicinchoninic acid (BCA) protein assay (Pierce, Rockford, 1L,
USA). Total cell lysates were mixed with SDS-PAGE sample
buffer and boiled for 10min at 100°C. The samples were
subjected to sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) according to Laemmli (37) (8% gels were
loaded with 20-30 mg protein per lane) and transferred to nitro-
cellulose membranes (Bio-Rad, Wien, Austria). Membranes
were then blocked with 5% dry milk in PBS and probed with
the appropriate primary antibodies against the given PKC
isoform or differentiation marker. Peroxidase-conjugated goat
anti-rabbit and anti-mouse IgG antibodies (Bio-Rad) were
used as secondary antibodies, and the immunoreactive bands
were visualized by an ECL Western blotting detection kit (Amer-
sham, Little Chalfont, UK) on light sensitive films (AGFA,
Brussels, Belgium). The immunoblots were then subjected to
densitometric analysis as described previously (38). Normalized
densitometric values of the individual lanes in several indepen-
dent experiments were then averaged and expressed as mean
+SEM.

Immunofluorescence analysis and confocal
microscopy

Cultured HaCaT cells were washed with PBS, fixed in acetone for
Smin at 4°C, air dried, and blocked at room temperature for
30min in blocking solution containing 0.6% Triton X-100 and
1% BSA. Cells were incubated with the appropriate rabbit anti-
PKC antibodies for 2h (diluted usually 1:50-100 in blocking
solution). The samples were then incubated for 1 h with a biotin-
conjugated goat anti-rabbit IgG (diluted 1:300 in PBS, Vec-
tor, Burlington, VA, USA) and Streptavidin-conjugated
Texas Red (diluted 1:50 in PBS, Amersham) for an addi-
tional hour. The resulted red fluorescence of PKC isozymes
was studied by either a Zeiss Opton fluorescence microscope
or by a Zeiss MicroSystem Laser Scanning confocal micro-
scope (Zeiss, Oberkochen, Germany).

PKC isozymes in HaCaT cells

Calcium imaging

Changes in intracellular calcium concentration ([Ca>'];) were
detected as described in our earlier report (39). In brief, a calcium
sensitive probe was introduced into the intracellular space by
incubating the keratinocytes with 5pM fura-2 AM for 1h at
37°C. Before each measurement, the cells were kept at room
temperature (22-24°C) in normal Tyrode’s solution (in mM;
137 NaCl, 5.4 KCl, 0.5 MgCl,, 1.8 CaCl,, 11.8 HEPES-NaOH,
1 g/l glucose, pH 7.4) for a half an hour to allow homogeneous
distribution of the dye. The coverslips, containing the fura-2
loaded cells, were then placed on the stage of an inverted fluor-
escence microscope (Diaphot, Nikon, Tokyo, Japan). Excitation
was altered between 340 and 380nm using a dual wavelength
monochromator (Deltascan, Photon Technology International,
New Brunswick, NJ, USA). The emission was monitored at 510 nm
with a photomultiplier at an acquisition rate of 10 Hz per ratio.
Resting [Ca>"]; levels were calculated according to the method of
Grynkiewicz et al. (40) from the ratio (R = F349/F3s0) of the fluor-
escence intensities measured with excitation wavelength being 340
(F340) and 380nm (Fsg0) as described earlier (1) (Kg=76nM;
Rmin=0.42; Rmax=2_8.6; Figo[0]/F330[Ca]=15.3). The resting
[Ca®']; levels of usually 20 cells/coverslip were determined, and
the values were then averaged and expressed as mean + SEM.
Statistical analysis was performed using a Student’s 7-test.

Results

The characteristic PKC isozyme pattern of HaCaT
keratinocytes changes during proliferation and
differentiation

We firstly determined the PKC isozyme pattern of
HaCaT keratinocytes. Immunohistochemical ana-
lysis of cultures having approximately 80% con-
fluence (Fig. 1) revealed that HaCaT cells express
seven isoforms of PKC: the cPKCa and B; the
nPKC3, €, 1, and 0; and the aPKCC. This expres-
sion pattern was also proven by parallel Western
blotting (Fig. 2). In this case, the application of the
above antibodies resulted in mostly individual
immunostained bands (the exception was the
anti-PKCa which also marked the catalytic subu-
nit of the isoform). However, we were unable to
detect any expression of PKCA, whereas in the
case of PKCy, we very rarely obtained specific
immunosignals (therefore, result with the PKCy
were not incorporated to this study) (data not
shown).

We then measured whether the expression
levels of surely expressed different isoforms alter
during cellular proliferation and differentiation.
Using the Western blot technique and by loading
the same amounts of protein into each well (thus
by normalizing the intensities of the immunoreac-
tive bands to cell protein), we were able to detect
differential changes in expression patterns of dif-
ferent PKC isoforms (Fig.2). The expressions of
certain isoforms (PKCo,,1,0, and ) did not alter
significantly during the process of culturing. In
contrast, the expression of PKCd reached marked
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Control

Figure 1. HaCaT keratinocytes possess a characteristic PKC isoform pattern. Cell cultures having approximately 80% confluence were
fixed in acetone, solubilized by exposure to Triton X-100, and incubated with appropriate rabbit anti-PKC antibodies as described in
Materials and methods. Immunofluorescent staining was employed using biotin-conjugated goat anti-rabbit IgG and Streptavidin-
conjugated Texas Red. The first image from the left in the upper row (Control) represents an immunostaining without primary
antibodies. The figure is a representative of at least four individual experiments for each isoform with similar results. Scale bars = 20 um.

(and monotonously increasing) levels only in the
differentiating cultures, whereas the expression of
PKCe increased parallel with proliferation but,
then, the isoform practically disappeared from
the post-confluent cultures. These differential
changes in the expressions of the existing isoforms
were also proven by immunofluorescence staining
(data not shown).

Lee et al. (16) have reported the translocation of
PKCa from the cytoplasmic to the particulate
compartment upon the induction of high cell
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density-mediated differentiation of NHEK, repre-
senting functional significance of the isoform in
the process. Using confocal microscopy analyses
on cells immunostained for the different PKC iso-
zymes, we could not detect significant changes in
subcellular localization of any of the isoforms in
HaCaT cells (data not shown). Our findings there-
fore indicate that, in HaCaT cells, the induction of
differentiation is accompanied by the changes in
the expression pattern but not the subcellular loca-
lization of the various PKC isoforms.

(b)

Normalized OD (%)
3
!

Days of culturing

Figure 2. The PKC isoform pattern of HaCaT cells alters with proliferation and differentiation. (a) Cell cultures of different ages (cell
reached confluence at day 6 of culturing) were harvested, similar amounts of proteins were subjected to SDS-PAGE, and Western
immunoblotting was performed using rabbit anti-PKC antibodies as described in Materials and methods. (b) To demonstrate the
tendencies of possible alterations, the amount of the given isoform at each day was quantitated by densitometry (optical density, OD),
and expressed as the percentage of the maximal amount of the given isoform within the experiment (normalized OD). Points represent

mean + SEM of four independent experiments.
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Inhibition of PKC modifies the expressions of
keratinocyte differentiation markers but does not
alter cellular proliferation and resting [Ca’" ];

In NHEK, during the process of differentiation,
various differentiation markers are expressed
representing different stages of differentiation
(1-3). To follow the process in HaCaT cells, we
investigated the expressions of the rather early
(spinous cell) differentiation marker K10, of the
rather late (granular cell) differentiation markers
INV and FIL, of the terminal marker TG, and of
the hyperproliferation-associated marker K17.
Although the existence and expression patterns of
all of these markers in HaCaT cells were carefully
documented elsewhere (30,32), we first wished to
test the alterations in their protein levels as a func-
tion of cell culturing time in our system, as well. As
was expected, the expressions of the various differ-
entiation markers differentially changed during
culturing (Fig.3a). The level of K10 reached its
maximal value upon confluence and days 1-2 of
post-confluence (a rather early marker), whereas
the expressions of INV, FIL, and TG (rather late
markers) were mostly dominant in the late post-
confluent cultures (the level of the hyperprolifera-
tion-associated marker K17 did not change signif-
icantly during culturing). Furthermore, because
the differentiation of NHEK is accompanied by
an elevation in intracellular calcium concentration
([Ca*'];) (41,42), we also employed functional cal-
cium imaging to monitor the changes in [Ca”"];
during culturing. As seen in Fig. 3(b), the [Ca®'];
monotonously decreased with increasing prolifera-
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tion tendency of the pre-confluent cells, whereas it
gradually increased in the post-confluent (thus dif-
ferentiating) cultures suggesting that the change in
the levels of [Ca®"]; is indeed a good indicator of
differentiation in HaCaT cells as well.

We, then, intended to clarify whether the endo-
genous activation of PKC is required for regulat-
ing cellular proliferation and differentiation of
HaCaT cells. We therefore employed the
GF109203X compound which is a highly selective
inhibitor of PKC competing with the ATP binding
site of the ‘conventional’ and ‘novel’ isoforms (43,
44), and measured the changes in expressions of
differentiation markers, cellular proliferation, and
resting [Ca®']; of the cells.

To investigate the effect of the PKC inhibitor on
the expressions of the differentiation markers,
HaCaT cells having approximately 90% conflu-
ence were treated with different concentrations of
the GF109203X compound for S5days (until
approximately the third day of post-confluence to
initiate the high cell density-induced differentiation
program), and then were subjected to Western
blotting. As seen in Fig.4(a,b), GF1209203X
dose-dependently and differentially altered the
expressions of the keratinocyte differentiation
markers (greater than 1 uM doses were not applied
due to cytotoxicity; see below). Whereas the
expression of the spinous cell marker K10 was
not modified significantly by the PKC inhibitor,
the GF109203X compound markedly inhibited the
expressions of the hyperproliferation-associated
marker K17, the granular cell markers INV and

—e GF —APMA

—0O— Control

o 0 Y % % Ty C“,v 0‘3‘7 C“Q,

Degree of confluence (%)

Figure 3. Changes in expressions of differentiation markers and in the resting [Ca®*}; during proliferation and differentiation of HaCaT
cells. (a) Cell cultures of different ages (cell reached confluence at day 6 of culturing) were harvested, similar amounts of proteins were
subjected to SDS-PAGE, and Western immunoblotting was performed using mouse antibodies against the differentiation markers
keratin 10 (K10), keratin 17 (K17), involucrin (INV), filaggrin (FIL), and keratinocyte-specific transglutaminase-1 (TG) as described in
Materials and methods. (b) Control cell cultures (LJ) were cultured on glass coverslips from approximately 10% of confluence (C) to
3 days after reaching confluence (C+ 3d). In parallel cultures, cells having 50-60% confluence were daily treated with either 1M
GF109203X compound (@) or with 100nM PMA (A) up to 3days of gost-conﬂuence. At the times indicated, cells were loaded with
5uM fura 2-AM, and the resting intracellular calcium concentration ([Ca**];) of usually 20 cells/coverslip was determined as described in
‘Materials and methods’. Points represent mean + SEM values of 20 the determinations on each coverslip. Asterisks mark significant
(P < 0.05) statistical differences between the PMA-treated and the daily matched control values.
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Figure4. The inhibition of PKC by GF103203X modifies the expressions of keratinocyte differentiation markers but does not alter
cellular proliferation in HaCaT cells. (a) HaCaT cells having approximately 90% confluence were treated with different concentrations
of GF109203X compound for Sdays. Cells were then harvested, similar amounts of proteins were subjected to SDS-PAGE, and
Western immunoblotting was performed using mouse antibodies against the differentiation markers keratin 10 (K 10), keratin 17 (K17),
involucrin (INV), filaggrin (FIL), and keratinocyte-specific transglutaminase-1 (TG) as described in ‘Materials and methods’. (b) The
amounts of the differentiation markers were quantitated by densitometry (optical density, OD), and expressed as the percentage of the
control samples (normalized OD) treated with the vehicle DMSO only. Points represent mean + SEM of three to four independent
experiments. (¢) HaCaT cells were seeded at 50-60% confluence in 96-well microtiter plates, treated with various concentrations of

GF109203X compound for 3days, then BrdU assays (@) were performed. Points represent mean + SEM of quadruplicate

determinations in one representative experiment. Two other experiments yielded similar results.

FIL, and the terminal marker TG in dose-
dependent manners.

We have also investigated the potential
endogenous role of PKC activation in the prolif-
eration of HaCaT cells. In this case, cells were
plated at approximately 50-60% confluence in
96-well microtiter plates, treated with various con-
centrations of the GF109203X compound for
3 days then a BrdU assay was performed to inves-
tigate cellular proliferation (these cultures reached
90-95% confluence during the protocol hence did
not yet start the high cell density-induced differ-
entiation program). As seen in Fig.4(c), the
GF109203X compound, in contrast to its effects
on differentiation, did not significantly modify the
cellular proliferation of HaCaT cells; only the
10 uM exerted minimal (less than 10%) inhibition.
However, as revealed by parallel light microscopy
control of the cultures (data not shown), this
concentration caused rather cytotoxicity than
inhibition of proliferation (the cells became
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round shaped and detached more intensively
from the bottom of the flasks); therefore, this
concentration was omitted from further experi-
ments.

Similar findings were obtained in the case of the
measurement of resting [Ca®"J;. Treatment of cells,
seeded at 50-60% confluence, with 1uM
GF109203X compound for 6 consecutive days
(the concentration that caused maximal alterations
in the differentiation markers) did not significantly
alter the resting [Ca®']; when compared with the
daily matched control values (Fig.3) suggesting
that the modification of the expressions of the
aforementioned differentiation markers was not
related to changes in [Ca®"];, another indicator of
differentiation. Nevertheless, these data indicate
that, in HaCaT keratinocytes, the endogenous
activation of PKC is required mainly for the reg-
ulation of expressions of differentiation markers
and not for the regulation of cellular proliferation
and resting [Ca”];.



PM A inhibits cellular proliferation, increases
[Ca’t ], and alters the expressions of
differentiation markers in HaCaT cells

In the next phase of our experiments, we investi-
gated the effects of the well-known PKC activator
PMA on the proliferation and differentiation of
HaCaT cells. First, pre-confluent (approximately
50-60% confluence) proliferating cells in 96-well
microtiter plates were treated with different con-
centrations of PMA for 3days and then an MTT

(a)
100 4100
5 s
s €
§ 80 180 §
5 o] {oo g
2 ®
3 1 {40 %
) <
2 =2
S 204 120 §
—a—MTT —O— BrdU
0 r : : T T 0
107 10 10° 10' 10° 10’ 10*
PMA (nM)
(c)
PMA (nM)
0 1 10 100 1000

K10

K17

INV

FIL

TG — s ———"

PKC isozymes in HaCaT cells

assay was performed. As seen in Fig. 5(a), PMA
decreased viable cell numbers in a dose-dependent
manner resulting in a ‘U-shaped’ dose-response
curve. Because the effect of PMA to decrease
viable cell numbers might be due to inhibition of
proliferation or induction of cell death (apoptosis,
necrosis), in parallel experiments (using strictly the
same protocol), we investigated the effect of PMA
on cellular proliferation using a BrdU assay. PMA
inhibited the proliferation of the HaCaT cell
showing very similar (‘U-shaped’) dose-response
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Figure 5. PMA inhibits proliferation and induces terminal differentiation in HaCaT cells. HaCaT cells were seeded at 50-60%
confluence in 96-well microtiter plates, treated with various concentrations of PMA (a) or with various concentrations of GF109203X
compound and 100nM PMA (b) for 3days, then either BrdU assays (@ in a and A in b) or MTT assays (B in a) were performed.
Points represent mean + SEM of quadruplicate determinations in one representative experiment. Three to four other experiments
yielded similar results. (c) HaCaT cells having approximately 90% confluence were treated with different concentrations of PMA for
Sdays. Cells were then harvested, similar amounts of proteins were subjected to SDS-PAGE, and Western immunoblotting was
performed using mouse antibodies against the differentiation markers keratin 10 (K10), keratin 17 (K17), involucrin (INV), filaggrin
(FIL), and keratinocyte-specific transglutaminase-1 (TG) as described in ‘Materials and methods’. (d) The amounts of the differentiation
markers were quantitated by densitometry (optical density, OD), and expressed as the percentage of the control samples (normalized
OD) treated with the vehicle DMSO only. Points represent mean + SEM of three to four independent experiments.
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characteristics to that found in the MTT assay
(Fig. 5a) suggesting that the effect of PMA in
decreasing viable cell numbers was mainly due to
the inhibition of cellular proliferation and not due
to cytotoxicity. This was also proven by the fact
that the light microscopy examination of the
cultures and lactate dehydrogenase release-based
colorimetric cytotoxicity assays never revealed
significant cell death with any of the PMA doses
(data not shown).

Furthermore, we investigated whether the afore-
mentioned effect of PMA on cellular proliferation
was due to the specific action of the drug on the
PKC. HaCaT cells were first pre-treated with
different concentration of the GF109203X com-
pound (up to 1 uM concentrations which did not
cause any modification of proliferation; see
Fig.4c) for 1h and then with 100nM PMA
(using the above protocol), which has proven to
be the most efficient concentration in inhibiting
cellular proliferation (Fig.5a). As seen in
Fig. 5(b), representing the results of BrdU assays,
the GF109203X compound prevented the inhibi-
tory effect of 100nM PMA on cellular prolifera-
tion in a dose-dependent fashion suggesting the
specific action of the phorbol ester on the PKC
system.

We also determined the effect of PMA on the
expression levels of the differentiation markers. In
this case, HaCaT cells (seeded at approximately
90% confluence) were treated with different con-
centrations of PMA for S5days (until approxi-
mately the third day of post-confluence), and
then were subjected to Western blotting. As seen
in Fig. 5(c,d), PMA differentially altered the
expressions of the differentiation markers; whereas
it inhibited the expressions of K10 and K17 (show-
ing distinct dose—response relationships and differ-
ent degrees of suppression), the levels of late-
terminal markers INV, FIL, and TG were gradu-
ally and significantly increased by the phorbol
ester. These results suggest that the PMA treat-
ment caused a transition of HaCaT keratinocytes
towards terminal differentiation in parallel by inhi-
biting early differentiation.

We also measured the possible changes in the
resting [Ca®']; upon PMA treatment of the cul-
tures. As seen in Fig. 3, treatment of cells seeded at
50-60% confluence with 100 nM PMA compound
for 6 consecutive days resulted in a biphasic altera-
tion in the resting [Ca®"]; when compared with the
daily matched control values. PMA increased the
resting [Ca®"]; in the pre-confluent cells; significant
(P <0.05) elevations were observed after the 1st
(24% increase) and 2nd (32% increase) phorbol
ester treatment. PMA, however, caused minor
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(less than 10%) or no elevations in resting [Ca®"];

after reaching confluence. These data also argue
that PMA initiates the terminal differentiation in
HaCaT keratinocytes.

The PM A-induced cellular effects on proliferation
and differentiation are differentially mediated by
certain PKC isoforms

We also wished to identify those PKC isoforms
that may mediate the cellular effects of PMA on
proliferation and differentiation in HaCaT cells. It
is generally accepted that the sensitive PKC iso-
forms first translocate then down-regulate upon
the action of PMA in various cell types (7,8)
including NHEK (14,24). Because translocation
is a rather fast process (it occurs within minutes),
we measured the down-regulation as an indicator
of the prolonged action of PMA on cellular pro-
cesses.

Proliferating (50-60% confluence) HaCaT cell
cultures were treated with various concentrations
of PMA for 3days then Western blot analyses
were performed to follow possible changes in the
expression levels of the existing PKC isoforms. As
seen Fig.6(a), PMA differentially altered (down-
regulated) the various PKC isoforms exerting dis-
tinct dose-response relationships. Actually, most
of the sensitive isozymes (i.e. ‘conventional’ and
‘novel’ ones) but not the ‘atypical’ PKC{ possessed
changes in their expressions, although the degrees
of down-regulation were essentially different.
There were isoforms (PKCa,f,e, and 0) that com-
pletely (or almost completely) disappeared from
the cells upon PMA treatment, although different
phorbol ester concentrations were needed to cause
down-regulation. In contrast, the down-regulation
of PKC38 was significant (40-50%), although the
isoform possessed marked expression levels in the
PMA-treated cultures. Finally, we found very little
(max. 20%) down-regulation of PKCmn upon
PMA treatment.

To identify those PKC isozymes that may med-
iate the effect of PMA on the differentiation mar-
kers, the determination of the PKC isoform
content of the differentiating cells (seeded at
approximately at 90% confluence and treated
with PMA for 5days) was also performed using
Western blotting. Similarly to that found in
proliferating cells, PMA differentially affected the
expressions of the various PKC isoforms (Fig. 6b).
However, it was of greatest importance that the
PKC isoform population, which showed sensitiv-
ity to PMA in the differentiating HaCaT cells, was
essentially  different from that seen in
the proliferating ones. PMA, in contrast to the



PKC isozymes in HaCaT cells

(@) Proliferating cells (b) Differentiating cells
PMA (nM) PMA (nM)
0 1 10 100 1000 0 1 10 100 1000

120 120+
100 100 4
$ 80+ L 80 1
Q Q
@) 60 @)
T 601 5 60
8 &
g 0 g 40 [
S 5 —O0—q
z z —0—p
20 20
——0
.
0- o] Ay
—*—(
0 1 10 100 1000 0 1 10 100 1000
PMA (nM) PMA (nM)

Figure 6. PMA differentially down-regulates the PKC isoforms in proliferating and differentiating HaCaT cells. Upper panels: HaCaT
cell cultures having either 50-60% of confluence (proliferating cells) and treated with different concentrations of PMA for 3 days (a); or
approximately 90% of confluence (differentiating cells) and treated with different concentrations of PMA for 5days (b) were harvested,
and similar amounts of proteins were subjected to SDS-PAGE. Western immunoblotting was then performed using rabbit antibodies
against the various PKC isoforms as described in “Materials and methods’. Lower panels: The amounts of the isoforms were quantitated
by densitometry (optical density, OD), and expressed as the percentage of the control samples (normalized OD) treated with the vehicle
DMSO only. Points represent mean + SEM of three to four independent experiments for each isoform.
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proliferating cells, did not cause any measurable
down-regulation of PKC3 and m. Furthermore,
although PKCa and 6 were also down-regulated
by PMA in the differentiating cells, the dose—
response curves of PMA to induce down-
regulation of these isoforms were different from
those observed in the proliferating cultures also
reflecting altered sensitivities of the isozymes.
Namely, PKCa was more readily down-regulated
by PMA in the differentiating cultures, whereas
the expression of PKCO decreased more in the
proliferating cells upon PMA treatment. Finally,
PMA, similarly to the proliferating cells, did not
cause any down-regulation the phorbol ester-
insensitive PKC{, and, furthermore, PKCp
showed very similar sensitivities to the action of
PMA in both cultures (as was shown before, the
expression of PKCe was undetectable in the differ-
entiating cultures; see Fig.2). We can conclude
therefore that a certain PKC isoform pattern par-
ticipates in mediating the effect of PMA to induce
terminal differentiation, which isozyme pattern is
different from that seen in mediating the effect of
the phorbol ester to inhibit cellular proliferation of
HaCaT keratinocytes.

Discussion

Results obtained from our study suggest potential
roles of the existing PKC isoforms in the regula-
tion of proliferation and differentiation of human
HaCaT keratinocytes. We have shown that
HaCaT cells possess a characteristic PKC isoform
pattern that alters with proliferation and differen-
tiation and that the endogenous activation of PKC
regulates the differentiation but not the prolifera-
tion and [Ca®']; of HaCaT cells. We have also
presented that treatment of cells with the PKC
activator PMA inhibited cellular growth and
induced terminal differentiation by a spinous to
granular transition of differentiation markers and
by elevating [Ca”"];. Because distinct PKC isoform
populations were affected during the PMA-
induced cellular responses in proliferating and dif-
ferentiating cells, our findings strongly argue for
the isozyme-specific, differential roles of the PKC
isoforms in the processes.

In our hands, the HaCaT keratinocytes expres-
sed several PKC isoforms: the cPKCa and f3; the
nPKC9, €, n, and 0; and the aPKCC. This pattern
of expression differed from that described by
Geiges et al. (34) (the only extensive description
in the literature about the PKC isozymes in
HaCaT cells) as they documented the existence of
PKCa, 9, €, and { but not of PKCP, 6, and n.
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Because we have shown the presence of the afore-
mentioned isozymes using both Western blotting
and immunofluorescence analyses; furthermore, as
we used different antibodies than the Geiges’s
group; and, finally, as we recently confirmed the
presence of these isoforms, using monoclonal anti-
bodies (Bir6 et al. unpublished observations), we
believe that these differences are mainly due to
technical dissimilarities.

It is generally accepted that NHEK express
PKCa, 9, &, m, and {, however, the existence of
other PKC isoforms (namely PKCB, v, and p) was
also documented (14,17,18). Because the only iso-
form that has never been identified in NHEK but
is expressed in HaCaT cells is PKC6, we can con-
clude that the characteristic PKC isozyme pattern
of HaCaT keratinocytes is similar to that of
NHEK.

However, when we investigated the changes in
the level of expressions and subcellular localization
of the various PKC isoforms with proliferation
and differentiation, some marked differences
between NHEK and HaCaT cells were observed.
In HaCaT cells, we found differential changes in
the expression patterns of the isoforms during cul-
turing: the expression of PKCS increased with
proliferation and differentiation whereas the
expressions of PKCe showed a biphasic pattern:
it increased in the proliferating and declined (dis-
appeared) in the differentiating cultures (the
expressions of the other isoforms were essentially
the same during culturing). In NHEK in vitro, the
expression levels of the existing PKCs did not
change significantly during high cell density-
induced differentiation (only the level of PKCa
increased slightly) (16), although in NHEK in
vivo, the PKCn was abundantly expressed only in
the well-differentiated layers (45). Similarly, in
NHEK and mouse keratinocytes induced to differ-
entiate by elevating extracellular calcium concen-
tration (15,46), and, furthermore, in differentiating
keratinocytes of human reconstituted epidermis
(47) marked changes in expression and activity of
the PKC were observed during differentiation. A
more prominent difference between HaCaT cells
and NHEK was found when we examined the
subcellular localization of the PKC isoforms dur-
ing culturing. As was revealed by confocal micro-
scopy, there were no measurable alterations in
subcellular localization with any of the existing
isoforms in HaCaT cells, which finding was in a
marked contrast to those describing that, both in
NHEK and mouse keratinocytes (15,16), certain
PKC isozymes translocated upon differentiation.
This difference may be due to the nature of the
existing PKC isoforms in HaCaT cells (namely,



rather the PKC isozyme expression pattern than
the localization alter with differentiation) or to the
different experimental design to follow intracellu-
lar translocation (namely, we employed confocal
microscopy after immunolabeling whereas others
used subcellular fractionation and Western blot-
ting).

The findings that different stages of prolifera-
tion and differentiation can be characterized by
different PKC isozyme patterns suggested that
these cellular mechanisms might be regulated by
endogenous activation of PKC. Using the selective
PKC inhibitor GF109203X compound, we were
able to show that the expressions of the granular
differentiation markers INV and FIL, and of the
terminal marker TG are indeed dependent of the
endogenous activation of PKC. Because the
expression of the early (spinous cell) differentia-
tion marker K10 was insignificantly affected by
the PKC inhibitor, these findings indicate that,
similarly to that in NHEK (16), the endogenous
activation of PKC regulates spinous to granular
transition in HaCaT keratinocytes induced to dif-
ferentiate by confluence. In contrast, the
GF109203X compound treatment (similarly to
the effect of another selective PKC inhibitor,
Ro 31-8220, on NHEK) (48) had practically no
effect on resting [Ca®'];, another marker of differ-
entiation, suggesting that the endogenous activa-
tion of PKC may not be needed for all events of
terminal differentiation in HaCaT cells. Similarly
to this, the PKC inhibitor also did not modify
cellular proliferation of HaCaT keratinocytes.
Because others have reported even opposite (i.e.
growth promoting) effects of the GF109203X
compound in NHEK (25), we suppose that the
lack of the effect of the PKC inhibitor to promote
proliferation may be due to the already hyperpro-
liferative state of the immortalized HaCaT cell line.

Another approach to investigate the role of
PKC in HaCaT cell proliferation and differentia-
tion was the analysis of the cellular effects of the
PKC activator PMA. The phorbol ester, by speci-
fically acting on sensitive PKC isoforms (see
below), inhibited cellular growth, decreased the
expression of the early (spinous cell) differentia-
tion marker K10, and increased the expressions of
all of the late-terminal differentiation markers
examined. Furthermore, PMA treatment of the
pre-confluent cultures (but not the already differ-
entiating post-confluent ones) resulted in eleva-
tions in resting [Ca®"],, also arguing for the
induction of differentiation by the phorbol ester.
These data therefore indicate that, identically with
those described in NHEK (22-24), phorbol ester
application leads to the induction of terminal
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differentiation in HaCaT keratinocytes as well,
and, furthermore, that not only the endogenous
but also the exogenous activation may induce simi-
lar cellular responses.

The chiefly opposite findings obtained using the
PKC inhibitor GF109203X compound and PMA
suggest that the phorbol ester exerted its cellular
effect by first activating and then down-regulating
certain sensitive PKC isoforms (see Fig. 6). Alter-
natively, the hypothesis that PMA treatment
affected (activated and/or down-regulated) a dis-
tinct isoform population from that having an
endogenous role in regulating HaCaT cell function
also cannot be ruled out. Nevertheless, these spec-
ulations may explain those findings that, in con-
trast to the effect of PMA, the treatments of
HaCaT cells bg the PKC inhibitor did not modify
the resting [Ca”"]; levels, and that the expression of
the hyperproliferation-associated marker K17 was
equally decreased by both agents.

One of the major conclusions from our data is
that the proliferation and high cell density-mediated
differentiation appeared to be differentially regu-
lated by certain PKC isoform populations. This
statement is not only supported by the fact that
different stages of differentiation could be charac-
terized by different PKC isozyme patterns (see
above), but also by those findings that PMA
exerted its cellular effects on proliferating HaCaT
cells (to inhibit proliferation) and on differentiating
cells (to induce terminal differentiation) by differ-
entially affecting the levels of various PKC isoforms
(see Fig. 6). In the proliferating cells, PMA down-
regulated practically all of the sensitive cPKC and
nPKC isoforms (only PKCn showed a very little
change upon the action of PMA) although the
degrees of down-regulation and sensitivities of the
various isoforms to PMA were usually different (as
revealed by different dose—response curves). In the
differentiating cells, however, PKCa, 8, and 0 were
down-regulated by the phorbol ester (again, show-
ing mostly different degrees and dose-response
characteristics of down-regulation) whereas PKC6
and m were insignificantly modified by PMA. In
addition, among those isoforms that were down-
regulated both in the proliferating and differentiat-
ing cells by PMA, PKCa was more readily down-
regulated in the differentiating cells whereas PKC6
showed more prominent down-regulation in the
proliferating cells (PKCP behaved similarly in
both cultures). It appears therefore that (with the
exception of PKCp) the sensitivities of most of the
PKC isoforms to the action of PMA altered with
the onset of high cell density-mediated differentia-
tion reflecting possible changes in their activities in
regulating the process.
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If we assume that the various PKC isozymes of
a given cell may differentially and sometimes
antagonistically act in regulating certain cellular
processes (a phenomenon that does exist in several
cells types) (10—-12), the differential sensitivities of
the PKCs to PMA may also explain the different
dose-response relationships of PMA to inhibit
proliferation and to modify the expressions of the
differentiation markers. For example, in the pro-
liferation experiments, the ‘U-shaped’ dose—
response curve of PMA (i.e. 100nM PMA was
more effective than 1 uM PMA in inhibiting pro-
liferation; see Fig. 5a) can be explained by the fact
that the two different doses resulted in markedly
different PKC isozyme patterns by differentially
down-regulating the isoforms (see Fig. 6). There-
fore, if the activity of a certain isoform that would
inhibit proliferation was decreased and/or the
activity of another that would promote cellular
growth was increased by 1 uM PMA (and not by
100nM PMA), the result would be a less pro-
nounced growth inhibitory effect of the phorbol
ester at the higher concentration.

In the framework of the previously discussed
results, it may be premature to discuss possible
isozyme-specific roles of the different PKCs in
HaCaT cells not having exact, molecular biologi-
cal data at hand. However, when we compared our
findings to data found in the literature about
NHEK (and very recently with HaCaT cells), a
few striking similarities were observed, especially
in the cases of PKCd and n. These PKC isoforms,
when over-expressed in NHEK using adenoviral
vectors, were recently shown to inhibit cellular
growth and induce differentiation (27,28), and
PKCd was described to promote apoptosis (28).
It was also presented that PKCn localized almost
exclusively in the most differentiated layers in
healthy NHEK in vivo but also in the less differ-
entiated layers of psoriatic epidermis (45), and that
both isoforms were either down-regulated only in
pre-confluent NHEK by PMA (47) or PKCn was
not down-regulated at all (49). These previously
described data were in a very good accord with our
findings in HaCaT cells. PKCn present both in the
proliferating and differentiating cultures (possible
representing the hyperproliferative state of the
HaCaT cells similarly to the psoriatic NHEK),
showed minimal down-regulation upon the action
of PMA in the pre-confluent cells, whereas it
became resistant to the phorbol ester in the post-
confluent cultures. In addition, the expression level
of PKCd gradually increased with differentiation,
and also lost its sensitivity to PMA in the differ-
entiating cultures. Consistent with previous results
claiming that the tumorgenic transformation of
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HaCaT cells by ras-transfection resulted in the
loss of PKCd from the cells (34), and, furthermore,
that the isoform-specific inhibition of PKCd
caused altered differentiation in HaCaT cells (50),
our findings strongly argue for major regulatory
roles of PKCS and n in the differentiation of
HaCaT keratinocytes as well. Naturally, the
exact specific roles of these and the other existing
isoforms are yet to be determined.
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Abstract. We have previously shown that the protein ki-
nase C (PKC) system plays a pivotal role in regulation of
proliferation and differentiation of the human ker-
atinocyte line HaCaT which is often used to assess
processes of immortalization, transformation, and tu-
morigenesis in human skin. In this paper, using pharma-
cological and molecular biology approaches, we investi-
gated the isoform-specific roles of certain PKC isoen-
zymes (conventional cPKCea and f; novel nPKCé and ¢)
in the regulation of various keratinocyte functions.

cPKCa and nPKCé stimulated cellular differentiation
and increased susceptibility of cells to actions of inducers
of apoptosis, and they markedly inhibited cellular prolif-
eration and tumor growth in immunodeficient mice. In
marked contrast, cPKCp and nPKCe increased both in
vitro and in vivo growth of cells and inhibited differenti-
ation and apoptosis. Our data present clear evidence for
the specific, antagonistic roles of certain ¢cPKC and
nPKC isoforms in regulating the above processes in hu-
man HaCaT keratinocytes.

Key words. Human keratinocyte; HaCaT; protein kinase C; isoenzyme; recombinant overexpression; proliferation;

differentiation; tumorigenesis.

Protein kinase C (PKC) comprises a family of serine/ thre-
onine kinases that play crucial roles in the regulation of
various cellular processes such as proliferation, differenti-
ation, apoptosis, and tumorigenesis [1—4]. The members
of the PKC family are the calcium- and phorbol ester-de-

* Corresponding author.

pendent ‘conventional’ isoforms (PKCa, I, fII, and y;
cPKCs); the calcium-independent ‘novel’ isoforms (PKC6,
g, 1, and 6; nPKCs); and the calcium- and phorbol ester-in-
dependent ‘atypical’ (PKC¢ and A/1; aPKCs) isoforms.
These isoforms possess a characteristic expression pattern
in a given cell type, and regulate in an isoenzyme-specific
fashion various cellular processes including cell growth
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and death [4—6]. In addition, not only may some PKC iso-
forms be active whereas others not for a given response but
different PKC isozymes may have antagonistic effects on
the same cellular event [7—9], arguing for differential reg-
ulatory roles of specific PKC isoforms [4].

Emerging evidence suggests a pivotal role for PKC in the
regulation of the proliferation and differentiation of nor-
mal human epidermal keratinocytes (NHEKS) as well as
in the development of various skin tumors [10—13]. In
addition, isoenzyme-specific roles of PKC in ker-
atinocyte proliferation and differentiation have been de-
scribed. For example, PKCa and 8 were reported to be
key components regulating the differentiation of NHEKs
[10—15], and PKCe has been implicated in promoting
skin tumor development in transgenic mice [12].

We have previously shown that immortalized HaCaT ker-
atinocytes [16], which are very often used to model cer-
tain properties of NHEKSs and to assess the processes of
immortalization, transformation, and tumor progression
in human skin [17, 18], possess a similar (although not
identical) PKC system to that of NHEKs [19]. Namely,
HacCaT cells express several PKC isoforms, the pattern of
which alters with differentiation, and respond with cessa-
tion of proliferation and induction of differentiation upon
the application of the PKC activator phorbol esters [19].
However, there are as yet little data available on the iso-
form-specific roles of the members of the PKC system in
regulating HaCaT cells functions.

Exploiting the ability of HaCaT cells to be continuously
passaged, in this study, in combination with the use of
PKC inhibitors, we have constructed stable PKC trans-
fectants of HaCaT cells and have investigated the possi-
ble roles of the PKC isozymes in regulating proliferation,
differentiation, apoptosis, and the tumor induction prop-
erties of the cells. We report here that certain cPKC and
nPKC isoforms play opposite roles in regulating the
above processes, and that this antagonism could be seen
even within members of the PKC sub-families.

Materials and methods

Antibodies

All primary antibodies against PKC isoenzymes were de-
veloped in rabbits and were shown to react specifically with
the given PKC isoforms [19]. Anti-PKCa, B, and & were
from Sigma (St. Louis, Mo.), whereas anti-PKC& was from
Santa Cruz (Santa Cruz, Calif.). Specificities of anti-PKC
antibodies were also tested by applying isoform-specific
blocking peptides, which blocked the immunostaining in all
cases (data not shown). Monoclonal mouse antibodies
against involucrin (INV; Sigma), filaggrin (FIL; Biomed-
ical Technologies, Stoughton, Mass.), and keratinocyte-spe-
cific transglutaminase-1 (TG; Biomedical Technologies)
were used as markers of keratinocyte differentiation.

Opposite roles of PKC isoforms in HaCaT keratinocytes

Generation of PKC constructs

PKC constructs were engineered as described previously
[20, 21]. Briefly, the cDNA sequences of PKCa, S, 6, and
€ were subcloned into a metallothionein promoter-driven
eukaryotic expression vector (MTH) [22]. The vector se-
quence encodes a C-terminal PKCe-derived 12-amino-
acid tag (eMTH) and attaches it to the end of the PKC
proteins. As previously described [20], this epitope tag af-
fects neither the localization nor the translocation of the
given isoform.

Cell culture and transfection of cells

The human immortalized HaCaT keratinocyte cell line
was a kind gift of Prof. N. E. Fusenig (Division of Differ-
entiation and Carcinogenesis, German Cancer Research
Center, Heidelberg, Germany). Cells were cultured in
25-cm? or 75-cm? tissue culture flasks (if not indicated
otherwise) in Dulbecco’s modified Eagle’s medium
(DMEM; Sigma) supplemented with 10% fetal calf
serum (Sigma), 2 mM L-glutamine, 50 U/ml penicillin,
50 pg/ml streptomycin, 1.25 pg/ml fungizone (all from
Biogal, Debrecen, Hungary) at 37°C in a 5% CO, at-
mosphere.

For transfection, HaCaT cells were seeded in 6-well tis-
sue culture dishes and at 60—70 % confluence were trans-
fected by either the empty peMTH vector (control cells)
or by the vectors encoding the cDNA sequences of
PKCa, B, 6, or £[20, 21]. Transfections were performed
using a lipofectamine anionic detergent (Invitrogen, Pais-
ley, UK) in serum-free DMEM solution using 2—4 pg
cDNA according to the protocol suggested by the manu-
facturer. Cells were selected in DMEM containing
750 pg/ml G418 (geneticin; Invitrogen) for 12—18 days.
Then, single colonies were isolated. PKC-overexpressing
cells were cultured in supplemented DMEM containing
500 pg/ml G418. Experiments were routinely carried out
on pools of transfected cells, but the results were con-
firmed on at least three individual clones for each iso-
form. The efficacy of recombinant overexpression was
monitored by Western blotting (see below and in fig. 2)
using an anti-PKCe antibody (Sigma) which, beside rec-
ognizing the endogenously expressed PKCe (approxi-
mately 90 kDa), is able to detect the ‘e-tagged’ trans-
fected and overexpressed isoforms (approximately
80 kDa), resulting in double bands.

Determination of cellular proliferation

Proliferation was measured by a colorimetric bromo-
deoxyuridine (BrdU) assay kit (Boehringer Mannheim,
Mannheim, Germany) and by analyzing standard growth
curves. In those BrdU assays where the effects of PKC-
acting agents were tested on cellular proliferation, cells
were plated in 96-well multititer plates (5000 cells/well
density) in quadruplicate, and 4 h later were treated with
different concentrations of the agents and further incu-
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bated for the time indicated. Cells were then incubated
with 10 pM BrdU for 4 hours, and the cellular incorpora-
tion of BrdU (as the indicator of cellular proliferation)
was determined colorimetrically according to the manu-
facturer’s protocol. When BrdU assays were employed to
investigate growth properties of PKC transfectants, cells
were seeded at a density of 1000 cells/well and the BrdU
incorporation was determined after the indicated days of
culture, as described above.

To assess doubling times and maximal cell numbers of
PKC overexpressers, 10 cells/well were plated in 12-well
plates in triplicate in complete DMEM. Fresh medium
was added every other day, and the cells in triplicate were
harvested by trypsinization as indicated (usually on a
daily basis) and counted using a hemocytometer. In de-
termining the average doubling time, the 24-h time point
was used as the starting point to avoid artifacts due to
the initial lag period after plating [21]. The following
equation was used to calculate doubling time: 1 =
D/log,(N/N,) where 1 is the doubling time, D is the num-
ber of days of culturing, N and N, are the number of cells
at the end and the beginning of the experiments, respec-
tively. To determine the maximal cell density, cells were
grown in 12-well plates to confluence and kept post-con-
fluent for 3 additional days with daily medium changes,
and then counted as described above.

Western blot analysis

Cells were washed with ice-cold phosphate-buffered
saline (PBS), harvested in homogenization buffer
[20 mM TRIS-Cl, 5 mM EGTA, 1 mM 4-(2-amino-
ethyl)benzenesulfonyl fluoride, 20 pM leupeptin, pH
7.4; all from Sigma] and disrupted by sonication on ice
[23]. The protein content of samples was measured by a
modified BCA protein assay (Pierce, Rockford, Ill.). To-
tal cell lysates were mixed with SDS-PAGE sample
buffer and boiled for 10 min at 100°C. The samples were
subjected to SDS-PAGE according to Laemmli [24] (8%
gels were loaded with 20—30 pg protein per lane) and
transferred to nitrocellulose membranes (BioRad, Vi-
enna, Austria). Membranes were then blocked with 5%
dry milk in PBS and probed with the appropriate primary
antibodies against the given PKC isoforms or differenti-
ation markers. Peroxidase-conjugated goat anti-rabbit or
anti-mouse IgG antibodies (BioRad) were used as sec-
ondary antibodies, and the immunoreactive bands were
visualized by an ECL Western blotting detection kit
(Amersham, Little Chalfont, U.K.) on light-sensitive
films (AGFA, Brussels, Belgium). To assess equal load-
ing, nitrocellulose membranes were stripped in 200 ml of
50 mM Tris-HCl buffer (pH 7.5) containing 2 % SDS and
0.1 p-mercaptoethanol at 65°C for 1 h and were
reprobed with a mouse anti-cytochrome c¢ antibody
(Santa Cruz) followed by a similar visualization proce-
dure as described above. When applicable, immunoblots
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were subjected to densitometric analysis as described
previously [19] and normalized densitometric values of
the individual lanes of several independent experiments
were then determined.

PKC activity (kinase) assay

The PKC activity of transfected HaCaT cells was deter-
mined as described before [14, 20, 21]. Briefly, cells were
lysed in the above lysis buffer, and the kinase activities of
cell lysates (40 pg per reaction) were examined using hi-
stone III (H-III) or myosin light-chain kinase 20
(MLC20) as substrates (both from Sigma). The assay
mixture contained 20 mM Tris (pH 7.5), 20 mM MgCl,,
1 mM CaCl,, 25 pM ATP, and 0.2 mg/ml substrate (all
from Sigma), with 0.1 pCi of [y-*?P]ATP (Amersham
Biosciences, Freiburg, Germany) per assay. Data repre-
sent triplicate determinations.

Determination of apoptosis

Stable transfectants of HaCaT cells overexpressing the
different PKC isoforms or the control empty vector were
treated with vehicle, 10 pM 1a,25-dihydroxyvitamin
D, [1a,25(0H),D;] or 50 nM tumor necrosis factor a
(TNFa) for 2 days. Cells were then collected by trypsi-
nization and were incubated with 1 pl fluorescein isoth-
iocyanate (FITC)-conjugated annexin V (Coulter-Im-
munotech, Hialeah, Fla.) for 10 min in the dark. Cells
were then measured by a flow cytometer (Coulter EPICS
XL-4) and the percentage of apoptotic cells compared to
total cell number was determined.

Tumorigenicity in SCID mice

Cells overexpressing the various PKC isoforms (along
with the control HaCaT cells) were grown in mass cul-
tures, trypsinized and washed twice with PBS, and were
then resuspended in culture medium at a density of
1-2 x 10¢ viable cells/200 pl. Severe combined immuno-
deficiency (SCID) mice were injected intradermally and
observed over a period of 30 days (during this period,
none of the animals showed lethal progression of tumor).
Animals were finally euthanized and the averaged three-
dimensional size and histological characteristics of the
developed tumors (three to four animals for each group)
were analyzed.

Histology and immunohistochemistry

The histological parameters were determined on forma-
lin-fixed, paraffin-embedded, and hematoxylin-eosin
(HE)-stained sections of the developed tumors. The aver-
aged number of cell divisions was measured by counting
the number of nuclei showing clear signs of mitosis in ten
individual visual fields at high magnification using a
light microscope, and results obtained in each tumor of
the same group were then averaged and the mean values
calculated.
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In addition, to assess the number of proliferating cells, for-
malin-fixed, paraffin-embedded sections were immunos-
tained against the nuclear marker Ki67 [25] using a strep-
tavidine-biotin-complex (SABC) three-step immunohis-
tochemical technique (DAKO, Hamburg, Germany). First,
the inhibition of endogenous peroxidase activity was per-
formed using 3% H,0, in 100% methanol (both from
Sigma). Then, non-specific binding was blocked by 1%
bovine serum albumin (Sigma) in PBS buffer (pH 7.5).
After testing various concentrations of the anti-Ki67 mon-
oclonal mouse primary antibody (DAKO), an optimal
1:50 dilution was employed. The sections were then incu-
bated in a humid chamber using a biotin-coupled anti-
mouse secondary antibody (1:100; DAKO) followed by
streptavidine conjugated with horseradish peroxidase
(1:600; DAKO). To reveal the peroxidase activity, VIP
SK-4600 (Vector, Burlingame, Calif.) was employed as a
chromogen. The tissue samples were finally slightly coun-
terstained with methyl green (DAKO) and mounted with
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Aquatex (Merck, Vienna, Austria). The averaged number
of proliferating (Ki67-positive) cells was measured by
counting the total number of Ki67-positive cells in ten in-
dividual visual fields at high magnification using a light
microscope and the values were then normalized to the to-
tal number of cells measured in the fields.

Results

Effect of inhibition of PKC isoform activities on
cellular proliferation and differentiation of HaCaT
cells

Confirming our previous findings [19], we showed that the
inhibition of endogenous PKC activity in HaCaT ker-
atinocytes by a general PKC inhibitor GF109203X (in-
hibitor of the cPKC and nPKC isoenzymes) [26] sup-
pressed the expression of the late differentiation markers
INV, FIL, and TG, suggesting pivotal roles for the PKC
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Figure 1. The inhibition of various PKC isoforms differentially modifies cellular proliferation and expression of keratinocyte differentiation
markers in HaCaT cells. (4) HaCaT cells were seeded at densities of 5000 cells/well in 96-well microtiter plates, treated with various con-
centrations of PKC inhibitors for 2 days, and then BrdU assays were performed. Points represent the mean * SE of quadruplicate determi-
nations in one representative experiment. Two to three other experiments yielded similar results. (B—D) HaCaT cells were treated with dif-
ferent concentrations of GF109203X (B), G66976 (C), or rottlerin (D) for 3 days. Cells were then harvested, similar amounts of proteins were
subjected to SDS-PAGE, and Western immunoblotting was performed using mouse antibodies against the differentiation markers INV, FIL,
and keratinocyte-specific TG as described in Materials and methods. To assess equal loading, nitrocellulose membranes were stripped and
reprobed with a mouse anti-cytochrome antibody (CYT). The figure is representative of two to three experiments yielding similar results.
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system in regulating differentiation (fig. 1B). We also
found that GF109203X (fig. 1 A), in contrast to its dra-
matic effect on differentiation, did not modify the prolifer-
ation of these cells [19]. This latter result can be interpreted
in (at least) two ways. First, these findings may suggest that
the endogenous PKC activity does not contribute to the
regulation of HaCaT cell proliferation. Alternatively, the
inhibition of all of the existing cPKC and nPKC isoforms
(we have previously shown that HaCaT keratinocytes ex-
press cPKCa and S, and nPKCé, ¢, 1, and 6) [19] equally
inhibited growth-promoting and growth-inhibiting PKC
isoform activities, resulting in no net effect.

To test this latter hypothesis, we started to investigate the
effects of other PKC inhibitors on HaCaT cell prolifera-
tion and differentiation. First, we employed the com-
pound G66976, an inhibitor of the cPKC isoforms [27],
i.e., cPKCa and f in HaCaT cells. As seen in figure 1 A,
in contrast to the effect of GF109203X, the inhibitor of
the cPKC isoforms markedly inhibited the proliferation
of the cells in a dose-dependent manner. G66976, how-
ever, induced a very similar pattern of changes in the ex-
pression of differentiation markers when compared to the
effect of GF109203X (fig. 1 B, C). Namely, the inhibitor
decreased the expression of INV, FIL, and TG in a dose-
dependent fashion as measured on Western blots. These
results strongly argue for the positive roles of endogenous
cPKC isoforms in the processes of proliferation and dif-
ferentiation of HaCaT keratinocytes.

We then investigated the possible roles of the nPKC iso-
forms in these processes. Since commercially only the
nPKC§ inhibitor rottlerin [28] was available, we mea-
sured the effects of this molecule on cellular functions of
HaCaT keratinocytes. As seen in figure 1 A, D, the inhi-
bition of nPKC¢ dose-dependently stimulated cellular
proliferation whereas it inhibited the expression of the
differentiation markers. Although confidence in the inter-
pretation is limited because of possible effects of rottlerin
on systems other than PKC, these findings at least sug-
gested that endogenous nPKCé activity is a positive reg-
ulator of differentiation whereas it functions as a negative
modulator of proliferation.

Overexpression of certain cPKC and nPKC isoforms

The results with the inhibitors showed that certain iso-
forms might play important roles in the regulation of pro-
liferation and differentiation of HaCaT keratinocytes.
However, although GF109203X is widely used as a gen-
eral PKC inhibitor, G66076 as an inhibitor of the classic
PKCs, and rottlerin as a PKC4 inhibitor, none of these in-
hibitors is as specific and/or selective as was initially
thought. For example, in some systems, GF109203X also
blocks mitogen-activated protein kinase-activated protein
kinase-1p and p70 S6 kinase [29], whereas rottlerin has
been reported not to be selective for PKC6 [28]. Further-
more, the data could not differentiate, for example, be-
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tween the putative isoform-specific roles of the cPKCa
and B isoforms, and did not describe other nPKC iso-
form-specific functions. Therefore, using the previously
introduced MTH vectors [20—23], we have stably trans-
fected HaCaT keratinocytes with cPKCa and S and
nPKCé and e. This latter isoform was chosen among the
nPKC isoenzymes since its potential role in regulating
cellular proliferation and differentiation has been exten-
sively documented in several cell types including ker-
atinocytes [5—7, 9, 12, 19, 30].
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Figure 2. Overexpression of certain PKC isoforms in HaCaT cells.
(A4) Stable transfectants of HaCaT cells overexpressing the different
PKC isoforms (Greek letters) or the empty vector (control, C) were
harvested, similar amounts of proteins were subjected to SDS-
PAGE, and Western immunoblotting was performed as described in
Materials and methods. The membranes were then probed with an
anti-PKCe antibody that recognizes both the endogenous nPKCe
(approximately 90-kDa bands) and the e-tag sequence of the re-
combinant, expressed PKC isoforms (approximately 80-kDa bands
in the cases of the recombinant PKCa, f, and 8, and an approxi-
mately 90-kDa band in the case of the recombinant PKCg). (B) To
detect the degree of overexpression, Western blot analysis was also
performed on control (C) and PKC transfectant (T) HaCaT cells us-
ing isoform-specific antibodies that corresponded to the overex-
pressed recombinant PKC isoenzymes. (C) Cell lysates of overex-
pressors and control (empty vector-transfected, C) HaCaT cells
were analyzed for kinase activity by measuring **P incorporation
into H-IIT or myosin light-chain kinase 20 (MLCK20) substrates in
triplicate determinations. The values are expressed as percent of
control (mean * SE). The figures are representative of three exper-
iments for each isoenzyme yielding similar results.
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We first examined the efficacy of recombinant overex-
pression. Cell lysates of pooled cultures (fig. 2) and sev-
eral transfected clones (data not shown) were subjected to
Western blotting. Using an anti-PKCe antibody, which
recognizes both the endogenously present nPKCe (ap-
proximately 90-kDa bands) and the e-tag sequence of the
recombinant, expressed PKC isoforms (therefore, result-
ing in approximately 80-kDa bands in the cases of re-
combinant PKCa, 3, and 6, and an approximately 90-kDa
band in the case of recombinant PKCeg), we were able to
specifically detect the transfected isoenzymes (fig. 2 A).
Furthermore, using isoform-specific antibodies that cor-
responded to the overexpressed recombinant PKC isoen-
zymes, we found that the levels of the overexpressed
PKCs (fig. 2B) were three- to seven-fold higher than
those of the respective endogenous PKCs (data not
shown). Finally, to establish that the overexpressed PKC
isoforms were functionally active, we also measured ki-
nase (PKC) activity on cell lysates. As seen in figure 2C,
the cells expressing the recombinant PKC isoforms
showed higher kinase activity, as assessed with both ki-
nase substrates, compared with the control (empty vec-
tor-transfected) HaCaT cells.

Effects of overexpression of PKC isoforms on
morphology of HaCaT cells

The overexpression of the PKC isoforms differentially af-
fected the morphology of HaCaT keratinocytes. As seen
in figure 3, the usual, characteristic cobblestone mor-
phology of control (empty vector-transfected) HaCaT
cells was dramatically changed by the overexpression of
nPKCg; these cells exhibited a fibroblast-like, spindle-
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shaped phenotype. In addition, cells overexpressing cP-
KCp also possessed elongated cell bodies (yet without
processes) and formed denser islets during culture. The
overexpression of PKC6 and « did not result in dramatic
morphological changes; possibly, the nPKCé§-overex-
pressing HaCaT cells displayed a more cobblestone ap-
pearance.

Effects of overexpression of PKC isoforms on the
proliferation and differentiation of HaCaT cells

We then investigated the effect of overexpression of the
PKC isoforms on the proliferation of HaCaT ker-
atinocytes. As revealed by BrdU assays (fig. 4A) and
standard growth curve analyses (table 1), overexpression
of the PKC isoforms markedly altered cell growth. Over-
expression of cPKCa and nPKCé decreased the prolifer-
ation of HaCaT cells. Conversely, keratinocytes overex-
pressing cPKCf and nPKCe exhibited higher prolifera-
tion rates compared to the control (empty vector-
transfected) cells.

The differences in proliferation were paralleled by the
average doubling times and saturation densities of the
cultures. Consistent with findings in the BrdU assays,
cPKCa- and nPKCé-overexpressing cells possessed
prolonged doubling times and decreased saturation den-
sities, while cells that overexpressed cPKCp and nPKCe
were characterized by markedly increased saturation
densities and shortened doubling times (table 1).

To follow differentiation, we measured the expression of
certain keratinocyte differentiation markers in the PKC-
overexpressing cells. Since nPKCd-overexpressing cells
very often did not reach complete confluence and ceased

Figure 3. Overexpression of certain PKC isoforms alters morphology of HaCaT cells. Photomicrographs were taken using a phase con-
trast light microscope (magnification, X 200) on HaCaT cells stably overexpressing the PKC isoforms or the control empty vector (C). The
figure is representative of three additional experiments with similar results.
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Figure 4. Overexpression of various PKC isoforms differentially alters cellular proliferation and expression of keratinocyte differentiation
markers in HaCaT cells. (4) Control and PKC overexpresser HaCaT cells were seeded at densities of 1000 cells/well in 96-well microtiter
plates and cell proliferation was determined after the indicated days of culture using BrdU assays as described in Materials and methods.
Points represent the mean + SE of quadruplicate determinations in one representative experiment for each isoform. At least three additional
experiments for each PKC isoenzyme yielded similar results. (B) Stable transfectants of HaCaT cells overexpressing the different PKC iso-
forms or the control empty vector (C) were harvested, similar amounts of proteins were subjected to SDS-PAGE, and the Western im-
munoblotting was performed using mouse antibodies against the differentiation markers INV, FIL, and keratinocyte-specific TG as described
in Materials and methods. To assess equal loading, nitrocellulose membranes were stripped and reprobed with a mouse anti-cytochrome an-
tibody (CYT). The figure is representative of three experiments yielding similar results. (C) The amounts of the differentiation markers ex-
pressed in the PKC-overexpressing cells were quantitated by densitometry (optical density, OD), and expressed as the percentage of the OD
value of immunoreactive bands of control cells (normalized OD). Bars represent the mean + SE of three independent experiments.

Table 1. In vitro and in vivo growth analysis of HaCaT cells overexpressing various PKC isoforms.

Isoform In vitro growth analysis In vivo tumor growth analysis
doubling time saturation density averaged tumor number of cell percentage of Ki67-
(h) (10° cells/cm?) size (mm) division positive cells

Control 23225 1.4£0.2 7x8x43 62+1.0 25221

cPKCa 274+£32 1.0£0.2 43x4x%x23 3605 132+£23

nPKCé$ 30.5+£43 0.8+0.1 4.6x43x2 4103 11.4+£3.1

cPKCp 16.5+£3.3 2.1£0.1 11 x83x%x43 16+1.2 349+45

nPKCe 132+£39 28+02 16 x12x 5.3 19.5£2.8 414+£39

Various parameters were analyzed as described in Materials and methods. Data are expressed as the mean + SE, except for averaged tumor
size, where the three dimensional sizes of three to four tumors per group were averaged and the mean values are shown.
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proliferating at about 80—90% of confluence (data not
shown), reflecting a suppressed growth capacity, to ob-
tain comparable data, all cell cultures were harvested at
about 80—85% confluence, equal amounts of protein
were subjected to SDS-PAGE, and the expression of var-
ious markers was investigated by Western blotting. As
seen in figure 4B, C, in cells overexpressing cPKCa and
nPKCé isoenzymes, levels of the late-terminal differenti-
ation markers increased, whereas in keratinocytes overex-
pressing the cPKCp and nPKCe isoforms, the levels of
the differentiation markers decreased compared to those
of the control HaCaT cells.

Effects of overexpression of PKC isoforms on the
apoptosis of HaCaT cells

Various PKC isoforms have been suggested to play piv-
otal roles in mediating apoptosis induced by various
agents [4]. We therefore measured the effect of the known
apoptosis inducers 1a,25(0OH),D; and TNFa [31] on
apoptosis in HaCaT cells overexpressing the various PKC
isoenzymes. As determined by annexin V-based flow cy-
tometry analysis (fig. 5), there were no major differences
in the level of basal apoptosis for control and cPKCf- and
nPKCe-overexpressing HaCaT cells. In contrast, the
basal apoptotic rates in the nPKC§ transfectants and, al-
though to lesser extent, the cPKCa overexpressers were
higher than in the control cells. In addition, the overex-
pression of PKCa and 6 increased the susceptibility of
cells to apoptosis induced by 10 pM 1a,25(0OH),D; or
50 nM TNFa, whereas the PKCf and ¢ overexpressers
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Figure 5. Overexpression of various PKC isoforms differentially
alters apoptosis in HaCaT cells. Stable transfectants of HaCaT cells
overexpressing the different PKC isoforms or the control empty
vector (C) were treated with vehicle (Basal), 10 pM 1,25 (OH), D,
(Vitamin Dy), or 50 nM TNF « for 2 days and then apoptosis was de-
termined using an annexin V-based flow cytometry assay as de-
scribed in Materials and methods. Data are expressed as the per-
centage of apoptotic cells compared to total cell number and repre-
sent the mean + SE of three independent experiments.
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showed less sensitivity to the action of these agents than
did the control cells.

Effects of overexpression of PKC isoforms on
tumorigenicity in SCID mice

Finally, we investigated the behavior of PKC overex-
pressing cells in assays for tumor formation and in vivo
growth. SCID mice (three to four in each group) were in-
jected with a cell suspensions of HaCaT cells (1-2 x 10°
viable cells/200 pl) overexpressing different PKC iso-
forms and, after 30 days, tumors which had developed
were characterized. As revealed on HE-stained sections,
control HaCaT cells formed basal cell-enriched tumors
with expansive growth properties at the periphery and
with intense maturation and differentiation (formation of
keratin islets, dyskeratotic cells, sometimes cyst forma-
tion) at the center of the tumor (fig. 6). The relative sizes
of the proliferating and differentiating fields were ap-
proximately the same. The injection of HaCaT cells over-
expressing the various PKC isoforms generally did not
change the major histological characteristics of the tu-
mors. In other words, all tumors maintained the expansive
(i.e., non-infiltrative, benign) growth characteristics and
histological features of peripheral proliferation and cen-
tral differentiation. However, of greatest importance, we
found marked differences in the average size of the tu-
mors, the number of dividing cells, and the relative ratio
of the proliferating and differentiating parts on the histo-
logical sections. Overexpression of nPKCe and cPKCf
resulted in increased tumor growth, as reflected by the
markedly increased tumor sizes and number of dividing
cells (table 1). Moreover, the relative ratio of the prolifer-
ating to the differentiating parts also increased in these tu-
mors (more than 70% of the histological section was
dominated by the proliferating part in the nPKCe- and
cPKCp-overexpressing HaCaT cell-induced tumors). In
contrast, tumors initiated by cPKCa and nPKCé overex-
pressers possessed suppressed averaged tumor sizes, de-
creased numbers of mitoses, and an increased dominance
of the differentiating part (more than 70% of the tumor
histological picture) (fig. 6 and table 1).

These differential features of PKC-overexpressing cells
in tumorigenesis were also proven by analyzing the num-
ber of Ki67-positive cells in the tumors. As seen in table
1, in tumors induced by nPKCe- and cPKCp-overex-
pressing cells, the number of Ki67-positive (proliferat-
ing) cells increased whereas in tumors induced by cPKCa
and nPKC§ transfectants, the number decreased com-
pared to that of the control cells.

Discussion

Previous experimental findings from our laboratory [19],
in good accordance with a wide array of data in the liter-
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Figure 6. Cells overexpressing certain PKC isoforms induce different tumors in SCID mice. Stable transfectants of HaCaT cells overex-
pressing the different PKC isoforms or the control empty vector (C) at 1-2 x 10¢ viable cells/200 pl density were injected intradermally
into SCID mice. After 30 days, animals were euthanized, the developed tumors were excised and HE staining was performed on formalin-

fixed paraffin-embedded sections. Original magnification, X 20.

ature [10—15], unambiguously argued for the central role
of the PKC system in regulation of numerous ker-
atinocyte-specific cellular processes. Moreover, in the
case of NHEKSs, isoform-specific functions of certain
isozymes (e.g., cPKCa and nPKCé and n) were also de-
scribed. With respect to the HaCaT cells, however, we
possessed very little information about the exact role of
the PKC system and, more importantly, of the individual
isoforms in the cellular mechanisms. In the present paper,
using combined pharmacological and molecular biologi-
cal approaches, we report that among the several PKC
isoenzymes expressed in HaCaT cells [19], certain mem-
bers of the cPKC and nPKC sub-families possess oppo-
site roles in regulating proliferation, differentiation,
apoptosis, and tumorigenesis.

A key issue in the interpretation of our findings was the
relevance of our data obtained with HaCaT keratinocytes
for complete NHEKs. The cPKCa isoform, one of the
most studied PKC isoforms in keratinocyte biology, was
shown to play a central role in the calcium- and high cell
density-induced terminal differentiation program in
mouse and human keratinocytes [10—13, 15, 30]. This
isoform was also shown to be rapidly and markedly
down-regulated by phorbol esters both in NHEKs [10]
and HaCaT cells [19], which was regarded as a key signal
in mediating the action of the above agents to induce ter-
minal differentiation. In our current experiments, we fur-
thermore showed that the overexpression of cPKCa pro-
moted differentiation and apoptosis but inhibited prolif-
eration and tumor growth (figs 4—6). These findings

strongly argue that, similar to its behavior in NHEKS,
cPKCa may play a central role in the positive regulation
of differentiation and negative regulation of growth of
HaCaT keratinocytes.

Comparison of data obtained with cells overexpressing
cPKCa (i.e., stimulation of apoptosis and differentiation,
inhibition of growth) with those obtained using G66976,
the inhibitor of the cPKC isoforms (i.e., inhibition of
both proliferation and differentiation; fig. 1) suggested
that cPKCp (another cPKC isoform in HaCaT cells that
was presumably also inhibited by G66976) may oppo-
sitely regulate the above processes. Indeed, the prolifera-
tion and tumorigenic activity of cells overexpressing cP-
KCp was markedly increased whereas their differentia-
tion and apoptotic tendencies were suppressed when
compared to the control HaCaT cells (figs 4—6). These
findings were in good accord with previous data stating
that the expression of cPKCf is altered in psoriasis where
the sophisticated balance of keratinocyte proliferation
and differentiation is impaired [32].

Data obtained using the compound G66976 highlight an-
other important feature of the antagonistic roles of iso-
forms belonging to the conventional group of the PKC
family. If cPKCa stimulates differentiation and inhibits
growth and, conversely, cPKCp stimulates proliferation
and inhibits differentiation, the inhibitory effect of
G066976 (the inhibitor of both cPKCa and f) on both pro-
liferation and differentiation (fig. 1) could only be ex-
plained by the stimulatory actions of the two isoenzymes
(i.e., cPKCa on differentiation and apoptosis, cPKCf on
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proliferation and tumorigenicity) being more effective
than their inhibitory actions on the other responses. Nev-
ertheless, our data clearly present the opposite roles of
cPKC isoforms possessing similar activation mecha-
nisms in regulating various cellular processes in HaCaT
keratinocytes.

During the investigation of the novel PKC isoenzymes, a
strikingly similar phenomenon was observed. The nPKCe
has been extensively documented as a key positive regu-
lator of cellular proliferation in various cell types [4, 5, 7,
9]. Overexpression of nPKCe was also shown to lead to
pathological proliferation (hyperproliferative transforma-
tion) and down-regulation or overexpression of the dom-
inant negative mutant of the enzyme results in inhibition
of proliferation and induction of differentiation [5, 7, 9].
In addition, very recently, the promoting role of nPKCe in
skin tumor formation in transgenic mice was also re-
ported [12]. Since we have previously shown that, as in
NHEK cells [30], nPKCe is almost exclusively expressed
in the proliferating but not in the differentiating HaCaT
cells [19], our current results that the growth rate and tu-
morigenicity of cells overexpressing nPKCe dramatically
increased whereas the differentiation and apoptotic ca-
pacities decreased (figs 4—6) unambiguously argue for
the positive regulatory role of this isoform in in vitro and
in vivo growth of HaCaT keratinocytes as well.

Opposite findings were obtained regarding nPKCé (figs
1,4-06); i.e., this isoform functioned as a positive regula-
tor of differentiation and apoptosis with a parallel in-
hibitory action on cellular and tumor growth. We have
previously shown that the expression level of nPKC6 was
remarkably elevated in differentiating HaCaT ker-
atinocytes [19]. In addition, several groups have reported
that the activation or overexpression of nPKCé in ker-
atinocytes inhibited proliferation, initiated the differenti-
ation program [14], and mediated the apoptotic effect of
several inducers both in NHEK [14, 33, 34] and HaCaT
[35] cells. In addition, malignant transformation of Ha-
CaT keratinocytes by Ha-ras overexpression was shown
to result in the disappearance of nPKC¢ from the cells
[36] and treatment of control HaCaT cells by rottlerin in-
duced an altered (proliferating) phenotype [37]. Consis-
tent with these literature data, our findings further argue
for the positive and central role of nPKC4 in the initiation
and development of differentiation and apoptosis.
Finally, we should note that, to the best of our knowledge,
this is the first demonstration of the tumor-inducing prop-
erties of HaCaT cells in SCID mice. In contrast to data
obtained in nude mice, where control HaCaT cells
formed characteristic cystic granules (which regressed
after a few weeks) [16, 18], HaCaT keratinocytes induced
expansively growing benign tumors in SCID animals
which were histologically very similar to those developed
by injecting benign ras-transfected HaCaT cells into nude
mice [17, 18]. These data argue that, similar to the growth
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properties of other tumorigenic cell types [38—40], the
tumor-inducing capabilities of HaCaT cells are more pro-
found in SCID mice than in nude mice. Nevertheless,
since the overexpression of none of the PKC isoforms
(not even of cPKCp or nPKCe) resulted in malignant
transformation (in contrast to malignant ras transfection)
[17, 18], although certain PKC isoforms stimulate in
vitro and in vivo growth of HaCaT keratinocytes, their
constitutive presence alone is apparently not enough for
malignant transformation of the cells.

In summary, we can conclude that the isoform-specific
roles of certain cPKC and nPKC isoforms enrolled in this
study in the regulation of in vitro and in vivo growth, dif-
ferentiation, and apoptosis of human HaCaT ker-
atinocytes are very similar to those previously described
in NHEKS, supporting the relevance of our findings for
complete normal human epidermal cells.
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Abstract In this study, we investigated the putative roles of
certain protein kinase C (PKC) isoenzymes in the regula-
tion of proliferation and arachidonic acid (AA) release in
the human monocytoid MonoMac-6 cell line. Experiments
employing specific PKC inhibitors and molecular biologi-
cal methods (RNA-interference, recombinant overexpres-
sion) revealed that the two dominantly expressed isozymes,
i.e., the “conventional” cPKCf and the “novel” nPKCS),
promote AA production and cellular proliferation. In
addition, using different phospholipase A, (PLA;) inhib-
itors, we were able to show that the calcium-independent
iPLA, as well as diacylglycerol lipase (but not the cytosolic
PLA,) function as “downstream” targets of cPKCf3 and
nPKCS?. In addition, we have also found that, among the
other existing PKC isoforms, cPKCx plays a minor
inhibitory role, whereas nPKCe and aPKC( apparently do
not regulate these cellular processes. In conclusion, in this
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Introduction

Protein kinase C (PKC) comprises a family of serine threonine
kinases that play key roles in the regulation of various cellular
functions [1]. Up to date, at least 11 different PKC
isoenzymes have been identified, which can be classified
into the groups of the calcium- and phorbol ester-dependent
“conventional” cPKCs (PKC«, 31, BII, and y), the calcium-
independent “novel” nPKCs (PKC9, €, n, and 0), the
calcium- and phorbol ester-independent “atypical” aPKCs
(PKCC and A), and the unique PKCp [2, 3]. These
isoforms, possessing characteristic tissue and cellular distri-
bution, specifically regulate various cellular functions such
as proliferation, differentiation, cytokine production, media-
tor release, and receptor-mediated signal transduction [1, 4].
For example, we have previously shown that ¢cPKC«x
inhibited in vitro and, of great importance, in vivo
proliferation of human keratinocytes, whereas cPKCf
effectively stimulated growth of the cells [4].

It was also shown that the different PKC isoforms very
often play central roles in the proliferation, differentiation,
and apoptotic processes in human mononuclear cells such
as monocytes, macrophages, and lymphocytes [5-7].
Moreover, the involvement of the PKC system was also
documented in mediating such biological actions of
leukocytes as degranulation, chemotaxis, adherence, super-
oxide formation, phagocytosis, and arachidonic acid (AA)
production and liberation [8—11]. For example, Di Marzo et
al. [12] have reported that the activation of PKC, by
phosphorylating components of the receptor-G;-protein
complex, switches the coupling of dopamine receptor-2
from inhibition of adenylyl cyclase toward facilitation of
AA release [12]. However, the exact function of the PKC
isoforms in the generation of AA is not fully recognized.

Moreover, it is also of current debate how various
physiological and pathological stimuli can differentially
activate the various isoforms of the PKC system. For
example, Manicassamy et al. [13] have found that nPKC8
is required for enhancing the survival of activated CD4" T
cells by up-regulating Bcl-x; (by inhibition of apoptosis via
a caspase- and mitochondria-dependent pathway) after T
cell receptor (TCR) stimulation. Similar to nPKC0-deficient
primary CD4" T cells, small interfering RNA-mediated
knock-down of nPKCO in Jurkat cells also resulted in
apoptosis upon TCR stimulation [13]. In addition, the
crucial facilitating role of nPKCO was also suggested in the
proliferation of human T lymphocytes upon mitogen and
interleukin-2 exposure [14]. Furthermore, it is also known
that the activation of PKC is required for the ultimate
activation of the transcription factor NF-kB and hence for
the adaptive immune response in lymphocytes [15].
However, the connection between the PKC activation and
NF-«B is not clarified yet. In B cells, however, Martin et al.
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found that the loss of aPKC( selectively impairs signaling
through the B cell receptor, resulting in inhibition of cell
proliferation and survival, impairment in the activation of
ERK, and inhibition of transcription of NF-kB-dependent
genes [16]. In contrast, only very limited data is available
about the possible functions of PKC isoforms in the
proliferation of human peripheral monocytes [5].

Recent studies of our laboratories also suggested the
participation of distinct PKC isozymes in the development
of certain pathological alterations seen in mononuclear cell-
related diseases. Namely, we have previously shown that, in
monocytes of patients with newly diagnosed systemic lupus
erythematosus (SLE; i.e., receiving no steroid therapy), the
expression levels of nPKC6 and € was dramatically
suppressed when compared to healthy control monocytes
[17]. We have also presented that, in these diseased cells,
the AA release was decreased compared to monocytes of
healthy individuals [18]. Furthermore, we also found that
corticosteroid treatment of patients with SLE resulted in a
marked elevation (“normalization”) of the levels of nPKCb
and €, in parallel with the improvement in the clinical status
and number of biochemical parameter, including, of great
importance, AA production [17].

As the above findings strongly argued for that there
might be an intimate connection between the certain PKC
isoforms and the proliferation and AA production of
monocytes (a phenomenon that is already documented, for
example, in macrophages and related cell lines [7, 8, 10]),
in the current study, using combined pharmacological and
molecular biological approaches, we intended to investigate
the isoform-specific roles of various PKC isoforms in the
human monocytic cell line MonoMac-6. This model system
was specifically chosen, as we have previously character-
ized the PKC isozyme pattern of these cells [17], and
furthermore, as there is no data in the literature about the
involvement of the PKC system regarding the proliferation
and AA production. Based on our results, in this paper, we
provide the first evidence that certain PKC isoforms play
pivotal, specific, and (at least partly) antagonistic roles in
the regulation of cellular proliferation and AA production
of human monocytoid MonoMac-6 cells.

Materials and methods
Cell culture

MonoMac-6 cells were cultured under lipopolysaccharide-free
conditions in Roswell Park Memorial Institute (RPMI)-1640
medium containing 10% fetal bovine serum, 2 mM L-
glutamine, 1 mM sodium pyruvate, 0. mM nonessential
amino acids, 200 U/ml penicillin, 200 pg/ml streptomycin
(all from Sigma, St Louis, MO, USA).
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Transient transfection of PKC isoforms

Cells were transfected using the Amaxa Nucleofection
technology (Amaxa, Cologne, Germany). Cells were resus-
pended in solution from nucleofector kit V, also available as
part of the Amaxa cell optimization kit, following the Amaxa
guidelines for cell line transfection (see Amaxa literature for
further details about this kit). Briefly, 100 pl of 3.5x10° cell
suspension mixed with 4-ug enhanced green fluorescent
protein (eGFP)-conjugated complimentary DNA (cDNA)
vectors (encoding the sequence of various PKC isoforms as
well as the empty vector, all from Clontech, Mountain
View, CA, USA) was transferred to the provided cuvette
and nucleofected with an Amaxa nucleofector apparatus
(Amaxa). Cells were transfected using the U-01 pulse
protocol and were immediately transferred into 12-well
plates containing 37°C pre-warmed culture medium. After
transfection, cells were cultured from 2 to 48 h, and then,
the efficacy of overexpression was analyzed by fluorescent
microscopy, flow cytometry, and Western blotting.

Flow cytometry

To assess the transfection efficiency of eGFP-conjugated
PKC constructs and also of possible changes of cell
viability, MonoMac-6 cells (4, 24, and 48 h after
transfection) were subjected to flow cytometry analysis
(Coulter Epics XL, Beckman Coulter, Fullerton, CA, USA).
The transfection efficacy was measured by determining
fluorescence intensity values, whereas living and dead cells
were identified by forward and side scatter parameters.

RNA-interference (siRNA)

Cells were seeded in 6-well culture plates in RPMI media
containing serum, but lacking antibiotics. At 40-50%
confluence, cells were transfected with small interfering
RNA (siRNA) probes against PKCs or with fluorescein-
labeled control siRNA (Santa Cruz, Santa Cruz, CA, USA)
previously mixed (and incubated at room temperature for
25 min) with a transfection medium also containing the
transfection reagent (both provided by Santa Cruz for use in
siRNA transfection protocols). The efficacy of siRNA-
driven “knock-down” of the PKCs was daily evaluated by
Western blotting for 4 days.

Western blot analysis

Cells were washed with ice-cold phosphate-buffered saline
(PBS), harvested in homogenization buffer [20 mM Tris—
HCI, 5 mM ethylene glycol tetraacetic acid, 1 mM 4-(2-
aminoethyl)benzenesulfonyl fluoride, 20 mM leupeptin,
pH 7.4; all from Sigma], and disrupted by sonication on

ice. The protein content of samples was measured by a
modified bicinchoninic acid protein assay (Pierce, Rock-
ford, IL, USA). Total cell lysates were mixed with sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer and boiled for 10 min at 100°C. The
samples were subjected to SDS-PAGE (8% gels were
loaded with 20- to 30-mg protein per lane) and transferred
to nitrocellulose membranes (Bio-Rad, Wien, Austria) [4].
Membranes were then blocked with 5% dry milk in PBS
and probed with the appropriate primary antibodies against
the given PKC isoform; anti-PKC«, €, and ¢ were from
Sigma, whereas anti-PKC{, vy, §, 0, and A from Santa
Cruz. Peroxidase-conjugated goat anti-rabbit immunoglob-
ulin G antibodies (Bio-Rad) were used as secondary
antibodies, and the immunoreactive bands were visualized
by an enhanced chemiluminescence Western blotting
detection kit (Amersham, Little Chalfont, UK). Immuno-
blots were subjected to densitometric analysis using an
Intelligent Dark Box (Fuji, Tokyo, Japan) and the Image
Pro Plus 4.5.0 software (Media Cybernetics, Silver Spring,
MD, USA), and then normalized densitometric values of the
individual lanes of several independent experiments were
determined and expressed as meantSEM. To assess equal
loading, membranes were stripped in 200 ml of 50 mM Tris—
HCI buffer (pH 7.5) containing 2% SDS and 0.1 f3-
mercaptoethanol (all from Sigma) at 65°C for 1 h and were
re-probed with a mouse (3-actin antibody (Sigma) followed
by a similar visualization procedure as described above.

Quantitative “real-time” PCR

Quantitative polymerase chain reaction (Q-PCR) was carried
out on an ABI PRISM 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA) by using the 5’
nuclease assay. Total RNA was isolated using TRIzol
(Invitrogen). One microgram of total RNA were then reverse
transcribed into cDNA by using 15 units of avian myelo-
blastosis virus reverse transcriptase (Promega, Madison, W1,
USA) and 0.025 pg/pl random primers (Promega). PCR
amplification was carried out by using the TagMan primers
and probes (Assay ID: Hs00176973 ml for PKC«x; Assay
ID: Hs00176998 ml1 for PKCf1; Assay ID:
Hs00178914 m1 for PKCb; Assay ID: Hs00178455 ml
for PKCe and Assay ID: Hs00177051 ml for PKC() using
the TagMan Universal PCR Master Mix Protocol (Applied
Biosystems). As internal controls, transcripts of glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) were deter-
mined (Assay ID: Hs99999905 ml for human GAPDH).

Determination of cellular proliferation

The proliferation of the cells was determined by measuring
the conversion of the methylthiazol tetrazolium (MTT) salt
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to formazan (Sigma). Cells were plated in 96-well multititer
plates (5x10°/ml density) in quadruplicates and were
treated with different concentrations of the reagents for
the time indicated (see respective figures). Cells were then
incubated with 0.5 mg/ml MTT for 3 h, and the
concentration of formazan crystal (as the indicator of
number of viable cells) was determined colorimetrically
according to the manufacturer’s protocol. Data are
expressed as mean+SEM.

AA release

Cells at 10° cells/ml densities were preincubated with [’H]
AA (Amersham, Little Chalfont, UK) in CO, incubator at
37°C for 20 h. After extensive washing, the cells were
further incubated with either culturing medium (basal
production of AA) or with various agents investigated for
4 h, and the released ["H]AA was determined by scintilla-
tion counting. Each value was calculated as the average of
triplicates of cultured cells and at least four individual
experiments were performed.

Statistical analysis

When applicable, data were analyzed using a two-tailed
unpaired #-test, and P<0.05 values were regarded as
significant differences.

Results

Using flow cytometry, we have previously shown that
MonoMac-6 cells possess functionally active PKC system
[17]. Namely, they express the cPKCx and 3, nPKCd and
€, and aPKC(; interestingly, we were unable to detect any
expression of nPKCn—an isoform that does exist in human
peripheral monocytes [17]—and other PKC isoforms
(cPKCy, nPKC8, aPKCA/t, or PKCp). In this study, these
results were confirmed by Western blotting and Q-PCR
(Fig. la and b). Using the latter technique, we were also
able to show that the relative expression levels of various
PKC isoforms in MonoMac-6 cells are different. Namely,
certain PKC isoforms possessed relatively high
(nPKC6>>>>cPKCp>aPKC(), whereas others low
(cPKCo>nPKCg) expression levels normalized to the
endogenous control GAPDH (Fig. 1b).

We then intended to determine the potential roles of the
PKC system in the regulation of cellular functions of
MonoMac-6 cells. As seen in Fig. lc, application of the
general PKC activator phorbol 12-myristate 13-acetate
(PMA; for 2 days) resulted in a significant and dose-
dependent decrease in the proliferation of cells. In parallel,
as was assessed by Western blotting (Fig. 1a), expressions
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of ¢cPKCf and nPKCb were suppressed (possibly due to
down-regulation of the isoforms) by 100 nM PMA (as well
as 10 nM PMA, data not shown), whereas the cellular
levels of cPKCax and aPKC( were not changed. Interest-
ingly, the expression of nPKCe increased upon the phorbol
ester treatment. These finding argued for that the affected (i.e.,
down- and up-regulated PKCs) might mediate the growth-
inhibitory effect of PMA.

Moreover, confirming our previous data [17], we also
found that the administration of PMA induced a remarkable
increase in the AA release (Fig. 1d), which also suggested
the involvement of the PKC pathway. To further determine
the participation of the existing PKCs in the effect of PMA,
certain PKC inhibitors were investigated. As seen in
Fig. 1d, the cPKC inhibitor (in our case, the inhibitor of
the cPKCx and f3) G66976 [19] as well as Rottlerin (a
selective inhibitor of the nPKCd [20]) significantly pre-
vented the effect of the phorbol ester to induce AA release.

The above data strongly suggested an important role of
certain PKC isoforms in modulation of cellular proliferation
and AA release. The participation of numerous isoforms in
the effect of PMA, however, resulted in a very complex
phenomenon and did not permit to define the exact
isoform-specific regulatory roles of the PKCs in the cellular
processes. Therefore, to further dissect the mechanism, we
then modified the endogenous activity of the existing
isoenzymes and measured the effect of such interventions
on the “basal” proliferation and AA release of the cells.
Incubation of MonoMac-6 cells with a cPKC inhibitor
G066976 remarkably impeded cellular division in a dose-
dependent fashion (Fig. 2a). Similarly, the inhibition of the
nPKC6 by Rottlerin also dose-dependently suppressed
cellular proliferation (Fig. 2b). It was important to observe,
however, that neither Rottlerin nor G66976 was able to
affect the basal AA release when applied alone (Fig. 2c¢).
Notably, using Trypan-blue staining and glucose-6-phos-
phate-dehydrogenase release cytotoxicity assay, we ob-
served insignificant cell death, even at the highest
concentrations applied (data not shown). This was in good
accord with previous findings in the literature [19, 20]
demonstrating the lack of cytotoxic effects of G6-6976 and
Rottlerin at the concentrations applied in the current study.

Recent findings about the limitation of the specificity
and selectivity of the above inhibitors [21-24] and,
moreover, the lack of efficient inhibitors for nPKCe and
aPKC(, however, forced us to further investigate the roles
of the isoenzymes using various molecular biological
techniques. Along these lines, we transiently overexpressed
the isoforms in a GFP-tagged fusion protein format. The
high efficacy of recombinant overexpression (measured
24 h after transfection) was monitored by fluorescence
microscopy (Fig. 3) and flow cytometry, which the latter
technique resulted in an average >80% cell survival rate
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Fig. 1 The PKC isoforms pattern of MonoMac6 cells and the effect of
PMA treatment. a Cells were treated with 100 nM PMA for 2 days and
(along with control cells) were subjected to Western immunoblotting
using anti-PKC antibodies. The amounts of the individual PKC
isoforms were quantitated by densitometry and expressed as the
percentage of the value of immunoreactive bands of control cells
regarded as 100%. The figure is a representative of several
determinations for each isoform. b Q-PCR analysis of the
expression of various PKC isoforms in MonoMac-6 cells. Data
were normalized to the expression of the internal control GAPDH
of the same sample. ¢ Cells were seeded at densities of 50,000
cells/well in96-well microtiter plates, treated with various concen-

and >70% transfection efficiency (data not shown). In
addition, Western blot analysis also revealed the successful
overexpression of the isoforms (Fig. 3, insets).

We then measured the effect of PKC isoform over-
expression on the AA release of the cells. First, we
measured the effect of the transfection itself on potential
cell death and AA leakage of the cells. As seen in Fig. 4a,
transient transfection of the empty eGFP vector resulted in
similar basal and PMA-induced AA release to those of the
control (i.e., non-transfected) cells suggesting that the
transfection procedure did not alter the responsiveness of
the cells.
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tration of PMA for 2 days, and cell proliferation was determined
using MTT assays. Points represent the mean+SEM of quadrupli-
cate determinations in one representative experiment and expressed
as a percentage of the control (non-treated) group regarded as
100%. Three additional experiments yielded similar results.
Asterisks represent significant (P<0.05) changes compared to
control d Cells at 10° cells/ml densities were treated with culturing
medium (Control), 100 nM PMA, and 5 uM calcium ionophore
A23187 (PMA), PMA+A23187 and 20 nM G66976 (G6+PMA), or
PMA+A23187 and 100 nM Rottlerin (Rott+PMA) for 4 h, and the
release of AA was determined in triplicate. Data were expressed as
mean+SEM. Asterisks represent significant (P<0.05) changes

As seen in Fig. 4b, e, and f, the overexpression of
cPKCx, nPKCg, or aPKC( did not affect the basal AA
release. In contrast to these findings, the overexpression of
cPKCp or nPKC$ significantly elevated the basal AA
release (Fig. 4c and d). However, it was intriguing to
observe that the overexpression of cPKCo (unlike any of
the other four isoforms) significantly affected the PMA-
induced AA release; namely, it inhibited the effect of the
phorbol ester (Fig. 4b).

It is generally accepted that different phospholipase A,
(PLA,) enzymes that play key roles in cellular synthesis of
AA [25, 26]—such as the cytosolic phospholipase A,
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Fig. 2 Effects of different PKC inhibitors on proliferation and AA
release of MonoMac-6 cells. Cells were seeded at densities of 50,000
cells/well in 96-well microtiter plates, treated with various concentra-
tion of G66976 (a) or Rottlerin (b) for 2 days, and cell proliferation
was determined using MTT assays. Points represent the mean+=SEM of
quadruplicate determinations in one representative experiment and
expressed as a percentage of the control (non-treated) group regarded

(cPLA,), the calcium-independent phospholipase A,
(iPLA,), and diacylglycerol (DAG) lipase—might be the
“down-stream” targets of various PKCs [8, 27-29]. There-
fore, to further evaluate the putative molecular mechanism
coupled to the cPKCf3- and nPKCbé-mediated signaling, we
aimed to determine the effects of the inhibitors [30-32] of
these enzymes on the basal AA release of control (eGFP
transfected) MonoMac-6 cells and on the elevated basal AA
production of the cPKCP and nPKC$ transfectants. In
control cells, application of the cPLA, inhibitor AACOCF3
did not modify the basal AA release. In contrast, incubating
the cells with the iPLA, inhibitor PACOCF3 or the DAG
lipase inhibitor RHC-80267 significantly decreased the
basal AA production of the cells (Fig. 5a). Importantly,
similar phenomena were observed in the cases of the two
overexpressers (Fig. 5b and c). Namely, the iPLA, and the
DAG lipase inhibitors significantly inhibited the elevated
basal AA release of the cPKCf and nPKC? transfectants,
whereas the cPLA, inhibitor was ineffective.

Unfortunately, the transient overexpression method did
not permit the parallel investigation of the alteration in the
proliferation rate of the cells, as (within 48 h), on the one
hand, the majority (>50%) of the cells fairly rapidly died
(most likely because of membrane injury induced by
Nucleofection), and on the other, we observed a significant
decrease in the number of GFP-fusion protein-expressing
cells in the cultures (data not shown). Therefore, we
employed another molecular biological approach (namely,
the RNA-interference technique) to reveal the specific,
endogenous roles of the above three isoforms (i.e., cPKC«x
and 3, and nPKCJ) in the regulation of the proliferation of
the cells.
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as 100%. Three additional experiments yielded similar results. ¢ Cells
were treated with culturing medium (Control), 100 nM Rottlerin
(Rottlerin), or 20 nM G66976 (G66976) for 4 h, and the release of AA
was determined in triplicate. Data were expressed as mean+SEM. In
all panels, asterisks represent significant (P<0.05) changes compared
to control

Western blot analysis revealed (Fig. 6a—d) that the
expressions of all three PKC isoforms investigated were
significantly “knocked down” by distinct siRNA probes at
day 2. However, these phenomena were reversible, as we
observed a “return” of the immunosignals at day 4.
Importantly, in analogy to data obtained with the various
PKC inhibitors (see Fig. 2a and b), the “knock-down” of
nPKC6 and cPKCf partially (yet significantly at day 2)
suppressed the proliferation rate of the cells (Fig. 6e) in
which the effects were mostly “diminished” by day 4 (in
parallel to the reappearance of the given PKC isoenzyme in
the cells). It was also intriguing to observe that, at day 2,
the sum of growth inhibition of nPKCd and cPKCp
“knock-downs” exactly matched the effect of 10—
1,000 nM PMA (added alone for 2 days) to inhibit
proliferation (see also in Fig. 1c). Conversely, the siRNA-
induced down-regulation of cPKCo slightly elevated the
growth rate of the cells. Taken together, these results
strongly argue that cPKCf and 0 promote, whereas cPKCx
rather inhibits, proliferation of MonoMac-6 cells.

Discussion

In this study, using combined pharmacological and molec-
ular biological approaches, we provide the first evidence
that certain PKC isozymes of the existing isoforms
specifically, differentially, and (most probably) antagonisti-
cally regulate the proliferation and AA release of the
monocytoid cell line MonoMac-6.

According to best of our knowledge, this is the first
demonstration that the nPKCd (which is, by far, the
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Fig. 3 Transfection efficacy of
transiently overexpressed GFP-
tagged PKC isoforms and the
empty eGFP vector. Cells were
transfected with eGFP-tagged
empty or PKC-containing vec-
tors as described under “Materi-
als and methods,” and
fluorescence images were taken
24 h after transfection. /n all
images, insets in the top right
corners show control cultures
where the transfection medium
lacked the vectors. Twenty-four
hours after transfection, control
(C) and transfected (7) cells
were harvested and subjected to
Western immunoblotting using
anti-PKC antibodies (insets in
the bottom left corners). The
amounts of the individual PKC
isoforms were quantitated by
densitometry and expressed as
the percentage of the value of
immunoreactive bands of con-
trol cells regarded as 100%

B-actin
100 109

epsilon

epsilon
100 320

dominant PKC isoform in MonoMac-6 cells, Fig. 1b) acts
as a positive regulator of both the proliferation and the AA
release in human monocytoid cells. This argument is
supported by numerous lines of evidence: (1) The isoform
was remarkably down-regulated (hence, possessed lower
expression levels) upon PMA treatment in parallel with the
growth inhibitory action of the phorbol ester (Fig. 1a and c);
(2) pharmacological inhibition of endogenous activity of
nPKC? suppressed proliferation (Fig. 2b); (3) the selective
inhibitor of the isozyme inhibited PMA-induced AA release
(Fig. 1d); (4) siRNA-driven “knock-down” of the isoform
significantly inhibited the proliferation of the cells (Fig. 6e).
It should be noted, however, that the nPKC9 inhibitor did
not modify the basal AA production (Fig. 2c¢) suggesting
that, in contrast to its role in the regulation of proliferation,

B-actin
100 107

8142 %

B-actin

100 327 | 100 111

¢ 3T G 7

79,29 % 75,48 %

78,74 %

88,34 %

the endogenous basal (yet fairly high) expression and
activity of the isoform most probably does not participate
in the processes of basal AA production. On the contrary, it
appears that, when nPKC$ was recombinantly overex-
pressed (hence, possessed an even more increased activity),
it significantly elevated the basal AA production of the cells
(Fig. 4d) suggesting that, upon exogenous activation, the
isoform may mediate the action of agents to promote AA
production.

Strikingly similar results were obtained when investigat-
ing the function of another highly expressed isozyme,
cPKC}f (a previously more extensively studied isoform) in
MonoMac-6 cell functions. Namely, the isoenzyme was
also down regulated during PMA-induced growth inhibi-
tion (Fig. la and c), whereas inhibition of its endogenous
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Fig. 4 AA release in PKC- a b
transfected MonoMac-6 cells. .
Cells were transfected with [ control
1400+ 1400+
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containing vectors as described 1200+ 1200+ o
under “Materials and methods” € =
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activity (Fig. 2a) or suppression of its expression level by
siRNA (Fig. 6e) significantly inhibited proliferation of the
cells. These data are in good accord with previous studies
showing that stable transfection of human myeloid THP-1
cell line with antisense-PKCf3 reduced proliferation [5] and
that the recombinant overexpression of this isoform enhanced
proliferation of the human erythroleukemia cells K562 [33].

With respect to AA production, the overexpression of
cPKC}} also resulted in a significant elevation of the basal
AA release of the cells (Fig. 4c), whereas inhibition of
cPKCB by G66976 significantly prevented the action of
PMA to stimulate AA production (Fig. 1d). This was in line
with previous demonstrations that PKC( mediated the
effect of PMA to stimulate AA production in murine RAW
264.7 macrophages [28]. In addition, also similar to the
function of nPKC$, suppression of the endogenous cPKC[3

@ Springer

activity did not modify the basal AA production (Fig. 2c).
Finally, it was also important to observe that increased AA
release in cells overexpressing cPKC and nPKCS (simi-
larly to control cells) was fully abrogated by the inhibitor of
the iPLA; enzyme in which findings identify this “down-
stream” molecule as a potential target of these PKC
isozymes (Fig. 5). Experiments with the DAG lipase
inhibitor RHC-80267 revealed that this enzyme may be
also activated by cPKC{ and nPKC6. However, experi-
ments with newly developed, more specific inhibitors [34,
35] would further strengthen this hypothesis. In summary,
these results strongly argue for the positive role of cPKCf3
and nPKC38 in the regulation of proliferation and AA
release of the monocytoid MonoMac-6 cells.

Experimental data with cPKCo, however, suggested that
this isoform (which possessed a very low expression level
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Fig. 5 Effects of inhibitors of

various AA producing enzymes

on the AA release. Cells trans- = 500
fected with the empty eGFP g_
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in the cells, Fig. 1b) plays a minor yet (most probably)
opposite role in the regulation the MonoMac-6 cell
processes when compared to the actions of cPKCf{ and
nPKC3. The only significant finding with this isoform was
that its overexpression efficiently prevented the effect of
PMA to stimulate the AA production of the cells (Fig. 4b).
Interestingly, even when overexpressed, it did not affect at

basal

all the basal AA release (Fig. 4b) suggesting the lack of
involvement of this isoforms in the regulation of the
process. Moreover, we observed only a slightly increased
growth rate of those cells in which cPKCox was “knocked
down” using siRNA (Fig. 6e), which may suggest the
negative role of this isoform in regulating proliferation of
the cells. This hypothesis is also supported by previous data
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Fig. 6 siRNA-driven “knock-
down” of various PKC iso-
forms and its effect on the
proliferation of MonoMac-6
cells. a—c¢ Various siRNA probes
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days after transfection
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days after transfection
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rials and methods.” To evaluate
the efficacy of this interven-
tion, cells were then subjected
to Western immunoblotting
using anti-PKC antibodies
(upper two lanes). As controls,
the expression of (3-actin was
also determined (lower lanes).
Numbers represent densitome-
try values as described under
(d). d In each case, the
amounts of the individual PKC
isoforms were quantitated by
densitometry, normalized to
those of 3-actin, and expressed
as the percentage of the value

control si
B-actin

C

0 1 2

100 654

Si NPKCY e - —

[FESS———— e

nPKC3

days after transfection

41,8~

control si M = —— -, o

79,5
s — O ——

LR R S s R o) o — .

Bracting o — gy g— o - S

d [ 1PKCa

I PKC3
[ 1PKCs

100 -

3 4

88,72

80+

60 4

40

201

B-actin  g————— -

obtained at day 0 regarded as
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were seeded at densities of
50,000 cells/well in 96-well
microtiter plates, and the cell
proliferation was daily deter-
mined using MTT assays. Points
represent the mean+SEM of
quadruplicate determinations in
one representative experiment
and expressed as a percentage of
the proliferation of the daily-
matched, control siRNA-trans-
fected group regarded as 100%.
Three additional experiments
yielded similar results. Asterisks
represent significant (P<0.05)
changes compared to these con-
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showing that antisense-PKC«x enhanced the proliferation of
human myeloid THP-1 cell line [5], that PKCx overexpressers
human K562 erythroleukemia cells possessed a much slower
growth rate than control cells [28], and that, in the 32D
mouse myeloid progenitor cell line, cPKCox participated in
the TPA-induced myeloid differentiation [36]. Finally, the
very low endogenous expression level and, hence, the
relatively minor (negative) role of cPKCx in the regulation
of proliferation of MonoMac-6 cells may also explain the
“unexpected” growth-inhibitory effect of cPKC inhibitor
G066976 (Fig. 2a), which most probably, exerted its inhibitory
action on the growth-promoting cPKCf3 possessing >seven-
fold higher expression level than cPKCx (Fig. 1b).

In our hands, the nPKCe and aPKC( did not seem to
participate in the above cellular processes of the cells.
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1 2 3 4
days after transfection

Firstly, transient overexpression of these isozymes did not
affect the basal or PMA-induced AA release of the cells
(Fig. 4e and f). Moreover, as expected, PMA treatment did
not influence the protein expression of aPKC( (Fig. la).
Interestingly, the level of nPKCe seemed to double after
PMA administration (Fig. 1a); however, as the endogenous
level of this isoform was by far the lowest (e.g., less than 1/20
of cPKCJ} as revealed by Q-PCR, Fig. 1b), we think that this
alteration in the protein expression has negligible role,
especially when compared to the effect of PMA to down-
regulate cPKCf or nPKC5.

Finally, our results may even have clinical implications.
As we have previously shown, the diseased monocytes
from freshly diagnosed SLE patients possessed impaired
AA production as well as low nPKC and € levels [17, 18].
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Of great importance, we have moreover documented that
the clinically effective corticosteroid treatment of the
patients in vivo or the isolated monocytes in vitro
“normalized” both the AA release and the expressions of
the two isoforms (at both protein and mRNA Ilevels)
suggesting that the pathological levels of nPKC& and/or €
might be responsible for the decreased AA production in
SLE monocytes [17]. In addition, our previous results also
suggested that the “normalization” of the AA production in
the monocytes by corticosteroid treatment of SLE patients
was due to the “reactivation” of the iPLA,-dependent
pathway [18]. Therefore, our current presentation that, in
the monocytoid MonoMac-6 cell line, (1) the overexpres-
sion of nPKC$ markedly increased AA production,
whereas that of nPKCe did not modify the process
(Fig. 4d and e), and (2) the effect of nPKCb overexpression
to elevate AA release could be completely reversed by the
inhibition of the iPLA, enzyme (Fig. 5c), invite an
attractive hypothesis that the selective activation of nPKCd
may be a fine tool in the therapeutic management of SLE-
related alterations of monocyte functions. In addition, in
such monocytoid cells where cPKC« is more abundant that
in MonoMac-6 cells (for example, in monocytes from SLE
patients; [17]), an alternative approach could be a selective
inhibition of (the, most probably, growth inhibitory)
cPKCa.
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Increased expression of TRPVI in squamous cell carcinoma

of the human tongue
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OBJECTIVES: Recent reports have unambiguously
identified the presence and the growth-modulatory role
of transient receptor potential vanilloid-1 (TRPVI), a
central integrator of pain sensation, on numerous non-
neuronal cell types and, of great importance, in certain
malignancies. In this study, we have investigated the
molecular expression of TRPVI in the human tongue and
its high-incidence malignant (squamous cell carcinoma,
SCC) and premalignant (leukoplakia) conditions.

METHODS: Immunohistochemistry, Western blotting
and quantitative ‘real-time’ Q-PCR were performed to
define the expression of TRPVI.

RESULTS: A weak and sparse TRPVI-specific immuno-
reactivity was identified in the basal layers of the healthy
human tongue epithelium. By contrast, we observed a
dramatically elevated TRPVI-immunoreactivity in all
layers of the epithelium both in precancerous and
malignant samples. Furthermore, statistical analysis
revealed that the marked overexpression of TRPVI
found in all grades of SCC showed no correlation with the
degree of malignancy of the tumours. Finally, the
molecular expression of TRPVI was also identified in an
SCC-derived cell line and was shown to be increased in
parallel with the accelerated growth of the cells.
CONCLUSION: Collectively, our findings identify TRPVI
as a novel, promising target molecule in the supportive
treatment and diagnosis of human tongue SCC.
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Introduction

Transient receptor potential vanilloid-1 (TRPVI),
a member of the large TRP channel family, is a non-
selective calcium-permeable cation channel which was
originally described on nociceptive sensory afferents as a
central integrator of pain sensation (Caterina et al,
1997; Tominaga et al, 1998). Indeed, TRPVI can be
activated by numerous exogenous and endogenous
agents such as capsaicin (alkaloid of hot chilli peppers),
resiniferatoxin (pungent compound isolated from
Euphorbia resinifera), heat, low pH, inflammatory
mediators, etc (Di Marzo et al, 2002; Ugawa et al,
2002). The activation of TRPVI results in depolariza-
tion of the sensory afferents, firing of action potentials
and hence the onset of pain sensation (Moran et al,
2004).

Recent reports, however, have unambiguously iden-
tified the presence of TRPV1 on numerous non-neuro-
nal cell types as well. We and others have found that
functional TRPV1 is expressed, for example, on various
epithelial cells such as human skin keratinocytes (Denda
et al, 2001; Inoue et al, 2002; Southall et al, 2003; Bodo
et al, 2004, 2005), bronchial epithelium (Veronesi et al,
1999), urothelium (Birder et al/, 2001; Lazzeri et al,
2004), cells of the gastrointestinal tract (Geppetti and
Trevisani, 2004; Faussone-Pellegrini et al, 2005) as well
as on mast cells (Biro6 et al, 1998a), glial cells (Bir6 et al,
1998b), etc. Moreover, it was also shown that the
activation of TRPVI1 on these cells may result in
changes e.g. in proliferation, apoptosis, differentiation
and/or cytokine release (Bird er al, 1998a; Veronesi
et al, 1999; Birder et al, 2001; Bodo et al, 2004; Lazzeri
et al, 2004).

In relation to these mostly in vitro functional data on
regulation of cell growth, it is also of great importance
that TRPVI is expressed at various levels in certain
malignancies (Prevarskaya et al, 2007). For example,
elevated TRPV1 expression was identified in carcinomas
of the human prostate (Sanchez et al, 2005), colon
(Domotor et al, 2005), pancreas (Hartel et al, 2006), or
urinary bladder (Lazzeri et al, 2005). Moreover, certain



data also indicate that the level of TRPV1 may alter in
relation to the degree of malignancy; e.g. positive
(prostate cancer) (Sanchez ef al, 2005) or negative
[bladder carcinoma (Lazzeri et al, 2005), glioma (Aman-
tini et al, 2007)] correlations were equally found with
increasing grades of the respective tumours.

Although sparse reports indicate that dietary capsa-
icin may inhibit tongue carcinogenesis in rats, intrigu-
ingly, we lack data on the existence of the ‘capsaicin
receptor’ TRPV1 on structures of the oral cavity which
comprise the primary ‘target’ of the regularly consumed
TRPV1 agonist capsaicin (Tanaka et al, 2002). There-
fore, in this study, by focusing on the human tongue, we
investigated the expression of the molecule in the
epithelial cells of the organ. Moreover, we also defined
the putative alterations in the level of TRPV1 in human
squamous cell carcinoma (SCC) of the tongue which
comprises one of the highest incidence malignancies of
the oral cavity (indeed, it accounts for 20-50% of all
oral cavity neoplasias with a 5-year mortality rate of
approximately 50% and a poor survival index that has
not changed significantly in the past half-century) (Byers
et al, 1998; Nagler et al, 2007; Molina et al, 2008).

Methods

Human tissues

The study was approved by the Institutional Research
Ethics Committee and written consent was obtained
from all patients (Table 1). Seven normal adult (healthy)
tongue epithelial tissue samples were obtained for
routine diagnosis. The control patients had no history
of pre- or malignant oral mucosal lesions. Eight
epithelial leukoplakia lesions and 18 tongue SCC
samples were involved in the study and were verified
by histopathological evaluations by expert pathologists.
Neither the leukoplakia patients nor the SCC patients
had the previous or contemporary oral malignancies.

Human tissue sample preparation

In general, the fresh tissue specimens were divided into
two parts (Varga et al, 2004). One part of the samples
was fixed in 4% paraformaldehyde, embedded in
paraffin and processed for histopathology grading
and for immunohistochemistry (see below). The second
part was frozen in liquid nitrogen and to collect tissue

Table 1 Histopathological and clinical information about studied
samples

Histopathological Case ID Age, year Sex

diagnosis no. (mean, range) (men/women)

Normal tissue 1-7 56 (51-60) 4/3

Leukoplakia 8-15 48 (42-59) 5/3

Well-differentiated 16-22 53 (42-60) 4/3
SCC (grade 1)

Moderately differentiated ~ 23-31 61 (49-69) 6/3

SCC (grade 2)
Poorly differentiated 32-33 58 2/0
SCC (grade 3)

SCC, human tongue squamous cell carcinoma.
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parts containing epithelial tissue-enriched samples
(and, therefore, free of non-epithelial tissues such as
muscle or connective tissue, which may contain
TRPVI1) (Miyamoto et al, 2005; Cavuoto et al, 2007),
the samples were serially cut using a cryomicrotome
starting from the surface of the tumour until the
lamina propria was reached (This was verified by serial
haematoxylin—eosin stained sections as described in
our earlier reports) (Varga et al, 2004). The sections
were then collected on ice and were processed for
either quantitative ‘real-time’” PCR (Q-PCR) or Wes-
tern blot analysis (see below). Unfortunately, the
volume of the leukoplakia specimens was so limited
that we could perform only immunohistochemistry on
these samples.

Immunohistochemistry

The expression of TRPVI1 was determined using
horseradish-peroxidase (HRP) based method using
diaminobenzidine (DAB) as a chromogene. In brief,
paraffin-embedded sections (5 um), after antigen retrie-
val (in citrate-buffer, pH 6.0, at 750 W in microwave
oven for 10 min), were first incubated with a primary
rabbit anti-TRPV1 antibody which recognizes the
C-terminus of TRPV1 (1:1000; Sigma-Aldrich, St Louis,
MO, USA). Sections were then incubated with a goat
anti-rabbit HRP-polymer-conjugated secondary anti-
body (EnVision kit; DAKO, Glostrup, Denmark).
Immunoreactions were finally visualized using DAB-
substrate (EnVision kit DAKO) and the sections were
counterstained by haematoxylin (Sigma-Aldrich).

To assess specificity of the immunostaining, primary
labelling was also performed using another set of
antibodies (both from Santa Cruz, Santa Cruz, CA,
USA); i.e. rabbit anti-TRPV1 vs the N-terminus of
TRPV1 (H-150, sc-20813, 1:50 dilution) and goat
C-terminus-specific anti-TRPV1 (D-20, sc-12502, 1:50
dilution). The application of these latter primary anti-
bodies resulted in identical staining patterns (data not
shown). In addition, for negative controls of the
labelling procedure, antibodies were either omitted from
the procedure or were preabsorbed by control blocking
peptides provided (along with appropriate protocols) by
the manufacturers. For positive controls, human skin
(Bodo et al, 2004, 2005) and prostate tissues (Sanchez
et al, 2005) were employed (data not shown).

Image analysis

Immunohistochemical images were captured and digi-
talized using an RT Spot Colour CCD camera (Diag-
nostic Instruments Inc., Sterling Heights, MI, USA)
integrated on a Nikon Eclipse 600 fluorescence and light
microscope (Nikon, Tokyo, Japan). Digitalized images
were then analysed using Image Pro Plus 4.5 (Media
Cybernetics, Bethesda, MD, USA) image analysis soft-
ware as detailed in our previous reports (Bodo et al,
2004, 2005). The intensity of TRPV1-ir was measured at
10 randomly placed, equally areas of interest (AOI) and
the average of immunopositive pixels of the 10 AOI
(expressed as mean + s.e.m.) was determined (Bodo
et al, 2005).
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Cell culturing

The CAL27 cell line (Gioanni et al, 1988), derived from
human tongue SCC, was purchased from LGC Promo-
chem (Wesel, Germany). Cells were cultured in Dulbecco’s
Modified Eagle’s Medium (Sigma-Aldrich) supplemented
with 10% foetal bovine serum (Invitrogen, Paisley, UK),
2 mM Glutamine (Sigma-Aldrich), 50 U ml™" penicillin
and 50 ug ml™" streptomycin (both from Biogal, Debre-
cen, Hungary). Medium was changed every other day and
cells were subcultured at 80% confluence.

Immunocytochemistry

CAL27 cells growing on glass cover slips were washed
with phosphate-buffered saline, fixed in acetone for
5 min at 4°C, air dried and blocked at room temperature
for 30 min in a blocking solution containing 0.6%
Triton X-100 and 1% bovine serum albumin (all from
Sigma-Aldrich). Cells were first incubated with the
appropriate rabbit anti-TRPV1 antibody for 1h
(1:1000; Sigma-Aldrich) and then with a fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit 1gG
(1:300; Vector, Burlingame, CA, USA) for 1 h. Cell
nuclei were counterstained by 4,6-diamidino-2-pheny-
lindole (DAPI) (Vector). Confocal microscopy images
were acquired using a Zeiss LSM 510 microscope
(Oberkochen, Germany) and images were stored for
further analysis (Varga et al, 2004; Czifra et al, 2006).

Western blotting

Tissues and cells were homogenized in lysis buffer
(20 mM Tris-Cl, pH 7.4, 5 mM EGTA, 1 mM 4-(2-
aminoethyl)benzenesulfonyl fluoride, 20 uM leupeptin,
all from Sigma-Aldrich) and the protein content of
samples was measured by a modified BCA protein assay
(Pierce, Rockford, IL, USA). The samples were sub-
jected to SDS-PAGE (8% gels were loaded with 120 ug
protein per lane), transferred to nitrocellulose mem-
branes (BioRad, Vienna, Austria), and then probed with
the above primary anti-TRPV1 antibody (1:1000,
Sigma-Aldrich). HRP-conjugated secondary antibodies
(EnVision; DAKO) were then employed and the immu-
noreactive bands were visualized by enhanced chemilu-
minescence (Pierce). To assess equal loading (and to
obtain an endogenous control), membranes were
stripped in 200 ml of 50 mM Tris-HCI buffer (pH 7.5)
containing 2% SDS and 0.1 p-mercaptoethanol (all
from Sigma-Aldrich) at 65°C for 1 h and were re-probed
with a f-actin antibody (1:100; Santa Cruz) followed by
a similar visualization procedure as described above. To
quantitatively assess the immunosignals, immunoblots
were finally subjected to densitometric analysis using an
Intelligent Dark Box (Fuji, Tokyo, Japan) and the
Image Pro Plus 4.5.0 software (Media Cybernetics). The
values of the densitometric analysis in several indepen-
dent experiments were normalized to the average of the
immunosignal of the controls and expressed as
mean *+ s.e.m. (Varga et al, 2004; Czifra et al, 2006).

Quantitative ‘real-time’ Q-PCR
The Q-PCR was carried out on an ABI PRISM 7000
Sequence Detection System (Applied Biosystems, Foster
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City, CA, USA) by using the 5" nuclease assay according
to our previous reports (Bodo et al, 2005; Griger et al,
2007). Briefly, frozen tissues were pulverized under liquid
N, and total RNA was isolated using TRIzol (Invitro-
gen). Three micrograms of total RNA were then reverse
transcribed into cDNA by using 15 units of AMV reverse
transcriptase (Promega, Madison, WI, USA) and
0.025 pg pl™! random primers (Promega). PCR amplifi-
cation was carried out by using the TagMan primers and
probes (Assay ID: Hs00218912_m1 for human TRPV1)
using the TagMan Universal PCR Master Mix Protocol
(Applied Biosystems). As internal controls, transcripts of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were determined (Assay ID: Hs99999905_m1 for human
GAPDH), and the amount of TRPVI transcripts were
normalized to those of GAPDH using the AACT method.

Statistical analysis

Statistical analysis was carried out using SPSS software
version 13.0 (SPSS Inc., Chicago, IL, USA). For
statistical analysis, a two-tailed un-paired z-test was
employed and P < 0.05 values were regarded as signif-
icant differences.

Results

Using immunohistochemistry, a minor TRPV1-specific
(see negative controls in Figure la/ki,a/kii) immunoreac-
tivity (ir) was identified on epithelial cells of healthy
(control) human tongue. On the ventral surface of the
tongue, this faint immunosignal was exclusively local-
ized to the most upper layers of the stratum (str.)
superficiale (Figure 1a /i,a /ii). However, on the special-
ized epithelium of the dorsal surface of the tongue,
mostly intracellular TRPV1-ir (with characteristic gran-
ular pattern) was found in the basal epithelial cells of the
str. basale (Figure 1a /iii,a /iv). By contrast, neither the
cells of the lamina propria nor of the submucosa showed
immunoreaction.

Intriguingly, the epithelium of the premalignant
leukoplakia samples exhibited an intense and charac-
teristics TRPVI-ir when compared with the healthy
tissues (Figure la/v,a/vi). On all cells of the str. basale
and str. spinosum, TRPV1-ir was clearly localized to the
cell membrane. Furthermore, this immunopositivity was
also identified on degenerated cells of the str. superficiale
as well as on the hyper-orthokeratotic surface.

On human SCC samples, on tumour epithelial cells
infiltrating the submucosa, we observed a markedly
increased TRPV1-ir when compared with the controls
(Figure la/vii,a/ viii). It was also evident that besides
the weak surface membrane-localized immunosignals, the
dominant TRPV1-specific staining pattern (i.e. intracel-
lularvgranular localization) highly resembled to those
found on cells on the str. spinosum in the control tissues.

Investigation of the epithelium surrounding the tumour
invasion revealed another intriguing phenomenon.
Namely, on this thickened epithelium which still possesses
the characteristic morphological appearance of that of
the ‘healthy’ tissues, TRPVI-ir was also dramatically
increased (when compared with the controls) on all layers
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Figure 1 Localization of transient receptor potential vanilloid-1 (TRPV1) in healthy, premalignant (leukoplakia) and squamous carcinoma of the
human tongue. (a) TRPV l-specific immunoreactivity (ir) with diaminobenzidine as a chromogene (brown staining) on healthy and diseased human
tongue samples. Nuclei were counterstained by haematoxylin. Ventral (i, ii) and dorsal (iii, iv) surfaces of the healthy tongue. (v, vi) Leukoplakia.
(vii, viii) Squamous cell carcinoma; tumour epithelial cell invasion of the submucosa. (ix, x) Epithelium surrounding the tumour invasion. (xi, xii)
Preabsorption negative control on tumour sections. Scale bars, 50 um. MS, membrane staining, IS, intracellular staining, SB, str. basale, SSP, str.
spinosum, SSU, str. superficiale. (b) Digitalized images obtained on numerous samples (n values) were analysed using Image Pro Plus 4.5 image
analysis software (see Methods). The intensity of TRPV1-ir was measured at 10 randomly placed, equal areas of interest (AOI) and the average
(expressed as mean =+ s.e.m.) of immunopositive pixels of the 10 AOI was defined. P values were determined using two-tailed un-paired 7-test

of the epithelium (Figure la/ix,a/ x). Basal cells of the
str. basale and str. spinosum, similar to described above,
exhibited intracellular /granular  staining pattern.
However, TRPV1-ir was rather localized to the cell
membrane on cells of the more apical (str. spinosum and
superficiale) layers. Moreover, the intensity of TRPV1-ir

gradually increased towards the surface and reached in
maximal values in the upper layers of the str. superficiale.

The intensity of immunosignals was then quantitated
by image analysis software (as detailed under Methods).
Comparison of the average intensity values revealed that
TRPVI1-ir was markedly and significantly higher in
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sections from leukoplakia (P = 0.002), at the site of  statistically insignificant differences when respective

SCC invasion (P = 0.0002) and on the superficial  values of the tumour samples with various grades were
epithelium surrounding the tumours (P = 0.001) when mutually compared with one another (Figure 2c¢).
compared with those of the dorsal epithelium of the Finally, we investigated the expression of TRPV1 at
control samples (which exhibited the strongest immu- the cellular levels using the human SCC-derived cells
nosignals on the healthy tongue, Figure ladii,aiv). In  line CAL27. As assessed by immunocytochemistry
addition, mutual comparison of the diseased samples  followed by confocal microscopy analysis, TRPV1-ir
also defined significant differences between TRPV1-ir was localized both to the surface membrane and in the
values of the precancerous leukoplakia and the SCC cytoplasm of the cells (Figure 3a), similar to tumour
samples (P = 0.028) and of the epithelium surrounding cells in situ (see Figure lawii,awiii). In addition, quan-
the tumours (P = 0.018) (Figure 1b). titative Western blot and Q-PCR analyses also revealed
Although these results clearly indicated the overex- that the expression of TRPVI (both at the protein and
pression of TRPV1 in human tongue SCC, because of  mRNA Ilevels) significantly and, of importance, gradu-
the rather semi-quantitative nature of the above tech- ally increased in parallel to the accelerated growth rate
nique, we also investigated the level of TRPV1 in SCC (hence the confluence) of the cell cultures (Figure 3b,c).
samples using Western blot (followed by quantitative
densitometry analysis) and Q-PCR techniques. These
two complementary techniques concordantly revealed
that the expression of the TRPVI-specific mRNA Dietary capsaicin primarily acts on cells of the gastro-

Discussion

transcripts and protein, yet exhibiting marked inter- intestinal tract. The previous studies have clearly iden-
individual variations, was higher in all tumour samples tified the existence the ‘capsaicin receptor’ TRPV1 on
investigated (Figure 2a,b). Statistical analysis of densi- parietal cells of the human stomach (Faussone-Pellegrini

tometry and Q-PCR values of all SCC samples indicated ez a/, 2005) and on certain epithelial cell types of this
that this elevation was significantly different in the grade  organ system (Ward et a/, 2003; Geppetti and Trevisani,
1 (P = 0.005 for Western blot, P = 0.0002 for Q-PCR) 2004; Domotor et al, 2005). However, to our best
and grade 2 (P = 0.003 for Western blot, P = 0.001 for  knowledge, our current study provides the first evidence
Q-PCR) SCC groups, when compared with the controls that TRPV1 is expressed (both at the mRNA and
(Figure 2c). Although (at least) a similar increase in  protein levels) on the primary ‘target’ of capsaicin, i.e.
TRPV1 expression was also identified in grade 3 tumour  on epithelial cells of the human tongue.

samples, the low number of the available tumour Mutually complementary immunohistochemical,
samples (n = 2) made it impossible to perform  Western blot and Q-PCR analyses have also shown
statistical analysis. Of further importance, we found  that the relatively low level of TRPVI expression
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Figure 2 Expression of transient receptor potential vanilloid-1 (TRPV1) is increased in squamous carcinoma of the human tongue. (a) Epithelial
tissues of normal tongue (control, C) and squamous carcinomas of the human tongue with various tumour grades (G1-G3) were collected,
processed as described under Methods and subjected to Western blot (followed by densitometry analysis) and Q-PCR to determine TRPV1
expression. During Western blot, the amount of TRPV1 was quantitated using densitometry in triplicates and normalized to those of f-actin.
Panels represent mean + s.e.m. values compared with the average of the control samples (C1-C7) defined as 1. During Q-PCR, data of TRPVI
expression (obtained in three triplicate determinations of each sample) were normalized to the level of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) of the same sample and are expressed as mean =+ s.e.m. (b) Representative Western blot data of several determinations yielding similar
results of control (sample no. 4) and on squamous carcinomas with grade (G) 1 (samples no. 18, 20), G2 (samples no. 24, 27) and G3 (sample no.
32). Equal loading was assessed by determining the expression of f-actin. (¢) Statistical analysis of Western blot and Q-PCR data presented in panel
A. P values were determined using two-tailed un-paired #-test
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Figure 3 Transient receptor potential vanil-
loid-1 (TRPV1) is expressed on cultured
human tongue squamous carcinoma-derived
CAL27 cells and its level alters in parallel to
the proliferation of the cells. (a) TRPV1
immunoreactivity on CAL27 cells (green
fluorescence), as visualized by confocal
microscopy. Nuclei were counterstained by
4,6-diamidino-2-phenylindole (DAPI) (blue
fluorescence). Inset, preabsorption negative (©
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control (NC). Scale bar, 10 um. (b) Western
blot analysis of TRPV1 expression on cell
lysates of CAL27 cells harvested at various
confluences. Equal loading was assessed by
determining the expression of f-actin.

(c) Statistical analysis of Western blot and
Q-PCR analysis performed on CAL27 cells
harvested at various confluences. During
Western blot, in each sample, the amount of
TRPV1 was quantitated by densitometry
and normalized to those of f-actin; optical
density value of the 20-30% confluence’
sample was defined as 1. During Q-PCR, data
of TRPV1 expression were normalized to
the level of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) of the same sample
and are expressed as mean =+ s.e.m. of three
independent determinations. Three additional
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experiments yielded similar results. P values
were determined using two-tailed un-paired
t-test

(localized mostly to the basal layers of the epithelium in
healthy tongue tissues) was markedly increased in all
grades of human tongue SCC samples. These intriguing
data suggested that TRPV1 — similarly to findings on
other epithelial cells such as human skin keratinocytes
(Denda et al, 2001; Inoue et al, 2002; Southall et al,
2003; Bodd et al, 2004, 2005), bronchial epithelium
(Veronesi et al, 1999) and urothelium (Birder ef al,
2001; Lazzeri et al, 2004) — may participate in the
growth control of the cells. This idea was further
supported by showing that the expression of TRPVI
gradually increased with the accelerated growth rate of
the human tongue SCC-derived cell line CAL27.
Although further (both in vitro and in vivo) studies are
invited to clarify the growth-modulatory role of TRPV1
(similar to the work of Tanaka et al (2002) suggesting
that dietary capsaicin may inhibit tongue carcinogenesis
in rats), our findings identify TRPV1 as a novel,
promising target molecule in the putative supportive
treatment of human tongue SCC.

Intriguingly, the above evaluations have also revealed
that the elevated TRPV1 expression in SCC tissues of all
grades did not correlate with the degree of malignancy
of the tumours. It appears therefore, that in contrast to

20-30% 50-60 % 70-80%

Confluence of the cells

100%

findings on prostate (Sanchez et al, 2005) carcinomas as
well as on gliomas (Amantini et al, 2007) where definite
correlations were described, TRPV1 may not serve as a
prognostic factor in the clinics of human tongue SCC.

Nonetheless, several lines of evidence demonstrate
that TRPV1 may rather act as a novel diagnostic
molecule in human tongue transformation. For exam-
ple, in the current study, we also present that TRPVI is
highly overexpressed already in the grade 1 (low
malignancy) SCC group. Moreover, of further impor-
tance, markedly elevated levels of TRPV1 were identi-
fied in the precancerous leukoplakia samples and also in
the ‘healthy’ epithelium surrounding the tumour inva-
sion. These data suggest that the overexpression of the
molecule may be a relatively early step in the process of
tumour genesis; hence, determination of TRPV1 levels
may hold out a promise for the benefits of early
diagnosis.

Finally, we have also observed that — similar to other
neuronal and non-neuronal cell types such as e.g.
sensory neurons (Eun ez al, 2001), mast cells (Turner
et al, 2003), various skin cells (Bodo et al, 2004, 2005),
hepatoblastoma cells (Vriens et al, 2004; Waning et al,
2007), — the specific TRPV1-ir was not restricted to the
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plasma membrane of the cells but intracytoplasmic
staining patterns were also found. Moreover, here we
also show that the subcellular localization pattern of the
receptor is markedly different in the various diseased
samples; e.g. mostly intracytoplasmic staining in the
healthy epithelium and in the submucosal SCC islets
whereas prominent surface membrane TRPVI1-ir in the
leukoplakia samples, in the more superficial layers of the
SCCs and in the epithelium surrounding the SCC (see
Figure 1). Although further studies are invited to define
the exact functional role of the intracellular TRPV1 in
SCC-derived cells, these data demonstrate that TRPV1
may have a central role in the transformation of the
epithelium of the human tongue leading to unwanted
growth. This hypothesis is supported by the previous
findings showing that the intracellularly localized
TRPVI1 indeed functions as Ca-release channel and
hence may act as a key regulator of cell morphology,
viability and migration (Vriens et al, 2004; Han et al,
2007; Nilius et al, 2007; Waning et al, 2007).
Collectively, our current findings identify TRPVI as a
novel, promising target molecule in the supportive
treatment and diagnosis human tongue SCC.
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Abstract

Purpose Recently, functional cannabinoid receptor-1
(CB1) and vanilloid receptor-1 (TRPV1) have been
described in human prostate and prostate cancer-derived
cell lines where the activation of the receptors resulted in
inhibition of cellular growth. We, however, lack the
description of the expression of these molecules in human
prostate cancer (PCC) and in benign prostate hyperplasia
(BPH).

Methods Therefore, immunohistochemistry, Western
blotting, and quantitative “real-time Q-PCR were per-
formed to define the expressions of CB1 and TRPV1 in
healthy and diseased prostate tissues.

Results CBI1 was identified in epithelial and smooth mus-
cle cells types of the human prostate, whereas TRPV1 was
exclusively localized to the mucosal cells. We also found
that the expression of CB1 and TRPV1 (both at the protein
and mRNA levels) were significantly up-regulated in PCC.
However, while the increased expression of TRPVI1
showed a proper correlation with increasing PCC tumor
grades, such phenomenon was not observed with CB1. In

G. Czifra - K. Nyeste - R. Marincsdk - B. I. Té6th - L. Kovics -

T. Bir6 (X))

Department of Physiology, Medical and Health Science Center,
Research Center for Molecular Medicine, University of Debrecen,
Nagyerdei krt 98, 4032 Debrecen, Hungary

e-mail: biro@phys.dote.hu

A. Varga

Department of Urology, Medical and Health Science Center,
Research Center for Molecular Medicine, University of Debrecen,
Nagyerdei krt 98, 4032 Debrecen, Hungary

I. Kovics
Department of Pathology, Kenézy Hospital,
Bartdk B. u. 2-26, 4043 Debrecen, Hungary

addition, we also measured markedly elevated CB1 levels
in BPH tissues whilst the expression of TRPV1 was not
altered when compared to healthy control prostate.
Conclusions Our findings strongly argue for that (1) the
CB1 and TRPV1 molecules as well as their ligands may
indeed possess a promising future role in the treatment of
PCC; (2) TRPV1 may also serve as a prognostic factor in
PCC; and (3) CB1 may act as a potential target molecule in
the therapeutic management of BPH.

Keywords Benign prostate hyperplasia - Cannabinoid
receptor-1 (CB1) - Human prostate carcinoma - Transient
receptor potential vanilloid-1 (TRPV1)

Introduction

Although the metabotropic, G-protein coupled cannabinoid
receptor-1 (CB1) and the ligand-gated, calcium-permeable
ion channel transient receptor potential vanilloid subtype-1
(TRPV1) possess markedly distinct structural properties,
they share a wide array of common features both in locali-
zation and function. Namely, these receptors were origi-
nally described on specific neuronal structures and were
implicated in the regulation of behavior, learning, and
memory (for CB1), and in pain and temperature sensation
(for TRPV1) (Caterina and Julius 2001; De Petrocellis et al.
2004; Pacher et al. 2005). In addition, they can be activated
by numerous exogenous (e.g., A’-tetrahydrocannabinol for
CB1, capsaicin for TRPV1) and endogenous (endocannabi-
noids, endovanilloids) substances, among which various
fatty acid and arachidonic acid derivatives (e.g., ananda-
mide) may equally act on both receptors (Caterina and Julius
2001; De Petrocellis et al. 2004; Pacher et al. 2005). More-
over, it was also postulated that the CB1- and TRPV 1-coupled
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signaling mechanisms very often interact, hence resulting
in a complex, bi-directional regulatory relationship (Cate-
rina and Julius 2001; De Petrocellis et al. 2004; Di Marzo
et al. 2004; Paus et al. 2006).

Of great importance, other studies also revealed that
CB1 and TRPV1 are additionally expressed on numerous
non-neuronal cell types such as, e.g., keratinocytes, hair
follicle cells, uroepithelium, and smooth muscle cells (Laz-
zeri et al. 2004; Bodo et al. 2005; Pacher et al. 2005; Paus
etal. 2006). On these cells, it was suggested that the two
receptors and their endogenous ligands play key roles in the
regulation of such processes as, e.g., proliferation, differen-
tiation, apoptosis, and cytokine production (Lazzeri et al.
2004; Bodd etal. 2005; Pacher etal. 2005; Paus et al.
20006).

The functional role of the cannabinoid and vanilloid sys-
tems in the regulation of cell proliferation and death was
also described in human prostate cancer (PCC) derived cell
lines. Namely, it was shown that exogenous or endogenous
cannabinoid and vanilloid ligands induced in vitro growth-
inhibition and (apoptotic or necrotic) cell death of the PCC
cell lines expressing CB1 and TRPV1 (Nithipatikom et al.
2004; Sarfaraz et al. 2005; Sanchez et al. 2005, 2006; Mori
etal. 2006). Furthermore, recent reports presented that
vanilloids in vivo effectively prevented the growth or
induced the regression of xenograft tumors induced by
PCC-derived cell lines (Sanchez et al. 2006; Mori et al.
2006), similar to the action of cannabinoids on skin tumors
(Casanova et al. 2003).

These elegant studies strongly suggested that CB1 and
TRPV1 might function as putative target molecules in the
management of the most prevalent male malignancy PCC.
However, although the in situ expression of both receptors
was described in healthy prostate tissue (and, for TRPV1,
in samples from benign prostate hyperplasia [BPH]
patients) (Galiegue et al. 1995; Ruiz-Llorente et al. 2003;
Sanchez et al. 2005; Stein et al. 2004), we lack the exact
quantitative determination of putative alterations in the
expression levels of CB1 and TRPV1 in certain human
hyperproliferative prostate diseases. Therefore, in the cur-
rent study, we determined the mRNA and protein levels of
CB1 and TRPVI in healthy (control) human prostate, in
PCC tissues of various tumor grades, and (for further com-
parison in another prostate disease) in samples obtained
from BPH patients.

Methods
Human prostate tissues

The study was approved by the Institutional Research Eth-
ics Committee and written consent was obtained from all
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patients. The study involved 35 cases of PCC (8 cases of
G1, 10 cases of G2, 8 cases of G3, and 9 cases of G4
grades) removed by prostatectomy, 12 samples of BPH
removed by transurethral resection, and 9 samples of nor-
mal (healthy) prostate obtained from transplantation
donors. In each case, the tissues were divided into three
parts according to our previous report (Varga et al. 2004).
One part of the samples was fixed in 4% paraformaldehyde,
embedded in paraffin, and processed for pathohistological
grading (using the Gleason system) and immunohistochem-
istry (see below). The other two parts were quick-frozen
either in RNA Later (Invitrogen, Paisley, UK) or in lysis
buffer (see below) in liquid N, and processed for either Q-
PCR or Western blot analysis, respectively (see below).

Immunohistochemistry

Initially, the expression of TRPV1 and CB1 was deter-
mined by an alkaline phosphatase (AP)-based method fol-
lowing our previously optimized protocol (Bodé et al.
2004, 2005). In brief, paraffin-embedded sections (5 pm),
after antigen retrieval (in citrate-buffer, pH 6.0, at 750 W in
microwave oven for 10 min), were first incubated with pri-
mary rabbit antibodies (both from Santa Cruz, Santa Cruz,
CA, USA): anti-CB1 versus the N-terminus of CB1 (H-
150, sc-20754, 1:50 dilution); anti-TRPV1 versus the N-
terminus of TRPV1 (H-150, sc-20813, 1:50 dilution). In
addition experiments, to further assess specificity of the
immunostaining, primary labeling was performed using
goat C-terminus-specific antibodies: anti-CB1 (K-15, sc-
10068, 1:50 dilution) and anti-TRPV1 (D-20, sc-12502,
1:50 dilution). The application of these latter primary anti-
bodies resulted in identical staining patterns (data not
shown). After staining with the primary antibodies, sections
were incubated with biotinylated anti-goat or anti-rabbit
IgG (1:200) (Vector Laboratories, Burlingame, CA, USA)
and then by a streptavidin—AP conjugate (1% reagent mix-
ture (Vector). Immunoreactions were finally visualized
using AP-substrate in Tris—HCI buffer (pH 8.2-8.5) (Vec-
tor) and the sections were counterstained by hematoxylin
(Sigma, St. Louis, MO, USA). For negative controls of the
labeling procedure, antibodies were pre-absorbed by con-
trol blocking peptides provided (along with appropriate
protocols) by the manufacturer (Santa Cruz). For positive
controls, human organ-cultured hair follicle and full-thick-
ness skin sections (according to our previous reports, Bodo
et al. 2004, 2005; Telek et al. 2007) were employed (data
not shown).

When double fluorescence labeling of CB1 was per-
formed (Bodo et al. 2005; Telek et al. 2007), sections were
first stained with either of the above anti-CB1 antibodies
and then by another set of (mouse) primary antibodies (both
from DAKO, Glostrup, Denmark) versus either the epithelial
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cell marker cytokeratin-7 (CK7, 1:50 dilution) or the
smooth muscle marker o-actin (SMA, 1:100 dilution). Sub-
sequently, tissues were incubated with species-matched
(i.e., anti-rabbit or -goat) fluorescein isothiocyanate
(FITC)-coupled secondary antibodies (1:300 dilution)
(Vector) to visualize CB1 and finally by anti-mouse Texas
red-conjugated secondary antibodies (1:300 dilution) (Vec-
tor) to label CK-7 or SMA.

Quantitative “real-time” Q-PCR

Q-PCR was carried out on an ABI PRISM 7000 Sequence
Detection System (Applied Biosystems, Foster City, CA,
USA) using the 5’ nuclease assay as described in our earlier
reports (Bodé et al. 2004, 2005; Telek et al. 2007; Griger
et al. 2007). Briefly, frozen prostate tissues were pulverized
under liquid N, and total RNA was isolated using TRIzol
(Invitrogen). Three micrograms of total RNA were then
reverse transcribed into cDNA using 15 units of AMV
reverse transcriptase (Promega, Madison, WI, USA) and
0.025 pg/pl random primers (Promega). PCR amplification
was carried out using the TagMan primers and probes
(Assay ID: Hs00218912_m1 for human TRPV1; Assay ID:
Hs00275634_m1 for human CB1) using the TagMan Uni-
versal PCR Master Mix Protocol (Applied Biosystems). As
internal controls, transcripts of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and human f-actin were deter-
mined (Assay ID: Hs99999905_ml1 for human GAPDH;
Assay ID: Hs99999903_m1 for human f-actin), and the
amount of CB1 or TRPV1 transcripts were normalized to
those of controls using the AACT method.

Western blotting

Tissues were homogenized in lysis buffer (20 mM TRIS—
CL pH 7.4, 5 mM EGTA, 1 mM 4-(2-aminoethyl)benzene-
sulfonyl fluoride, 20 pM leupeptin, all from Sigma) and the
protein content of samples was measured by a modified
BCA protein assay (Pierce, Rockford, IL, USA) as
described in our previous reports (Varga et al. 2004; Bod6
et al. 2004, 2005; Telek et al. 2007; Griger et al. 2007). The
samples were subjected to SDS-PAGE (8% gels were
loaded with 20-30 pg protein per lane), transferred on to
nitrocellulose membranes (BioRad, Vienna, Austria), and
then probed with the above primary anti-TRPV1 or anti-
CB1 antibodies (1:100). HRP-conjugated secondary anti-
bodies (1:1000, BioRad) were then employed, and the
immunoreactive bands were visualized by enhanced chemi-
luminescence (Pierce). To assess equal loading (and to
obtain an endogenous control), membranes were stripped in
200 ml of 50 mM TRIS-HCI buffer (pH 7.5) containing 2%
SDS and 0.1 f-mercaptoethanol (all from Sigma) at 65°C
for 1 h and were re-probed with a mouse cytochrome-C

antibody (Sigma) followed by a similar visualization proce-
dure as described above. To quantitatively assess the immu-
nosignal, immunoblots were finally subjected to
densitometric analysis using an Intelligent Dark Box (Fuji,
Tokyo, Japan) and the Image Pro Plus 4.5.0 software
(Media Cybernetics, Silver Spring, MD, USA). To obtain
normalized data, values of CB1 and TRPVI1 in several
independent experiments were normalized to the immuno-
signal of cytochrome-C and expressed as mean = SEM.
For statistical analysis, a two-tailed un-paired ¢ test was
employed and P values <0.05 were regarded as significant
differences.

Results

Using AP-based immunohistochemistry, confirming previ-
ous findings (Ruiz-Llorente etal. 2003; Sanchez et al.
2005), specific CB1 and TRPV1 immunoreactivities (ir)
were identified in situ on (healthy) control human prostate
(Fig. 1). We, however, also found that while the TRPV1-ir
was clearly restricted to the epithelial cells, the CB1-spe-
cific signals (besides the previously described epithelial
cells) (Ruiz-Llorente et al. 2003) were also localized to the
stroma.

To identify those cells types that express CB1, double
fluorescence immunolabeling was performed. As seen in
Fig. 2, in healthy prostate samples, CB1 was expressed
both in the CK7 positive epithelial cells and in the SMA
expressing smooth muscle elements as well.

We then started to investigate the expressions of the two
receptors in various hyperproliferative diseases of the
human prostate. In BPH samples, the TRPV1-ir showed a
similar localization pattern (i.e., epithelial cells) and inten-
sity to that of the healthy control samples (Fig. 1). How-
ever, we observed a dramatically increased expression of
CB1, both in the epithelial and smooth muscle cells in BPH
(Figs. 1, 2). Similarly, we found that the level of CB1 was
also increased in samples from PCC patients, especially in
the epithelial cells (Figs. 1, 2). Of great importance, we
were furthermore able to detect a remarkably elevated
TRPV1 expression in the epithelial cells of PCC samples
when compared to either the healthy or the BPH sections
(Fig. 1).

Although the above immunohistochemical determina-
tion strongly suggested that the level of CB1 increased both
in BPH and PCC, whereas that of TRPV1 elevated in PCC
the semi-quantitative nature of this technique did not permit
exact, quantitative determination of the expressions of the
molecules. Therefore, in the next phase of our experiments,
we further analyzed CB1 and TRPV1 expression using
Western blotting and Q-PCR. In addition, to measure a
putative relationship between the expressions of the receptors
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Fig. 1 Expression of CB/ and
TRPVI in healthy (control) hu-
man prostate tissue, in BPH, and
in PCC. CBI and TRPV1 immu-
noreactivity on healthy prostate
(control) and diseased prostate
tissues, as revealed by alkaline
phosphatase method. Represen-

tative of data obtained on 12 Control

BPH and 8 G3 PCC tissues.

Negative control was obtained

by pre-absorbing the antibodies

with appropriate blocking pep-

tides. Magnification, x200
BPH
PCC-
G3
Neg.
control

(which apparently are up-regulated in PCC) and the degree
of malignancy, we also employed PCC tissues of various
tumor grades.

Both Western blot (followed by quantitative densitome-
try analyses of numerous samples) and Q-PCR analyses
revealed that the expressions of CB1 protein and specific
mRNA transcripts were indeed remarkably and signifi-
cantly increased in BPH (when compared to healthy con-
trol) (Fig. 3a—c). In addition, we also identified significantly
(yet not that markedly) elevated CB1 levels in the PCC

@ Springer

samples of all grades investigated (Fig. 3a—c). Interestingly,
however, no correlation was observed between the degree
of CBI1 expression and the increasing tumor grades.
Namely, when values of the groups of various tumor grades
were statistically compared to one another, the only signifi-
cant difference was found between the G1 and G2 PCC
groups, but only when measured by immunoblotting
(Fig. 3b, ¢).

The investigation of TRPV1 expression revealed that, in
contrast to data obtained with CB1, the levels of TRPV1
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Fig. 2 Cell-specific expression A

of CBI in healthy (control) hu-

man prostate tissue, in BPH, and

in PCC. Double immunofluores-

cence labeling of CB1 (FITC,

green) and epithelial cytokera- CB1
tin-7 (a CK7, Texas red) or
smooth muscle a-actin (b SMA,
Texas red) on healthy prostate
(control) and diseased prostate
tissues. Representative of data
obtained on 12 BPH and 8 G3
PCC tissues. Magnification,
%200

Control

CK7

B Control

CB1

SMA

protein and mRNA were not increased in BPH tissues
(Fig. 3a, d, e). Similarly, the expression of the receptor was
not altered in the G1 (low malignancy) PCC samples. As a
marked contrast, however, we were able to detect signifi-
cantly elevated TRPV1 mRNA and protein levels in PCC
samples of G2—G4 grades (Fig. 3d, e). In addition, the sta-
tistical analysis showed that, as opposed to findings with
CBI1, the expression of TRPV1 (both the protein and
mRNA levels) in almost all cases increased in parallel and
gradually with the degree of malignancy, i.e., with increas-
ing PCC grades (Fig. 3d, e) (the only statistically insignifi-

cant difference was found between the mRNA values of G2
and G3 samples, yet the G3 samples showed increasing ten-
dencies of TRPV1 expression).

Discussion
The novel results presented in this paper provide the first
evidence that CBI1 is significantly elevated in human PCC

tissues (mostly in the epithelial elements) when compared
to normal healthy prostate. These findings are in perfect

@ Springer



512

J Cancer Res Clin Oncol (2009) 135:507-514

Fig. 3 Quantitative expression A
of CBI and TRPV1 in healthy

(control) human prostate tissue,

in BPH, and in PCC. a Repre- oBA

sentative Western blot data of 9
normal (healthy) prostate, 8 G1-
PCC, 10 G2-PCC, 8 G3-PCC,9
G4-PCC, and 12 BPH tissue
samples. b, d Densitometry
analysis of Western blot experi-
ments carried out on the above
prostate samples in duplicates.
The amount of CB1 (b) and
TRPV1 (d) protein levels in a
given tissue was quantitated by
densitometry and normalized to
the optical density values of
cytochrome C of the same sam-
ple. Normalized values were
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mll
line with previous data presenting that (1) the expression of
the receptor was higher in human PCC-derived epithelial
cell lines than in cell cultures initiated from non-malignant
human prostate tissues (Sarfaraz etal. 2005); and (2)
numerous cannabinoids were shown to induce cells death
of these CB1-overexpressing PCC-derived cell lines (Nith-
ipatikom etal. 2004; Sarfaraz etal. 2005). Therefore,
although further studies (e.g., on xenograft tumors induced
by PCC-derived cell lines in immunodeficient mice) are to
be performed to reveal the in vivo potential of cannabinoid
compounds on tumor growth, our results further argue for
that CB1 may indeed act as a clinically exploitable target
molecule in the treatment of PCC.
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Interestingly, however, our experiments have also shown
that the elevated CB1 expression PCC tissues of all grades
did not correlate with the degree of malignancy of the
tumors. These data may suggest that (in contrast to human
hepatocellular carcinoma where the expression of CB1 well
correlated with the clinical outcome of the disease) (Xu
etal. 2006) the CB1 level may not serve as a prognostic
factor in PCC.

Another intriguing novel finding of our study was that,
similar to CB1, the level of TRPV1 was also increased in
PCC. There were, however, two important differences when
compared the expression patterns of the two receptors.
First, the expression of CB1, unlike that of TRPV1, was
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significantly elevated even in G1 PCC samples. Second, as
a marked contrast to data with CB1, the degree of elevation
of TRPV1 in PCC showed clear correlation with increasing
degrees of malignancy of the samples. It appears, therefore,
that TRPV1 may “join” the group of other calcium-perme-
able TRP channels (such as TRPV6 and TRPMS), which
are now recognized as prognostic tumor markers of PCC
(Fixemer et al. 2003; Zhang and Barritt 2006).

Interestingly, previous studies on another human uro-
genital tract tumor, i.e., urinary bladder carcinomas,
revealed exactly opposite findings. Namely, Lazzeri et al.
(2005) have shown that the expression of TRPV1 (which
was also found in the epithelial cells) (Lazzeri et al. 2004)
gradually decreased with increasing tumor grades. The
explanation of this contradiction is unknown yet, for the
potential therapeutic targeting of TRPV1 to be definitely
determined.

Similarly, the another novel result of our study that CB1
(but, notably, not TRPV1) is highly overexpressed in BPH
tissues, also invite further in vivo and in vitro studies to
clarify the putative role of the receptor to control the benign
(yet, from a clinical point-of-view, “to be treated”)
unwanted growth of the tissue.

Taken together, our presented results strongly argue for
that (1) the CB1 and TRPV1 molecules as well as their
ligands may indeed possess a promising, future role in the
treatment of PCC; (2) TRPVI may serve as a prognostic
factor in PCC; and (3) CBI1 may act as a potential target
molecule in the therapeutic management of BPH.
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Abstract

Objectives: Members of the protein kinase C (PKC) isoenzyme family play central role in the tumorigenesis of
several tissues. In this study our goal was to determine the possible alterations in the protein kinase C (PKC) isoform
pattern in relation with the different tumor grade in human urinary bladder carcinomas.

Methods: Western blot analysis, followed by quantitative densitometry, was performed to define the expression of
PKC isoforms in the epithelial tissue of human urinary bladder carcinomas with various tumor grades and in control
samples.

Results: The human urinary bladder epithelium expressed five PKC isoforms (PKCa, B, 9, €, ), the levels of which
differentially altered as a function of tumor grade. Namely, whereas the expressions of PKCp and 6 decreased with
increasing grade of the carcinomas, the levels of PKCa, €, and { showed opposite patterns of changes.
Conclusions: These grade-dependent alterations in the PKC isoform pattern strongly argue for the central yet
antagonistic roles of certain members of the PKC system in malignant transformation of human urinary bladder

epithelium.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Protein kinase C; Isoenzymes; Urinary bladder carcinoma; Tumorigenesis

1. Introduction

Protein kinase C (PKC) comprises a family of serine/
threonine kinases that play central roles in the regula-
tion of various cellular processes such as proliferation
and tumorigenesis [1]. The members of the PKC family
are the calcium- and phorbol ester-dependent ‘“‘con-
ventional” (cPKCa, BI, BII, and v), the calcium-inde-
pendent “novel” (nPKC9, &, 1, and 0), the calcium-
and phorbol ester-independent ““atypical”” (aPKCC and
M) isoforms and the unique PKCp [2]. These isoforms

“Corresponding author. Tel. +36-52-416-634; Fax: 4+36-52-432-289.
E-mail address: biro@phys.dote.hu (T. Biro).
! Attila Varga and Gabriella Czifra equally contributed to this work.

possess a characteristic expression pattern in a given
cell type, and regulate in an isoenzyme-specific, and
very often antagonistic, fashion various cellular pro-
cesses including cell growth, cell death and transfor-
mation [3]. For example, nPKCo was suggested to
promote cellular differentiation whereas, in contrast,
PKCe of the same novel family was suggested as a key
stimulator of in vitro and in vivo (tumor) growth of
numerous cell types [3,4].

Numerous reports have shown alterations in the PKC
isoform pattern in parallel with the onset of cellular
transformation leading to transformed phenotype in
several tissues including e.g., fibroblasts [4], skin
cells [5,6], breast epithelium [7], uterus [8], and pros-
tate [9], suggesting the role of the PKC system in the
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pathogenesis and progression of various tumors. How-
ever, up to date, only very few data have implicated the
significance of the PKC system in the urinary bladder
tumors [10,11]. Therefore, in the current study, our goal
was to define the possible alterations in the PKC isoform
pattern of all three groups in relation with the different
tumor grade in human urinary bladder carcinomas.

2. Materials and methods

The study involved 23 cases (17 men, 6 women) of transitional
cell carcinoma of the bladder removed by transurethral resection
(17 cases), partial bladder resection (4 cases), or cystectomy (2
cases), and 6 samples of normal bladder obtained during prosta-
tectomy. The removed samples were divided into two parts. One
was processed to obtain formalin-fixed, paraffin-embedded sec-
tions and to perform routine haematoxylin-eosin staining-based
grading [12] and staging according to the TNM system [13]. Based
on the histological diagnosis, 9 cases were of G1 grade (1 pTa, 8
pT1), 8 cases were of G2 grade (4 pT1, 3 pT2, 1 pT3b), and 6 cases
were of G3 grade (2 pT2, 4 pT3b). The second part was frozen in
liquid nitrogen and, to collect tissue parts containing epithelial
tissue-enriched samples (and, therefore, free of non-epithelial
tissues such as smooth muscle that may contain a different PKC
isoform pattern from that of the epithelial cell types [1,2]), these
frozen samples were serially cut using a cryomicrotome starting
from the surface of the tumor until the lamina propria was reached
(this was verified by serial haematoxylin-eosin stained sections).
The sections were then collected on ice and were processed in a
lysis buffer containing protease inhibitors as described previously
[14]. Vigorously equal amounts (20-30 pg) of protein were sub-
jected to SDS-PAGE and then transferred to nitrocellulose mem-
branes (BioRad, Vienna, Austria). Membranes were first probed
with appropriate anti-PKC antibodies (1:500-1:1000 dilutions in
milk) then with a peroxidase-conjugated goat secondary antibody
(IgG, 1:1000 dilution, BioRad). Polyclonal (rabbit) antibodies
against PKCa, B, v, 9, &, 1, and { (Sigma, St. Louis, MO, USA)
and against PKC6O, A/1, and p (Santa Cruz, Santa Cruz, CA, USA)
were used as primary antibodies. Specificity of antibodies was
measured using appropriate blocking peptides, which in all cases
effectively suspended the immunosignal (data not shown). Immu-
noreactive bands were finally visualized by an enhanced chemi-
luminescence (ECL) detection kit (Amersham, Little Chalfont,
UK) and were subjected to quantitative densitometry analyses
using a GelDoc system (BioRad) [15]. For statistical analysis,
the Student 7 test was used. Data were expressed as mean + SEM
and p values of less than 0.05 were regarded as significant
differences. The study was approved by the Institutional Research
Ethics Committee.

3. Results

Western blot analysis revealed that samples from
both the normal and diseased urinary bladder epithe-
lium expressed five PKC isoforms; the cPKCa and B,
the nPKC$ and ¢, and the aPKC{ (Fig. 1A). The other
PKC isoforms (cPKCy, nPKCn and 0, aPKCM/,
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Fig. 1. Alterations in the PKC isoform patterns in urinary bladder
carcinomas of various tumor grades. Epithelial tissues of normal urinary
bladder (control, C) and transitional carcinomas with various tumor grades
(G) were collected, processed in protease inhibitor containing lysis buffer,
and vigorously equal amounts of protein were subjected to SDS-PAGE to
perform Western blot analysis of the PKC isoforms as described under
“Materials and methods”. (A) Representative Western blot data of several
determinations yielding similar results. (B) The amounts of the expressed
PKC isoenzymes were quantitated by densitometry (optical density; OD),
and values obtained with the tumor samples were expressed as the
percentage of the control samples (normalized OD), regarded as 100%
(solid line). Points represent mean + SEM of several independent
experiments for each antigen. The * represents significant (p < 0.05)
differences of OD values of any tumor sample compared to control. The **
represents significant (p < 0.05) differences between the OD values of the
G2 or G3 tumors compared to that of the G1 samples. The *** represents
significant (p < 0.05) differences between the OD values of the G3 tumors
compared to that of the G2 samples.

PKCp) were not detected (data not shown). Of great
importance, however, in the tumor samples of various
grades we found marked yet differential alterations in
the levels of the existing isoforms. As measured by
quantitative densitometry analyses of the immunoblots
(Fig. 1B), in the G1 tumors, only the expression of
aPKCC increased significantly (when compared to the
values of the normal bladder tissues) whereas the levels
of other isoforms remained unchanged. In contrast, the
expressions of all PKC isoform in G2 and/or G3
carcinomas significantly differed from the healthy
control values. The levels of cPKCP and nPKCS were
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markedly suppressed in the G2 and G3 samples when
compared to the control (or to the G1 tumors, p < 0.05
in all cases) yet the expressions did not differ between
the G2 and G3 groups. However, the levels of the other
three isoforms significantly elevated with increasing
tumor grades, with only minor differences in the
expression patterns. For example, the expression of
cPKCua (and, at least tendency-wise, of aPKCC) gra-
dually increased with increasing tumor grades whereas
the level nPKCe was equally high in the G2 and G3
carcinomas.

4. Discussion

In this study we provide clear evidence that expres-
sions of the existing five PKC isoforms differentially
alter as a function of tumor grade of human urinary
bladder carcinomas. Whereas the expressions of
PKCp and & decreased with increasing grade of the
tumors, the levels of PKCa, €, and { showed opposite
patterns of changes. These findings, similarly to
numerous other tissues [3-9], strongly argue for a
potential central role of the PKC system in the tumor-
igenesis in the human urinary bladder epithelium as
well. In addition, the opposite changes seen in the
levels of the isoforms also highlight that the individual
isoenzymes act antagonistically in the above process.
In this context, it was also of great importance that the
opposite behavior could also be seen even within the
members of the PKC subfamilies. Namely, the levels
of calcium-dependent “‘conventional”’ cPKCa and f3,
similarly to that of the calcium-independent ‘“‘novel”
nPKCS and g, altered in opposite manners. Therefore,
it appears that the differential expression pattern
changes in relation with the altered tumor grade cannot
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Introduction

Systemic lupus erythematosus (SLE) is an autoimmune
disease characterized by altered cellular and humoral
immune responses leading to pathological autoantibody
production. In the pathomechanism of the disease, a com-
plex multicellular dysfunction of monocytes/macrophages
and T lymphocytes is involved [1].
signalling events in lupus T cells are chiefly manifested at
the level of signal transduction, and include pathological
protein kinase A cascade events [2], abnormal transcription
activities [3] and defective T-cell receptor { chain expres-
sion [4-6]. The SLE-specific modifications in monocyte
functions can be characterized by decreased chemotaxis,

phagocytic  activity,

cytokines and costimulatory molecules [7, 8]. In add-
ition, our laboratory has recently described a decreased
release of arachidonic acid (AA) in monocytes of SLE

patients [9].

© 2004 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 60, 421-428

altered  productions

Abstract

We have studied the expressions of various protein kinase C (PKC) isoenzymes
in T cells and monocytes from patients with systemic lupus erythematosus
(SLE), in comparison to those of healthy controls and patients with other
immunological disorders. As measured by Western blotting, the levels of
PKCB, 8, 1, €, 0 and { (but not of PKCo) significantly decreased in T cells
of SLE patients. In monocytes, however, we observed marked suppressions only
in the expressions of PKC9, € and { but not in the expressions of other PKC
isoforms. In vive corticosteroid application, as well as in vitro steroid treatment
of monocytes, elevated the expressions of most isoforms close to normal values;
however, the decreased levels of PKCO and { were not affected by steroid
application. These alterations were characteristic to SLE because we could not
detect any changes in the PKC levels in mononuclear cells of primary Sjogren’s
syndrome and mixed connective tissue disease patients. These results suggest that
impaired PKC isoenzyme pattern may exist in the T cells and monocytes of SLE
patients. Furthermore, the clinically efficient glucocorticoid application in SLE
can increase the expression of some members of PKC system.

Protein kinase C (PKC) comprises a family of serine/
threonine kinases that play key roles in the regulation of
various cellular processes [10]. Up to date, 11 different
PKC isoenzymes have been identified, which can be clas-
sified into the groups of the calcium- and phorbol ester-
dependent ‘conventional’ (PKCa, BI, BII and 7y; cPKCs),
the calcium-independent ‘novel’ (PKCS, €, mn and 6;
nPKCs), the calcium- and phorbol ester-independent ‘aty-
pical’ (PKC{ and A/1; aPKCs) isoforms and the unique
PKCp. These isoforms specifically regulate various cellular

The abnormal

functions such as proliferation, cytokine production and
receptor-mediated signal transduction [10]. PKC has been
shown to play key roles in numerous T-cell and monocyte
of various functions as well. In T cells, PKC isoforms regulate, for
example, the transcription activity of NF-xB, interleukin
(IL) 2 promoter activation and the proliferation and
maturation of the cells [11-15]. Similarly, the pivotal

roles of various members of the PKC family in regulation

421
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of monocyte-specific mediator production, stimuli-
induced oxidative respiratory burst and phagocytic activ-
ities were also demonstrated [16-18].

There is little known, however, about the PKC systems
in mononuclear cells of SLE patients. Although the very
few reports described a decreased intrinsic PKC activity in
T cells [19], there is no data available about possible
alterations in the PKC system in the defective monocytes
of SLE patients, and, furthermore, about the isoform-
specific alteration in mononuclear cells in SLE. It seemed
to be straightforward, therefore, to measure quantitatively
the expressions of the existing PKC isoenzymes in T cells
and monocytes of patients with SLE, in comparison with
the PKC profiles of healthy controls and patients with other
immunological disorders. Furthermore, because corticoster-
oids were connected to some PKC-dependent signal trans-
duction processes [20, 21], we also investigated the effect of
steroid therapy on the PKC isoform levels and disease
status. We report here for the first time that T cells and
monocytes possess differential, cell- and isoform-specific
suppression in the levels of certain PKC isoforms which
alterations might explain the impaired immunological func-
tions of these cells. In addition, we also present that some
(but not all) of the isoform defects could be reversed and
improved by glucocorticosteroid treatment, in parallel to
the improvement of the disease-related symptoms.

Patients and methods

Patients. The SLE study population consisted of 22
patients, 20 women and 2 men, average of age 36 years,
range 21-58 years. They all fulfilled at least four of the
American College of Rheumatology classification criteria
[22]. The actual activity of the disease was scored accord-
ing to the SLE Disease Activity Index (SLEDAI). Patients
with SLEDAI > 3.0 were regarded as clinically active sub-
jects. The mean SLEDAI rating was 3.6, range 0-20. The
average duration of disease was 5.1 years, range 2-20.
Eleven patients were free of any glucocorticosteroid (their
averaged SLEDAI was 0.9), whereas 11 patients received
2-40 mg/day corticosteroid treatment (their averaged
SLEDAI was 6.6) One woman (26 years old) with
freshly diagnosed active SLE (SLEDAI: 20) was tested
before the treatment with pulse dose of glucocorticosteroid
(4 x 500 mg methylprednisolone/day, 1x250mg i.v.,
then 64 mg/day for a month) and also 8 days later. Patients
with lupus nephritis were not enrolled in this study. Either
anti ds-DNA or anti-Sm or both characteristic antibodies
could be detected in this group of SLE patients. All the
nine patients with primary Sjogren’s syndrome were
women; the average of their age was 60.3 years, range
51-73 years, and the average of the duration of the disease
was 10.2 years, range 4-19 years. Anti-SS-A antibody
positivity was 6/9, whereas anti-SS-B occurred in 4/9
cases. They all were treated according to the scheme of
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8 mg methylprednisolone/48 h. All the six patients with
mixed connective tissue disease (MCTD) were women;
the average of their age was 48.6 years (range 38-56
years). The average of the duration of disease was 16.7
years (range 8—19 years). All the patients were positive for
anti-U1 ribonuclear protein antibodies. Two of them were
without any steroid and cytostatic treatments, two took
4 mg/day of steroid and two were treated by 8 mg/48 h of
methylprednisolone + 100 mg of Cytoxan/day. As con-
trols, the peripheral blood samples of 21 healthy Caucasian
subjects (12 women, 9 men, average age 41 years, range
21-56 years) were studied. Approval was given through
the Institutional Review Board, and informed consent was
obtained from all patients.

Preparation of purified T-cell and monocyte populations. A
Dynal magnetic-bead cell separation technique was used to
obtain purified cell suspensions [9]. The average monocyte
purity was >85% whereas the average of T-cell purity was
>95%, as was assessed by flow cytometry analysis of specific
surface markers.

Cell culturing. Peripheral monocytes and MonoMac6
cells were cultured under lipopolysaccharide-free condi-
tions in RPMI-1640 media containing 10% fetal bovine
serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mm
nonessential amino acids, 200 U/ml penicillin and 200 pg/
ml streptomycin (all from Sigma, St. Louis, MO, USA).

Western blotting. Control and diseased cell suspensions,
as well as MonoMaco6 cells, were processed in a lysis buffer
containing protease inhibitors as described previously [23],
and vigorously equal amounts (20-30 pg) of protein were
subjected to SDS-PAGE and then transferred to nitrocel-
lulose membranes (Bio-Rad, Vienna, Austria). Membranes
were blocked with 5% dry milk and were first probed with
appropriate anti-PKC antibodies (1:500-1:1000 dilu-
tions in milk) then with a peroxidase-conjugated goat
secondary antibody (IgG, 1:1000 dilution, Bio-Rad) to
enhance specificity. Polyclonal (rabbit) antibodies against
PKCoa, B, v, 6, € M and { (Sigma) and against PKCO
(Santa Cruz, CA, USA) were used as primary antibodies
throughout the experiments. However, to assure antibody
specificity, appropriate blocking peptides and another set
of primary monoclonal (mouse) antibodies against the
same PKC isoforms (Transduction Laboratories, Lexington,
KY, USA) were also employed. Except for polyclonal anti-
PKCo antibody, which stained the holoenzyme and the
catalytic subunit resulting in double immunosignals, single
and specific bands were obtained with both sets of anti-
body (data not shown). Immunoreactive bands were
finally visualized by an enhanced chemiluminescence
Western blotting detection kit (Amersham, Little Chalfont,
England) on light sensitive films (AGFA, Brussels, Bel-
gium) and were subjected to quantitative densitometric
analyses using a GelDoc system (Bio-Rad).

Flow cyrometry analysis. Peripheral monocytes and
MonoMac6 cells were fixed by 1% paraformaldehyde
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and permeabilized by saponin (Sigma). The intracellular
PKC isoenzymes were first labelled using the above poly-
clonal (rabbit) primary antibodies then with a FITC-
conjugated goat antirabbit (IgG) secondary antibody (Vector,
Burlingame, USA). After fixation, cells were analyzed by
a flow cytometer (Coulter EPICS XL-4, USA) and, after
isotype control calibration, the percentage of cells expressing
the FITC-labelled PKC isoforms was determined.

Real-time quantitative-polymerase chain reaction
(Q-PCR). Q-PCR was carried out on an ABI PRISM
7000 Sequence Detection System (Applied Biosystems,
Foster City, CA, USA) by using the 5" nuclease assay.
Total RNA was isolated from the cells using TRIzol (Invitrogen,
Paisley, UK) following the manufacturer’s procedure.
Three micrograms of total RNA were then reverse trans-
cribed into ¢cDNA by using 15 units of AMV reverse
transcriptase (Promega, Madison, W1, USA) and 0.025 pg/
ml random primers (Promega). PCR amplification was
carried out by using TagMan primers and probes (assay
ID: Hs00176973_m1 for PKCo, Hs00176998_ml for
PKCPB, Hs00178914_m1 for PKCS, Hs00178455_m1 for
PKCe, Hs00178933_m1 for PKCn and Hs00177051_m]1
for PKCL) following the procedure of the manufacture
(TagMan Universal PCR Master Mix Protocol, Applied
Biosystems). As an internal control, transcripts of glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) were
determined (Assay ID: Hs99999905_m1).

Measurement of AA release. MonoMac6 cells (10°/ml)
were preincubated with PHJAA (Amersham, UK) at
37°C for 20h [9]. After extensive washing, cells were
further incubated in the culturing medium for additional
4h and the released [PH]AA to the medium was regarded
as the basal production of AA. The determination of the
PKC-dependent AA release was performed by the admin-
istration of 100nM phorbol 12-myristate 13-acetate
(PMA) (Sigma) with or without a calcium ionophore
(A23187, 5 uMm, Sigma) for 4 h. Each value was calculated
as the average of triplicates of cultured cells.

Statistical analysis. The quantitative optical density
results obtained from the Western analysis were normalized
to the daily matched control data, then these normalized
values were averaged and the mean=+ SEM values were
calculated. Statistical comparison of data was performed
using Student’s #test. P-values less than 0.05 were con-
sidered significant.

Results

Alterations in the expressions of PKC isoforms in T cells of SLE
patients without and with steroid treatments

The possible alterations in the PKC isoform pattern in the
different T-cell populations using Western blot analysis
were determined. We could detect seven PKC isoforms
(PKCa, B, 6, € 1, 8 and {) in T-cell suspensions of both
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healthy controls and SLE patients (PKCy was not detected
in the T cells). Then we tried to select various groups
among the SLE patients to be able to define whether the
status of the disease (active, inactive) or the applied therapy
(e.g. corticosteroid) affected the PKC isoform levels.

The PKC isoform expression pattern in the T cells of
SLE patients with no steroid therapy (n=11) differed
remarkably from that of the healthy controls (7=21)
(Fig. 1A) (Table 1). Whereas the levels of PKCa showed
no measurable changes, there were marked and significant
(but variable) decreases in the expressions of PKC, 6, €
and 0, and a moderate, yet significant, suppression in the
level of PKCC (Table1). Comparison of these data to
those obtained with T cells of SLE patients receiving
steroid treatment (z=10) revealed that the expressions
of PKCP, 9, € and n but not of PKCO and { were partially
or almost completely normalized in this group (Fig. 1A)
(Table 1). These PKC isoenzyme alterations seemed to be
characteristic of SLE because we could not detect any
significant changes in the expressions of the PKC isoforms
in T cells of SS (z=9) and MCTD (#n=06) patients
(Fig. 1A) (Table 1).

When the Western blot data were compared on patients
with active or inactive disease status to the isoform levels of
healthy volunteers, no correlation was observed (data not
shown).

Alterations in the expressions of PKC isoforms in monocytes of
SLE patients without and with steroid treatments

We measured the PKC isoform pattern in monocyte
populations of patients with SLE using also Western blot-
ting. As a striking difference compared to the T-cell data,
we found that the expressions of several existing isoforms
(PKCa, B and M) were similar in the monocytes of steroid-
free SLE patients to the healthy controls (Fig. 1B)
(Table 2). In contrast, the levels of PKCe and 6 markedly
whereas the expression of PKC{ moderately yet signifi-
cantly decreased in the diseased monocytes (PKCO and v
were not present in these cells). Similarly to the T-cell
results, in the monocytes of SLE patients who received
corticosteroid therapy, the expressions of some isoforms
returned differentially to the levels of controls. Namely,
whereas the expressions of PKCS and & markedly and
significantly increased (compared to the steroid-free
group), the level of PKC{ remained lower than seen in
monocytes of healthy volunteers. These alterations also
were characteristic of SLE because we could not measure
any significant change in the PKC pattern of monocytes of
patients with SS (Fig. 1B) (Table 2). In addition, similarly
to the T-cell findings, comparing the results found in the
monocytes of patients with active or inactive SLE, there
was no difference between them and the isoform levels of
the healthy volunteers (data not shown).
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Figure 1 Alterations in the protein kinase C (PKC) isoform patterns in
mononuclear cells of patients with systemic lupus erythematosus. Purified
T lymphocytes (A) and monocytes (B) from healthy volunteers (control),
patients with systemic lupus erythematosus without (SLE-NO) and with
(SLE-ST) steroid therapy, and with Sjogren’s syndrome (SS) and mixed
connective tissue disease (MCTD) were processed in protease inhibitor
containing lysis buffer, and vigorously equal amounts of protein were
subjected to SDS-PAGE and then transferred to nitrocellulose
membranes. Membranes were first probed with appropriate polyclonal
(rabbit) anti-PKC antibodies (Greek letters) then with a peroxidase
conjugated antirabbit goat secondary antibody (IgG). Immunoreactive
bands were visualized by an enhanced chemiluminescence (ECL) Western
blotting detection kit on light sensitive films. Figure shows a
representative result of several determinations.

Effect of in vitro steroid treatment on PKC isoform levels

To support the clinical observations regarding steroid
treatment and the PKC levels, isolated monocytes from
healthy volunteers (7= 3) were in vitro treated for 2 days
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with 10 pM hydrocortisone, total RNA was isolated, and
the levels of mRNA transcripts of PKC isoforms were
determined by quantitative real-time Q-PCR. As seen in
Fig. 2A, steroid application selectively and significantly
up-regulated the level of nPKCe (when compared to the
nontreated cells) whereas the expressions of the other iso-
forms were not affected.

In addition, we were able to perform a similar in vitro
study on peripheral isolated monocytes of a freshly diag-
nosed SLE patient (free of any treatment). As seen in
Fig. 2B, in vitro corticosteroid application, identically to
the above Western blot data (Fig. 1B), markedly increased
the transcript levels of nPKCd and € (but not of the other
isoforms) compared to the expressions seen in the
nontreated monocytes. These data indicate that, similarly
to the in vivo effects (Fig. 1), in vitro corticosteroid appli-
cation also increases the expressions of certain PKC
isoforms.

Investigation of PKC isoforms, the effect of steroid application
and the PKC-dependent AA release in MonoMac6 monocytoid
cells

Because SLE is accompanied by severe monocytopenia,
obscuring thorough investigation of various functional
phenomena, and, in addition, because freshly diagnosed
(i.e. nontreated) SLE cases are very rarely found, we per-
formed additional functional assays on the human mono-
cytoid cell line MonoMac6. As revealed by Western
blotting and flow cytometry (Fig. 3), these cells possessed
a very similar (yet not identical) PKC isoform pattern to
that seen in human peripheral monocytes (Fig.1B).
Namely, they expressed cPKCa and B; nPKCS and &
and aPKCC but only hardly detectable levels of PKCn
(data not shown).

Table1 Protein kinase C (PKC) isoform patterns in T cells of systemic lupus erythematosus (SLE), Sjégren’s syndrome (SS) and mixed connective tissue

disease (MCTD) patients as measured by densitometry of Western blots

SLE
Isoform Without steroid With steroid SS MCTD
PKCa 102+6 108+ 11 103 +8 101 £8
PKCB 58 +8* 91+ 127 110+6 106+ 6
PKCe 32+ 13* 75+ 9% 108 £5 1107
PKCd 49 +7* 83+ 127 102+7 104+ 4
PKCn 42410 78+ 9 93+4 91+38
PKCO 21 +6* 19+ 8% 102+£3 1014+10
PKCL 7248 76+ 121 97438 9944

Optical density values of immunoreactive bands of Western blots were determined on healthy and diseased cells. The values of the diseased samples (2> 4
for each isoform in both SLE groups; 2> 3 in the SS and MCTD groups) were then normalized to those of the daily matched control, healthy subjects
(n>5 for each isoform), and the normalized data of all patients having the same disorder were averaged. All data are expressed as mean £ SEM of

percentage values of control determinations (regarded as 100%).
*Significant (P < 0.05) decreases compared to control.
tSignificant (< 0.05).

{Insignificant changes (increases) in the SLE group with steroid treatment compared to the SLE group without steroid application.
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Table2 Protein kinase C (PKC) isoform patterns in monocytes of systemic lupus erythematosus (SLE), Sjégren’s syndrome (SS) and mixed connective
tissue disease (MCTD) patients as measured by densitometry of Western blots

SLE

Isoform Without steroid With steroid SS
PKCa 102+3 101 +4 103+8
PKCB 96+ 6 105£8 108 £6
PKCe 25+ 9* 63+ 117 97 +£8
PKC3 51 +6* 85+ 57 11045
PKCn 105+7 96+7 102+7
PKCO Not measurable

PKCL 69+ 8* 73+ 131 103+8

Optical density values of immunoreactive bands of Western blots were determined on healthy and diseased cells. The values of the diseased samples (2> 4
for each isoform in both SLE groups; 7> 3 in the SS group) were then normalized to those of the daily matched control, healthy subjects (72> 5 for each
isoform), and the normalized data of all patients having the same disorder were averaged. All data are expressed as mean & SEM of percentage values of

control determinations (regarded as 100%).
*Significant (2< 0.05) decreases compared to control.
{Represents significant (< 0.05).

{Insignificant changes (increases) in the SLE group with steroid treatment compared to the SLE group without steroid application.

Of great importance, however, flow cytometry analysis
revealed that the expression of nPKCe was significantly
less in the MonoMac6 cells than in the healthy monocytes
(the levels of the other isoforms were essentially the same)
(Fig. 3A). Actually, the suppressed level of nPKCe was very
similar to that found in the SLE monocytes (Fig. 1B)
(Table2). Moreover, also similarly to the peripheral
monocytes (Fig.2), in wvitro hydrocortisone treatment
(10puM for 1 or 2 days) selectively increased both the
mRNA transcript (Fig. 3B) and protein (Fig. 3C) levels
of nPKCe.

These findings strongly argued that the MonoMac6 cell
line may serve as a fine tool to model the PKC alterations
seen in SLE monocytes. To test this hypothesis, we per-
formed an additional functional assay to measure PKC-

Relative mRNA levels (fraction of control)

dependent AA release of the cells. We found that the PKC
activator PMA (100 nM) was able to increase AA release
from MonoMac6 cells exclusively when a calcium iono-
phore (A23187, 5uM) was also present in the medium.
This finding was in good accord with our previous data [9]
that the PKC dependent AA release was decreased in the
SLE monocytes compared to control, and that this impair-
ment was mostly seen when the PKC activator PMA was
applied alone (i.e. without a calcium ionophore to increase
intracellular calcium concentration). These data strongly
suggest that the suppressed calcium-independent nPKC
levels (presumably nPKCe) may contribute to the
decreased AA release in SLE monocytes. Finally, these
data indicate the MonoMac6 cell line may indeed act as
a suitable model to investigate the functional changes

Relative mRNA levels (fraction of control)

Figure2 Effect of in vitro corticosteroid treatment of protein kinase C (PKC) isoform expression in control and SLE monocytes. Monocytes from three
healthy volunteers (A) and one SLE patient (B) were in vitro treated for 2 days with vehicle (control) or 10 pM hydrocortisone, then total RNA was
isolated and the levels of mRNA transcripts of PKC isoforms were determined in triplicate by real time quantitative polymerase chain reaction (Q-PCR) as
described under Patients and methods. Absolute values were normalized to transcripts of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and the
values obtained with the steroid-treated groups are shown as the fraction of the control groups. In panel A, the mean & SEM values of three independent
experiments are shown. Asterisk represents significant (?< 0.05) changes compared to control.
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Number of positive cells (% of control)
Relative mRNA levels (fraction of control)

AA release (% of control)

PMA PMA +
A23187

Figure3 Protein kinase C (PKC) isoform expression, iz vitro corticosteroid treatment and PKC-dependent arachidonic acid release in MonoMac6 cells.
(A) MonoMac6 cells and healthy isolated monocytes (control) were fixed, permeabilized and PKC isoenzymes were labeled using polyclonal primary
antibodies and a FITC-conjugated goat antirabbit secondary antibody. Flow cytometry analysis was then performed to determine the number of positive
cells, and values obtained with the MonoMac6 cells were expressed as mean £ SEM of percentage values of control (healthy monocytes) determinations
(regarded as 100%). (B) MonoMac6 cells were in vitro treated for 2 days with vehicle (control) or 10 pM hydrocortisone, the total RNA was isolated and
the levels of mRNA transcripts of PKC isoforms were determined in triplicate by real time quantitative polymerase chain reaction (Q-PCR) as described
under Patients and methods. Absolute values were normalized to transcripts of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and the values
obtained with the steroid-treated groups are shown as the fraction of the control groups (mean=+ SEM of three independent experiments). (C)
MonoMac6 cells were 7z vitro treated with 10 uM hydrocortisone for the time indicated, then cell lysates were subjected to SDS-PAGE, and the
expressions of PKC isoforms were determined by Western blotting as described under Patients and Methods. (D) MonoMac6 cells were treated with
culturing medium (control), 100 nMm PMA alone (PMA) or with 100 nm PMA and 5 puM calcium ionophore A23187 (PMA + A23187) for 4 h, and the
release of arachidonic acid (AA) was determined in triplicate as described under Patients and methods. Data of three independent experiments were
expressed as mean £ SEM of percentage values of control (medium-treated) samples (regarded as 100%). Asterisks represent significant (< 0.05) changes
compared to control.

related to steroid treatment and the PKC isoforms in SLE ~ position of the PKC system in the signal transduction

monocytes. cascades [10], our current demonstration that levels of
these PKC isoforms were significantly suppressed in T
Discussion lymphocytes of SLE patients (Table 1) may, at least partly,

In the T-cell function, the central roles of several PKC
isoforms have been extensively documented. For example,
PKCO has been shown to play a crucial role in gene
transcription regulation, T-cell activation, T-cell receptor
€ chain expression, and, similarly to PKCB and 6, the
regulation of production of IL-2 and its receptor [6, 13—
15]. In addition, PKCP was suggested as a key element of
proper T-cell locomotion [24], whereas PKCC was
described to maintain the integrity of actin cytoskeleton
and to mediate IL-induced T-cell proliferation [12].
Therefore, in the framework of these data and the central

explain the previously documented complex abnormalities
of T cells in SLE [1, 4, 25].

Similarly to the T-cell findings, PKCa, B, 8, 1, € and {
were all shown to play critical roles in various monocyte
functions [16-18]. Our current presentation that, in con-
trast to the T-cell data, dramatic cell-specific decreases
were found only in the levels of PKCe and 6 with minimal
suppression of PKC{ in the monocytes of SLE patients
(Table 2), is the first description of monocyte-specific PKC
abnormalities in this disease. Therefore, we can only
assume that the decrease in the levels of PKCe and &
(and possibly of PKCC) may also contribute to the
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impaired (and chiefly PKC-dependent) monocyte func-
tions seen in SLE [7]. Because participation of the PKC
system (mostly of PKCe) is required for the induction of
mitogen-activated protein kinase phosphatase—1 in lipo-
polysaccharide stimulated macrophages [26] and for the
defense against bacterial infection [27], the decreased
expressions of these enzymes may be one of the factors
explaining the defect of phagocytic function in SLE.

This hypothesis about the central role of the calcium-
independent PKC isoforms in monocyte functions is also
supported by our earlier findings [9] and our current
demonstration (Fig. 3). Namely, under calcium-free con-
ditions, the PKC activator PMA was much less effective in
inducing AA production in monocytes of SLE patients
(than in healthy monocytes) and in the MonoMac6 cell
line which possessed an SLE-like suppression in the level
of PKCe. Finally, the marked suppression of the level of
PKCe and 8 isoforms described as key regulators of pro-
liferation and differentiation of various cell types [10, 28],
may also explain some of the SLE-related proliferation
defects of peripheral mononuclear cells [1].

Another major finding of our work was that the sup-
pressed levels of most (but, very importantly, not all) of
the PKC isoforms could be improved by both in wvive
(Tables 1 and 2) and i vitro (Fig.2) corticosteroid treat-
ment (similarly to the phenomenon seen in the Mono-
Mac6 cell line, Fig.3). It seems therefore that the
decreased expression of some of the PKC isoenzymes in
SLE cells is a transient state, and it can be reversed and
repaired by corticosteroids. This was also supported by
that recently we could carry out a preliminary study on
samples of a young patient who appeared at our ambu-
lance in the severe acute phase of SLE (SLEDAI 20) still at
the first time being never treated before. The influence of
steroid pulse therapy resulted in profound elevations in the
levels of her impaired PKC isoenzymes (mostly of PKCe
and 9), circulating IL-2, IL-4, and a slight decrease in the
amount of circulating IFNY in parallel with the improved
disease status (SLEDAI 10). It should be emphasized,
however, that there were also isoforms (PKCO and, to a
lesser extent, PKCC), the expressions of which could not be
modified by steroid (Tables1 and 2) (Figs2 and 3),
arguing for different isoform-specific actions and limita-
tions of steroid therapy on the PKC levels in SLE, and
suggesting the need for further elucidation of the exact
mechanism of steroid action on the PKCs.

Moreover, our findings might have further clinical
implications. First, our demonstration that the presented
alterations in the PKC levels are characteristic to SLE
(because mononuclear cells of SS and MCTD patients
possessed very similar PKC isoform patterns to the control
cell populations) (Tables 1 and 2) suggests that the deter-
mination of PKC profile in polysystemic autoimmune
diseases might serve as a fine tool, in addition to other
biochemical and immunological markers (e.g. antibody
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profile, cytokine levels) [29-31], to further differentiate
between such diseases. Second, our results that even a
relatively short steroid therapy can strongly affect the
numerous PKC-related signalling pathways of SLE cells
argue for a very careful selection of appropriate patient
groups for the investigations on SLE patients during their
comparisons to subjects of other autoimmune diseases.

Acknowledgments

This work was supported by Hungarian Research grants:
OTKA T030246, OTKA F035036, OTKA T37531, ETT
50/2000, ETT 566/2000, NKFP 88/2001, OMFB 200/
2002. Tamés Biré is a recipient of the Gydrgy Békésy
Postdoctoral Scholarship of the Hungarian Ministry of
Education.

References

1 Tsokos GC, Wong HK, Enyedy EJ, Nambiar MP. Immune cell
signaling in lupus. Curr Opin Rheumatol 2000;12:355-63.

2 Khan IU, Laxminarayana D, Kammer GM. Protein kinase A RIf
subunit deficiency in lupus T lymphocytes: bypassing a block in RIf
translation reconstitutes protein kinase A activity and augments IL-2
production. ] Immunol 2001;166:7600-5.

3 Herndon TM, Juang Y-T, Solomou EE, Rothwell SW, Gourley MF,
Tsokos GC. Direct transfer of p65 into T lymphocytes from systemic
lupus erythematosus patients leads to increased levels of interleukin-2
promoter activity. Clin Immunol 2002;103:145-53.

4 Nambiar MP, Enyedy EJ, Warke GV ¢z al. T cell signaling abnor-
malides in systemic lupus erythematosus are associated with increased
mutations/polymorphisms and splice variants of T cell receptor §
chain messenger RNA. Arthritis Rheum 2001;44:1336-50.

5 Enyedy EJ, Nambiar M, Liossis S-N, Dennis G, Kammer GM,
Tsokos GS. Fce receptor type I v chain replaces the deficient T
cell receptor { chain in T cells of patients with systemic lupus
erythematosus. Arthritis Rheum 2001;44:1114-21.

6 Tsokos GC, Nambiar MP, Juang YT. Activation of the Ets tran-
scription factor Elf-1 requires phosphorylation and glycosylation:
defective expression of activated Elf-1 is involved in the decreased
TCR zeta chain gene expression in patients with systemic lupus
erythematosus. Ann N'Y Acad Sci 2003;987:240-5.

7 Steinbach F, Henke F, Krause B, Thiele B, Burmester GR, Hiepe F.
Monocytes from systemic lupus erythematosus patients are severely
altered in phenotype and lincage flexibility. Ann Rheum Dis
2000;59:283-8.

8 Katsiari CG, Liossis S-N, Souliotis VL, Dimopoulos M,
Manoussakis MN, Sfikakis PP. Aberrant expression of the co-
stimulatory molecule CD40 ligand on monocytes from patients
with systemic lupus erythematosus. Clin Immunol 2002;103:54—62.

9 Sipka S, Szntd S, Sziics K et al. Decreased arachidonic acid release
in peripheral blood monocytes of patients with systemic lupus
erythematosus. ] Rheumatol 2001;28:2012-7.

10 Nishizuka Y. The molecular heterogeneity of protein kinase C and
its implication for cellular regulation. Nature 1988;334:661-5.

11 Goodnight JA, Mischak H, Mushinski JF. Selective involvement of
protein kinase C isozymes in differentiation and neoplastic transfor-
mation. Adv Cancer Res 1994;64:159-209.

12 Gomez ], de Aragon AM, Bonay P ez al. Physical association and
functional relationship between protein kinase C zeta and the actin
cytoskeleton. Eur J Immunol 1995;25:2673-8.

© 2004 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 60, 421-428



428 PKC Isoenzyme Changes in SLE

14

15

16

17

18

19

20

21

Szamel M, Appel A, Schwinzer R, Resch K. Different protein kinase
C isoenzymes regulate IL-2 receptor expression or IL-2 synthesis in
human lymphocytes stimulated via the TCR. ] Immunol
1998;160:2207-14.

Bi K, Tanaka Y, Coudronniere N ¢# al. Antigen-induced transloca-
tion of PKC-theta to membrane rafts is required for T cell activa-
tion. Nat Immunol 2001;2:556-63.

Long A, Kelleher D, Lynch S, Volkov Y. Cutting edge: protein
kinase CP expression is critical for export of IL-2 from T cells. J
Immunol 2001;167:636-40.

Zheng L, Zomerdijk TP, Aarnoudse C, van Furth R, Nibbering PH.
Role of protein kinase C isoenzymes in Fc gamma receptor-mediated
intracellular killing of Staphylococcus aureus by human monocytes.
J Immunol 1995;155:776-84.

Kontny E, Ziokowska M, Ryzewska A, Maslinski W. Protein kinase
C-dependent pathway is critical for the production of pro-
inflammatory cytokines (TNF-alpha, IL-1beta, IL-6). Cytokine
1999;11:839-48.

Herrera-Velit P, Knutson KL, Reiner NE. Phosphatidylinositol
3-kinase-dependent activation of protein kinase C{ in bacterial
lipopolysaccharide-treated human monocytes. ] Biol Chem
1997;272:16445-52.

Tada 'Y, Nagasawa K, Yamauchi Y, Tsukamoto H, Niho Y. A defect in
the protein kinase C system I T cells from patients with systemic lupus
erythematosus. Clin Immunol Immunopathol 1991;60:220-31.
Dwivedi Y, Pandey GN. Administration of dexamethasone up-
regulates protein kinase C activity and the expression of the gamma
and epsilon protein kinase C isozymes in the rat brain. ] Neurochem
1999;72:380-7.

Kajita K, Ishizuka T, Miura A et al. Glucocorticoid-induced insulin
resistance associates with activation of protein kinase C isoforms.

Cell Signal 2001;13:169-75.

23

24

25

26

27

28

29

30

31

T. Biro et al.

Hochberg M. Updating the American College of Rheumatology
revised criteria for the classification of systemic lupus erythematosus.
Arthitis Rheum 1997;40:1725-34.

Boczan ], Boros S, Mechler F, Kovacs L, Biré T. Differential
expressions of protein kinase C isozymes during proliferation and
differentiation of human skeletal muscle cells 77 vitro. Acta Neuro-
pathol 2000;99:96-104.

Volkov Y, Long A, McGrath S, Ni Eidhin D, Kelleher D. Crucial
importance of PKC-f(I) in LFA-I-mediated locomotion of activated
T cells. Nature Immunol 2001;2:508-14.

Kammer GM, Perl A, Richardson BC, Tsokos GC. Abnormal T cell
signal transduction in systemic lupus erythematosus. Arthritis
Rheum 2002;46:1139-54.

Vallador AF, Xaus J, Comalada M, Soler C, Celada A. Protein
kinase Ce is required for the induction of mitogen-activated protein
kinase phosphatase-1 in lipopolysaccharide-stimulated macrophages.
J Immunol 2000;164:29-37.

Castrillo A, Pennington DJ, Otto F, Parker PJ, Owen MJ, Bosca L.
Protein kinase Cg is required for macrophage activation and defense
against bacterial infection. ] Exp Med 2001;194:1231-42.
Miyamoto A, Nakayama K, Imaki H e¢ 4/. Increased proliferation of
B cells and auto-immunity in mice lacking protein kinase Cdelta.
Nature 2002;416:965-9.

Smolen JS, Steiner G. Mixed connective tissue disease. To be or not
to be? Arthritis Rheum 1998;41:768-77.

Sugimoto K, Morimoto S, Kaneko H e al Decreased IL-4
producing CD4+ T cells in patients with active systemic lupus
erythematosus — relation to IL-12R expression. Autoimmunity
2002;35:381-7.

Bodolay E, Aleksza M, Antal-Szalmas P ef al. Serum cytokine levels
and type 1 and type 2 intracellular T cell cytokine profiles in mixed
connective tissue disease. ] Rheumatol 2002;29:2136-42.

© 2004 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 60, 421-428



XXI.






Review series
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This Review highlights selected frontiers in pruritus research and focuses on recently attained insights into the
neurophysiological, neuroimmunological, and neuroendocrine mechanisms underlying skin-derived itch (pru-
ritogenic pruritus), which may affect future antipruritic strategies. Special attention is paid to newly identified
itch-specific neuronal pathways in the spinothalamic tract that are distinct from pain pathways and to CNS
regions that process peripheral pruritogenic stimuli. In addition, the relation between itch and pain is discussed,
with emphasis on how the intimate contacts between these closely related yet distinct sensory phenomena may
be exploited therapeutically. Furthermore, newly identified or unduly neglected intracutaneous itch mediators
(e.g., endovanilloids, proteases, cannabinoids, opioids, neurotrophins, and cytokines) and relevant receptors
(e.g., vanilloid receptor channels and proteinase-activated, cannabinoid, opioid, cytokine, and new histamine
receptors) are discussed. In summarizing promising new avenues for managing itch more effectively, we advocate
therapeutic approaches that strive for the combination of peripherally active antiinflammatory agents with drugs

that counteract chronic central itch sensitization.

The study of pruritus in a nutshell

Itching (pruritus) is perhaps the most common symptom associated
with numerous skin diseases and can be a lead symptom of extra-
cutaneous disease (e.g., malignancy, infection, and metabolic disor-
ders) (1, S1). However, despite approximately a century of pruritus
research (2, S2, S3), there is no generally accepted therapy for the
treatment of itch, and many mysteries, misconceptions, and contro-
versies still haunt this rather neglected, yet clinically important and
scientifically fascinating, niche in the life sciences (3, 4, 5).

It is the brain that itches, not the skin
Pruritus causes the desire to scratch the skin and is experienced as
a sensation arising in the skin. However, like all other skin sensa-
tions, itch, strictly speaking, is an extracutaneous event —a product
of CNS activities. The intense itch we feel after an insect bite, in a
patch of atopic eczema, during an episode of food-induced urticar-
ia, or in association with diabetes, uremia, or scabies mite infection
(S1) represents a neuronal projection of a centrally formed sensa-
tion into defined regions of the integument (localized pruritus) or
into large territories of our body surface (generalized pruritus).
Interestingly, our individual reception of and emotional response
to itch strongly depends on its exact quality: while a tickling sen-
sation usually is experienced as pleasurable, persistent itch is an
annoying or even torturous sensation (S4). While one is tempted to
interpret this as indicating a distinct molecular and/or structural
basis of these different itch qualities, it has proven excruciatingly
difficult to identify their molecular, structural, and neurophysi-
ological differences (ref. 1; see below).

Nonstandard abbreviations used: ACh, acetylcholine; CB, cannabinoid receptor;
CGRP, calcitonin gene-related peptide; NGF, nerve growth factor; PAR, proteinase-
activated receptor; SP, substance P; TRP, transient receptor potential; TRPV, TRP
vanilloid-type.
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As pruritus can arise from localized or systemic, peripheral or
central stimuli, it is useful to differentiate between its different
types. One recent classification system suggests distinctions be
made among neurogenic (arising from neurophysiological dys-
function, e.g., due to cholestasis or psychotropic medication),
neuropathic (due to a primary neurological disorder), psychiatric
(e.g., parasitophobia), and pruritogenic pruritus (arising from skin
diseases) (3, 6). This Review discusses only the latter, most frequent
type of pruritus, which requires the involvement and activity of
cutaneous sensory neurons that transmit the “itchy” signals via
dorsal root ganglia and the spinal cord to the CNS.

Current concepts of itch pathways underlying pruritogenic
pruritus and of CNS regions involved in itch processing are
summarized in Figure 1. More plainly speaking, when one senses
the difficult-to-control desire to fight itching by self-inflicted
painful stimuli, the impression that one’s skin itches is nothing
but a sensory illusion created by the brain. Thus the CNS-con-
trolled, itch-alleviating motoric activity that unfolds in response
to pruritus directly “talks back” to our CNS, almost as if we were
scratching the brain itself.

Scratching highlights the close relation of pain and itch
Both pain and itch can be reduced by soft rubbing, which activates
fast-conducting, low-threshold nerve fibers (7). However, the most
characteristic response to itching is the scratch reflex: a more or
less voluntary, often subconscious motoric activity to counteract
the itch by slightly painful stimuli. This itch reduction is based on
a spinal antagonism between pain- and itch-processing neurons
(8). This illustrates a therapeutically exploitable, key concept in
contemporary pruritus research: itch appears to be under tonic
inhibitory control of pain-related signals (1, 4, 5, 8, 9). Indeed,
itch and pain share the use of many neurophysiological tools and
processing centers and induce similar autonomous skin reactions.
Also, chronic pain and central sensitization to itch appear to be
neurophysiologically closely related phenomena (4).

Number 5

Volume 116 May 2006



review series

Epidermis

e — — Antigen presentation

:\'/_/_/ \//'// e ngerharm

- -—_///\ e ‘.// —

—_— T e e e

_/_/___/ ‘/__/___/ \_/_/___/
= — ) — D —

R R A R R A )

/BB &) BB &8s =

Proliferation,
cytokine/chemokine release

Proliferation, e N? N | ) N )
plasma extravasation,

edema

oy 3%
Neuropeptides

/i e

F N

~ ACh,
B-endorphin,
proteases?

Figure 1

(mast cells, T cells) -

@@@J

Low [pH], kinins,
proteases, amines,
prostaglandins, Ieukotrlenes
cannabinoids, endothelins
NI SN S D

_Immune cells /

Pruritus/pain

Spinal cord

Table 2 and neurophysiological pathways activated during pruritus (pruritogenic itch). Exogenous or endogenous mediators stimulate
specific subtypes of peripheral nerve endings of primary afferent neurons (pruriceptors). High-affinity receptors for pruritogenic mediators
transmit the stimulus via intracellular signaling from the periphery to the dorsal root ganglia (DRG) and the spinal cord. Within the spinal
cord, itch signals can be modulated (see /It is the brain that itches, not the skin). From lamina |, a specific area within the dorsal horn of
the spinal cord, the signal is transmitted to the CNS after crossing to the contralateral side (see Figure 3). Activation of specific areas in
the CNS results in the perception of itch, leading to discomfort and a scratch response. Additionally, the associated peripheral axon reflex
may lead to the release of mast cell-stimulating neuropeptides (e.g., SP), thereby amplifying pruritus via release of histamine, tryptase,
and TNF-a, for example (see Table 1). This figure does not consider the interaction between pain and itch fibers on the spinal cord level
(see The enigmatic neurophysiology of itch is becoming increasingly understood). Figure modified with permission from The Journal of

Investigative Dermatology (5).

ltch and pain serve different purposes

Yet itch is clearly distinct from pain with respect to the sub-
jective sensation, the inducing stimuli, and the reflex patterns.
In contrast to pain-related withdrawal reflexes, itching stimuli
provoke the characteristic scratching reflex. This close connec-
tion suggests that the neuronal apparatus for itch has devel-
oped as a nocifensive system for removal of irritating objects
and agents assaulting the skin and thereby the body’s integrity
(e.g., parasites, insects, sharp objects, irritants, and allergens).
While the withdrawal reflex is an adequate response to exter-
nal noxious stimuli, scratching makes good sense for noxious
agents that have successfully passed the epidermal barrier
and have already invaded the skin. Here, withdrawal would be
useless. Instead, localizing the injured site by scratching and
subjecting it to closer examination in order to detect any exog-
enous danger is required. Thus having skin capable of inducing
the symptom of itch may have afforded a substantial selective
advantage during evolution.
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The sensation of itch and nociception are distinct entities

Results from early psychophysical studies on itch and pain “spots”
(SS) invited the interpretation that itch is a kind of low-intensity
pain. However, we now know that the sensation of itch and noci-
ception cannot be equated with each other. In fact, the once-popu-
lar theories that itch is based on a specific pattern of action poten-
tials running through pain pathways or that itch results from the
combination of other primary sensory signals have now fallen out
of favor (3, 10). Likewise the confirmation of the long-denied exis-
tence of central itch-specific neuronal pathways in the human and
feline systems supports the concept that the sensation of itch and
nociception represent distinct sensory systems (9, 11). Nevertheless,
it remains perhaps the most central, and as yet unmet, challenge of
neurophysiological pruritus research to fully unravel the biological
commonalities and differences between itch and pain. In any case, the
systematic, comparative exploration of the mechanisms underlying
pain and itch sensations has already proven to be a constant source
of innovation and stimulation for investigators who study pruritus.
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Table 1

“The itching army” — selected pruritogens, their sources, and functions

Pruritogenic
stimuli

ACh

CGRP

CRH and POMC

Cytokines

Endocannabinoids

ETs

Endovanilloids?

Histamine

Kallikreins,
proteases

Kinins

Leukotriene B4

NKA and SP

NGF, BDNF, NTs

1176

Receptors

Nicotinergic
(nAChR) and
muscarinergic
(mAChR) ACh
receptors

CGRP receptors

CRH-R1 and -R2

Cytokine receptors
(e.g., IL-1, IL-31)

CBs (CB1, CB2)

ET receptors
(ETa, ETg)

Activation

of TRPV1.
Sensitization

of TRPV1 via
activation of
specific receptors.

Histamine
receptors
(H1R-H4R)

Partly by PARs,
tryptic enzymes

Bradykinin receptors
(B1R, B2R)

Leukotriene
receptors
Tachykinin (NK)
receptors (NKRs)

Specific receptors:
TrkA (NGF), TrkB
(NT-4, BDNF),
TrkC (NT-3)

The Journal of Clinical Investigation

Sources, receptors
expressed by

Autonomic cholinergic
nerves, keratinocytes,
lymphocytes,
melanocytes, dermal
fibroblasts, ECs

Sensory nerve fibers

For CRH-R1, keratinocytes,
mast cells; for CRH-R2,
BM mast cells

Leukocytes, keratinocytes,
ECs, nerves

Nerves, immune cells,
keratinocytes, hair follicles

Endothelium, mast cells

TRPV1 expressed on

sensory neurons, mast cells,

epidermal and hair follicle
keratinocytes, Langerhans
cells, smooth muscle,
and sebocytes

Sensory nerve fibers

Keratinocytes, ECs,
mast cells, platelets

ECs, immunocytes

Sensory nerve fibers,
keratinocytes

Sensory nerve fibers

Keratinocytes, mast cells,
fibroblasts, eosinophils

http://www.jci.org

Comments

Mediates itch in AD patients.
mAChR3 is probably involved in itch.

Expression on central terminals; sensitization of nerve
endings. Increased pain transmission; prolongation
of itch latency following SP injection (inhibitory effect
on itching). Involved in itchy skin diseases.

Release of histamine, cytokines, TNF-a, VEGF from
mast cells. CRH-like immunoreactivity on sensory
nerves (rat).

T cells release IL-31 during inflammation and activate
monocytes and keratinocytes via the IL-31 receptor
(IL-31R). IL-31R is upregulated in AD and prurigo.

Antipruritic in the periphery.

Burning itch; degraded by chymase via ETa
receptor activation.

Short-term TRPV1 activation: pain and itch induction,
depletes neuropeptides from sensory neurons.
Long-term antipruritic effect of TRPV1 agonists

(e.g., capsaicin): suspend interplay between sensory
neurons and mast cells. Affects epidermal and hair
follicle proliferation, differentiation, apoptosis, and
cytokine release. Increased expression in epidermal
keratinocytes of prurigo nodularis patients.

In humans, histamine induces itch by stimulating
specific sensory fibers, whereas H1 (and H2, less so)

antagonists reduce itch in numerous clinical trials. In mice,

H3 antagonists induce scratching behavior, whereas
H1 and H4 antagonists effectively suppress pruritus.

Massive itch behavior in mice overexpressing
epidermal kallikrein-7. Potential role of other kallikreins.
Chymase degrades pruritic and antipruritic peptides.

Tryptase induces inflammation and itch by a neurogenic
mechanism via PAR,. Microbial proteases may induce itch

and inflammation via PAR,.

Bradykinin induces pain rather than pruritus. B2R
antagonists reduce itch.

Leukotriene B4 induces itch and is also involved in the
SP- and nociceptin-mediated induction of itch.

NKA: Upregulation of keratinocyte NGF expression.
SP: low (physiologically relevant) concentrations:
priming of mast cells; release of TNF-c, histamine,
leukotriene B4, and prostaglandins from mast cells
(agents involved in pruritus and burning).

NGF levels enhanced in AD; induces tryptase release

from mast cells. Inducible by histamine. TrkA enhanced
in karatinocytes during inflammation. NT-4 enhanced in

AD, induces sprouting of sensory nerves. BDNF increases

eosinophil chemotaxis levels in AD, inhibits apoptosis.
NTs sensitize receptive nerve endings and upregulate
neuronal neuropeptides and TRPV1.
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Opioids u-, x-, 8-Opioid Nerves, keratinocytes
receptors (partly
receptor-independent

cell activation)

PACAP and VIP VPAC receptors Autonomic and sensory
nerve fibers, lymphocytes,

dermal ECs, Merkel cells

Prostaglandins Prostanoid (P)

receptors

Sensory nerve fibers,
keratinocytes

review series

Antipruritic effect of u-opioid antagonists (central effect) (9, 55,
and «k-opioid agonists (spinal cord level). Opioid agonists 116, 117,
do not provoke itch upon injection or intradermal S37)
application. u-Opioid receptor upregulation in AD.

PACAP: involved in flush, vasodilatation, pain, (59, S38,
neurodegeneration; pruritus(?); induces release of S39)
histamine from mast cells. VIP: histamine release from

mast cells, allodynia (no allodynia in AD) intensifies

ACh-induced itch in AD patients.

Prostaglandin E2 induces itch in humans but not (118, 528,
in mice. Prostaglandin D2 reduces IgE-mediated S40)

scratching in mice.

Stimuli are listed alphabetically. AEndovanilloids include heat, acidosis, eicosanoids, histamine, bradykinin, extracellular ATP, prostaglandins, and
various neutrophins. AD, atopic dermatitis; BDNF, brain-derived neurotrophic factor; CRH, corticotropin-releasing hormone; ET, endothelin; NK, neu-
rokinin; NT, neurotrophin; PACAP, pituitary adenylate cyclase—activating polypeptide; POMC, pro-opiomelanocortin; VIP, vasoactive intestinal poly-

peptide; VPAC, VIP/PACAP receptor.

There are many more peripheral itch-inducing
stimuli than histamine
A bewilderingly wide range of peripheral itch-inducing stimuli
generated within or administered to the skin can trigger pruritus.
The key message here is that the chorus of itch-inducing agents
(Table 1) contains many more protagonists than the usual suspect,
histamine. This includes several that are not yet widely appreciated
as pruritic compounds or itch-relevant receptors (e.g., proteases,
leukotrienes, ion channels, cytokines). The role of histamine, in
contrast, is overestimated: small doses of histamine that fail to
produce itch are still sufficient to produce edema and erythema
upon intracutaneous injection, and nonsedative antagonists of the
histamine receptors H1 and/or H2 have often been proven to be
of low or no efficacy as antipruritic drugs (refs. 12-15; although
others claim efficacy, refs. 16, 17), while other pruritogens (e.g.,
pH changes, opioids, proteases, cytokines, acetylcholine [ACh],
and neurotrophins in atopic dermatitis patients; see Figure 1 and
Table 1) are often more powerful itch inducers than histamine.
In addition, the dominant role of intracutaneous inflammation
in itch pathogenesis, and the vicious cycles of neurogenic inflam-
mation (18, 19) upregulating and perpetuating chronic itch, must
be taken into account (see Itch is modulated by painful and nonpainful
stimuli: vole of opioid receptors). Also, the skin excels in extensive inner-
vation of nonneuronal cells (e.g., keratinocytes, Merkel cells, and
Langerhans cells in the epidermis and mast cells in the dermis), add-
ing to the complexity of the signaling loops that have to be consid-
ered when investigating the pathogenesis of itch (4). Neurotroph-
ins such as nerve growth factor (NGF) — copiously produced by, for
example, the skin epithelium in order to direct and control sensory
skin innervation (20), which is thought to be involved in the patho-
genesis of prototypic pruritic dermatoses such as prurigo nodularis
and atopic dermatitis (21-23) and whose therapeutic administra-
tion is pruritogenic (24) — nicely exemplify the complexity of itch
pathogenesis and the cascades of itch-promoting events that render
pruritus such a difficult-to-manage clinical problem. Upregulation
of intracutaneous neurotrophin production and/or the expression
of cognate receptors by inflammatory stimuli (e.g., in the context
of atopic dermatitis) increases sensory innervation, lowers the itch
threshold, upregulates the expression and/or sensitization of other
receptor systems involved in itch pathogenesis (e.g., vanilloid recep-
tors), upregulates the production of other pruritogenic agents (e.g.,
substance P [SP]), and perpetuates inflammation (e.g., by inducing
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mast cell degranulation and by forcing the affected individual to
engage in a crescendo of scratching activity that further promotes
skin inflammation; refs. 4, 19, 20, 25, 26).

Recently, however, additional histamine receptors have been dis-
covered, and at least one of them — H4R — operates as an “itch
receptor” in mice (27). This finding sheds new light on an old itch
suspect and may explain why H1R antagonists are not efficient in
certain pruritic skin diseases. This example also nicely illustrates
why the study of pruritus has proven to be a field of endless fascina-
tion and discovery for clinicians, psychologists, pharmacologists,
neurobiologists, endocrinologists, and neuroimmunologists alike.

General limitations of an effective antipruritic therapy
Evidently we need to engage in a lot of scratching our own brains
until we can offer our itching patients more efficient, more indi-
vidually tailored, safer, and better-tolerated itch management.
Considerable progress has been achieved in the development of
animal models for itch by changing from acute injection models
to a disease-related approach (e.g., ref. 28). Nevertheless, specific
animal models for many clinical itch conditions are still missing.
Also the objective, reproducible quantification of itch is a much
more tricky and treacherous art than one may suspect. Simple psy-
chophysics using visual analog scales is still the gold standard, but
it may best be combined with objective behavioral measurements
using digital accelerometers or piezoelectronic devices (29). Thus
far there are no sound indications that itch-specific genes exist.
Finally, we face the lack of well-tolerated, easily administered, non-
sedative compounds that selectively target dominant CNS “itch
centers” — which probably do not exist anyway (see The enigmatic
neurophysiology of itch is becoming increasingly understood).

Irrespective of these formidable limitations, it is rewarding,
exciting, and important to scout for therapeutically promising
frontiers in pruritus research — defining and redefining along the
way the many intriguing open questions that just make you itch
for more satisfactory answers.

The enigmatic neurophysiology of itch is becoming
increasingly understood

The neurophysiological basis for the itch sensation was unclear for
decades. Several competing theories coexisted until itch-selective
neurons were found in humans, which explained the histamine-
induced itch sensation (11). Slowly conducting C-fibers that trans-
Number 5 1177
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Central processing of pruritus. Pruriceptive primary afferent nerve fibers from the skin activate spinal neurons in lamina | of the dorsal horn, which
project to the thalamus. Direct excitatory connections from the thalamus include anterior cingulate cortex (ACC), insular cortex (Insula), and
primary and secondary somatosensory cortices (Sl, Sll). The putative function of brain areas activated in central imaging studies of itch are sum-
marized. SMA, supplementary motor area; PMA, premotor area; PF, prefrontal cortex; OrbitoF, orbitofrontal cortex; PAG, periaqueductal gray.

duce itch signals have been discovered among the group of mecha-
noinsensitive C-afferents in healthy subjects and itch patients (30),
suggesting a specific pathway for itch. In contrast, the most com-
mon type of C-fibers, mechano-heat-sensitive polymodal nocicep-
tors, do not show prolonged activation by histamine and are relat-
ed to pain processing (31, 32). The histamine-sensitive itch fibers,
also known as pruriceptors, are characterized by a particularly low
conduction velocity, large innervation territories, mechanical unre-
sponsiveness, high transcutaneous electrical thresholds, and gen-
eration of an axon reflex erythema (11, 32-35). However, this hista-
mine-sensitive fiber class cannot account for all aspects of pruritus,
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particularly the mechanically evoked classification. Thus other
classes of primary afferents must be involved in the histamine-
independent generation of pruritus (36). This diversity of primary
afferent “itch fibers” would nicely fit to the different submodalities
of pruritus (“itch quality”) observed in patients (37, 38, S6).

The concept that dedicated pruritogenic neurons exist has been
extended by recordings in the cat spinal cord. These results have
demonstrated the existence of a specialized class of mechanically
insensitive, histamine-sensitive dorsal horn neurons projecting to
the thalamus (9). Thus the combination of dedicated peripheral
and central neurons with a unique response pattern to pruritogenic
Volume 116
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Figure 3

Pruritogenic receptors interact synergistically,
thereby amplifying itch or pain. (A) Activation
of PAR: leads to binding of G proteins (Gg11),
followed by (B) stimulation of the intracellular
PKC pathway and mobilization of intracellular
[Ca2] via phopholipase Cp (PLC), diacylg-
lycerol (DAG), and inositol triphosphate (IPg).
PIP,, phosphatidylinositol 4,5-biphosphate.
This results in (C) sensitization of TRPV1 by
phosphorylation of the intracellular C terminus
(heterologous sensitization). Sensitization of
TRPV1 leads to (D) a lowered threshold for
capsaicin binding or temperature, i.e., stimu-
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mediators and anatomically distinct projections to the thalamus
provides the basis for a specialized neuronal itch pathway.
Interestingly, these projection neurons do not exhibit spontaneous
activity as the pain-processing projection neurons do. This lack of
spontaneous activity may be due to active inhibition exerted by pain-
processing neurons (8). Suppressing this inhibition might therefore
provoke itch by a pure spinal mechanism — without any activation of
primary afferent neurons from the skin (as seen in neuropathic and
neurogenic pruritus). Thus one important challenge for more effec-
tive itch management will be to develop drugs that selectively upreg-
ulate the spinal inhibition of itch signals arriving from the skin.
The itch-selective spinal neurons form a distinct pathway project-
ing from lamina I of the spinal cord to the ventrocaudal part of the
nucleus medialis, which projects to the anterior cingulate and dorsal
insular cortex (9, 39) (Figure 2). The supraspinal processing of itch
and its corresponding scratch response in humans have recently been
investigated by functional PET (fPET) and functional MRI (fMRI).
Here induction of itch by histamine application coactivates the anteri-
or cingulate and insular cortex, premotor and supplementary motor
areas, cerebellum, primary somatosensory cortex, and thalamus
(40-42). As done earlier for pain sensation, particular aspects of the
itch sensation have been correlated with the activation of certain
brain areas: spatial and temporal aspects may be processed in the pri-
mary somatosensory cortex, planning of the scratch response in the
premotor and supplementary motor cortices, and affective and moti-
vational aspects in the anterior cingulate (38, 43) and insular cortex
(Figure 2). All these brain areas are also involved in pain processing
(44). Thus differences between pain and itch processing likely do
not result from activation of distinct brain centers, but reflect a dif-
ferentactivation pattern of basically identical centers. For example,
itch processing may be characterized by weaker activation of pri-
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mary and secondary somatosensory cortices but relatively stronger
activation of ipsilateral motor areas and anterior cingulate com-
pared with pain sensation.

When the modulation of itch by painful cold stimuli was exam-
ined by fPET, the periaqueductal gray matter was activated only
when painful and itching stimuli were applied simultaneously
(42). This activation was combined with reduced activity in the
anterior cingulate, dorsolateral prefrontal cortex, and parietal cor-
tex. This suggests that the periaqueductal gray, which is known for
its role in endogenous pain inhibition, might also be involved in
the central inhibition of itch by pain (Figure 2).

Studies with fMRI have largely confirmed activations that had
been revealed by earlier PET results. However, they also found
strong activation of prefrontal and orbitofrontal cortices (45, S7).
These frontal brain areas are involved in reward systems and deci-
sion making but also in hedonic experiences (46); their activation
might contribute to the compulsive component and thereby fur-
ther increase the multidimensionality of the itch sensation.

Given the complex activation pattern and the broad overlap of pain
processing, a clear anatomical target for centrally acting antipruritic
therapy is lacking. Also, identification of pharmacological targets
will require more specific imaging techniques, such as ligand-PET.
This already has been successfully used to localize receptor density
and to verify genetic differences in occupancy of opioid receptors
(47). Though this has increased our understanding of how acute
experimental itch is processed, central imaging has not yet identi-
fied critical anatomic or pharmacologic targets in clinical pruritus.
Therefore, imaging studies in itch patients are urgently required,
although as one can learn from the pain field, such studies are much
more complex and difficult to interpret than the simplistic experi-
mental setting using itch models in healthy volunteers.
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PARs play a key role in pruritus during neurogenic inflammation. (i) Tryptase released from degranulated mast cells activates PAR; at the plasma
membrane of sensory nerve endings. (ii) Activation of PAR; by tryptase, trypsins, kallikreins, or probably exogenous proteinases (bacteria,
house dust mite) stimulates the release of calcitonin gene—related peptide (CGRP) and tachykinins, e.g., SP, from sensory nerve endings. (iii)
CGRP interacts with the CGRP; receptor to induce arteriolar dilation and hyperaemia. (iv) SP interacts with the neurokinin-1 receptor (NK1R)
on endothelial cells of postcapillary venules to cause gap formation and plasma extravasation. Hyperaemia and plasma extravasation cause
edema during inflammation. (v) SP may stimulate degranulation of mast cells, providing a positive-feedback mechanism. (vi) Tryptase degrades
CGRP and terminates its effects. (vii) CGRP inhibits SP degradation by neutral endopeptidase and also enhances SP release, thereby amplify-
ing its effects. (viii) Mediators from mast cells and other inflammatory cells stimulate the release of vasoactive peptides from sensory nerves
and also sensitize nerves. (ix) At the spinal cord level, PAR,-induced intracellular Ca2+ mobilization leads to release of CGRP (and SP) from
central nerve endings, thereby activating CGRP receptor (CGRPR) and NK1R to transit itch responses to the central nervous system. (x) During
inflammation, PAR2 may be peripherally transported, thereby increasing receptor density and stimulation. Figure modified with permission from

Nature Medicine (64, 125).

ltch is modulated by painful and nonpainful stimuli:
role of opioid receptors
It is common experience that the itch sensation can be reduced by
scratching. The inhibition of itch by painful stimuli has been experi-
mentally demonstrated by use of various painful thermal, mechani-
cal, and chemical stimuli (S8). Painful electrical stimulation reduced
histamine-induced itch for hours in an area spanning 10 centimeters
beyond the site of stimulus, suggesting a central mode of action (48).
Recent results suggest that noxious heat stimuli and scratching pro-
duce a stronger itch inhibition than do noxious cold stimuli (49).
On the contrary, analgesia may reduce the inhibition of itch by
pain, thus enhancing pruritus (50). This phenomenon is particu-
larly relevant to spinally administered p-opioid receptor agonists,
which induce segmental analgesia often combined with segmental
pruritus (31). Conversely, u-opioid antagonists have antipruritic
effects in experimentally induced itch (S9) and also in patients with
cholestatic itch. Remarkably, in some cholestatic patients treated
with naloxone, the reduction of itch is accompanied by the induc-
tion of pain (51) and withdrawal-like reactions (52). This suggests
an upregulation of endogenous opioids in these patients.
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In contrast to strong analgesic and pruritic spinal effects of u-
opioids, an inhibition of both pain and itch — albeit weaker — is
observed in the periphery (46, 53, 54). The role of nonneuronal
opioid receptors and the secondary release of endogenous opioids
(see Additional TRP channels are interesting targets in pruvitus manage-
ment) for the modulation of pruritus is as yet unclear. For example,
it has been speculated that internalization of the p-opiate receptor
in the epidermis of patients with atopic dermatitis may lead to the
availability of free opioid ligands, which then induce chronic pru-
ritogenic signals via altered unmyelinated nerve C-fibers (4, S5).

Chronic skin inflammation causes

peripheral sensitization to itch

It has been known for decades that acute or chronic skin inflam-
mation lowers the threshold for pruritic stimuli and thus causes
peripheral itch sensitization (56, S2). The complex mechanisms
underlying these phenomena (wheal, flare, edema) are becom-
ing better understood. During inflammation, several cells release
mediators that potentially bind to and activate high-affinity recep-
tors on sensory neurons. Upon stimulation, mast cells release his-
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tamine, tryptase, TNF-a, prostaglandins, and/or leukotrienes;
keratinocytes release ACh, proteases, or f-endorphin; endothelial
cells release kinins and protease-IV; and T cells release IL-2, IL-6, or
IL-31, among others (Figure 1 and Table 1) (18, 19).

Peripheral sensory nerve endings express an armada of receptors
thatare involved in both inflammation and itch (Figure 1 and Table 1).
Thus prolonged stimulation of itch receptors in the inflammatory
environment may cause peripheral sensitization to itch. So far, less
is known about the communication among the different neuronal
receptors. For example, neuronal receptors such as transient receptor
potential (TRP) vanilloid-type 1 (TRPV1) and proteinase-activated
receptor 2 (PAR;) may potentiate pain or pruritus by transactivation
(Figure 3) (refs. 57, 58; reviewed in refs. 59-63, S10). Thus one won-
ders whether inhibitors of TRPV1 and/or PAR,; (see Proteinase-acti-
vated receptors play a key role in pruritus during neurogenic inflammation)
alleviate inflammation-associated (pruritogenic) itch.

Proteinase-activated receptors play a key role

in pruritus during neurogenic inflammation

In fact, we have learned that proteases are more than just “scis-
sors of destruction”; rather, they are representative of a group of
mediators that communicate with nerves, thereby modulating
inflammation, pain, and pruritus (64, 65). Similar to histamine
or prostaglandins, certain proteases act as signaling molecules
by activating PARs (66, S11). Proteases from plants (e.g., pollen),
mites (e.g., house dust mite), or inflammatory cells (e.g., mast cell
tryptase) can induce pruritus and/or inflammation (Figure 4;
reviewed in ref. 60). PAR;, which can be activated by tryptase
during inflammation or hypersensitivity, mediates neurogenic
inflammation reflected by edema, plasma extravasation, and
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recruitment of leukocytes (64, 67). Interestingly, tryptase and
PAR; are upregulated on sensory nerves during atopic dermati-
tis, and PAR; agonists induce pruritus in these patients, suggest-
ing that PAR; — similar to histamine receptors — is a receptor for
“itchy” proteases (68). It is unknown whether PAR; and PAR, are
also involved in the itch pathway and under which circumstances
proteases may induce pain, inflammation, or pruritus. From first
indications, it seems to be a matter of protease concentration (69).
Since PAR; is not only expressed in peripheral neurons but also
in the spinal cord and brain, protease inhibitors and antagonists
of PAR, may be important tools for the treatment of itch with or
without acute or chronic inflammation.

Chronic skin inflammation may cause

central itch sensitization

Recent findings shed new light on the role of chronic inflamma-
tory stimuli in pruritus with special regard to central sensitization
of itch fibers. Activity in pruriceptors not only provokes itch but
additionally facilitates spinal itch processing, resulting in touch-
or brush-evoked pruritus around an itching site (itchy skin) (S2,
S$12). It requires ongoing activity in primary afferents and is most
probably elicited by low-threshold mechanoreceptors (A-f fibers)
(S12, S13). Moreover, even normally painful stimuli can be misin-
terpreted as itch in a chronic itch condition when applied directly
to pruritic skin lesions (48, 56).

Ongoing activity of pruriceptors, which presumably underlies
central sensitization for itch, has already been confirmed micro-
neurographically in a patient with chronic pruritus (30). In addi-
tion, lasting activation of pruriceptors by histamine has been
shown to experimentally induce central sensitization for itch in
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Table 2
Frontiers in itch research and possible therapeutic consequences

Frontier

Similar spinal or supraspinal sensitization processes
in chronic pain and itch

Similar peripheral sensitization processes in
inflammatory pain and itch (e.g., NGF)

Effects of proteases in pain and itch; role of PAR,

Understanding the complexity of the CNS when
processing itch

Understanding the role of the epidermis in itch sensation

Role of neuronal cytokine receptors in itch sensation
Role of TRPV1 in the pathogenesis of itch

Possible therapeutic consequence Selected
references

Antipruritic treatment with typical analgesics for neuropathic pain (119, S41)

(e.g., gabapentin, antidepressants)

Anti-NGF treatment for inflammatory pain and itch (120, S42)

Serine protease inhibitors or antagonists of PAR; for treatment (64, 114)

of inflammatory itch and pain

Identifying new central targets in the itch pathway (41, 42)

Antipruritic treatment using modifiers of keratinocyte function (121,122)

and epidermal barrier dysfunction

Antipruritic therapy using specific cytokine suppressors (113, S20)

Antipruritic treatment using natural TRPV1 agonists such as (4, 83)

modified forms of capsaicin or resiniferatoxin

Antipruritic treatment using thermal therapy (123, 124)

Role of TRP channels in itch

healthy volunteers (56). Thus there is emerging evidence for a
role of central sensitization in itch modulation during chronic
pruritus. As there are many mediators and mechanisms that are
potentially algogenic in inflamed skin (70), many of them could
provoke itch in a sensitized patient.

Psychoemotional stress triggers or enhances itch
Clinically, it has long been appreciated that both acute stress (stress-
ful life events) and chronic psychoemotional stress can trigger or
enhance pruritus (18, 19, 71). Recent insights into the neuroendo-
crinology and neuroimmunology of stress responses have improved
our understanding of why this may happen. Stress responses are
known to be learned, to involve cortical centers, and to activate the
hypothalamus-pituitary-adrenal axis (72, 73). Since stress responses
can be reprogrammed (e.g., by behavioral and neuropharmacologi-
cal/neuroendocrine therapy), deeper knowledge of the mechanisms
underlying central itch control may lead to novel, innovative, psy-
chosomatic, or neuropharmacological approaches for behavioral
itch therapy. There is much to be learned about stress-induced itch
from stress-related analgesia (74). Independent of direct effects of
stress hormones (e.g., adrenocorticotropin-releasing hormone, cor-
tisol, noradrenaline), the activation of endogenous pain-inhibitory
systems, part of which are naloxone sensitive (75), should directly
enhance itch processing by reducing its inhibition.

Moreover, the experience of increased itch upon stressful events
would also lead to conditioning of itch and thereby aggravate and
perpetuate stress-induced itch. For example, a close relationship
between itch and psychological factors has been demonstrated in
hand dermatoses, especially in patients who were convinced that
stress was a major trigger of their disease (76).

The important role of learning processes in the development
of chronic pain has been recognized (77) and resulted in the
development of successful operant behavioral treatment regi-
mens (S14) for chronic pain patients. Although there is evidence
for clinically relevant learning effects in chronic itch (S15), the
formation and reprogramming of itch memory has not yet been
systematically explored.
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Endovanilloids and the TRPV1 ion channel are

promising targets for antipruritic therapy

A novel putative mechanism in the pathogenesis of itch has recent-
ly emerged. Certain itch mediators — such as eicosanoids, hista-
mine, bradykinin, ATP, and various neurotrophins (78-81) — can
be collectively coined as having endovanilloid functions (82).
These agents, along with other potentially pruritogenic stimuli
such as mild heat (>43°C) and acidosis, either directly or indirectly
activate and/or sensitize TRPV1 (78, 83, 84).

TRPV1 belongs to the superfamily of TRP channels, which is com-
posed of 6 groups of molecules: the canonical (TRPC), the vanilloid
(TRPV), the melastatin (TRPM), the polycystin (TRPP), the muco-
lipin (TRPML), and the ankyrin transmembrane protein 1 (TRPA)
subfamilies. In general, these molecules act as nonselective calcium-
permeable sensory transduction channels detecting, for example,
temperature and osmotic/mechanical changes (reviewed in ref. 85).

TRPV1 was originally described as appearing on nociceptive sen-
sory neurons (83) as a central integrator of various pain-inducing
stimuli. Besides endovanilloid-induced activation (Figures 3 and 5),
TRPV1 can be effectively activated by capsaicin, the pungent ingre-
dient of hot chili peppers. TRPV1 activation first excites (84), then
desensitizes, the sensory afferents — an effect that establishes the
basis for the therapeutic application of vanilloids to mitigate pain
and itch (3, S16). Vanilloid administration results in a depletion
of neuropeptides (such as SP) in the C-fibers, which suspends the
interplay between skin sensory neurons and mast cells (Figure 1)
(3, 6, 10). Indeed, topical capsaicin suppresses histamine-induced
itch (86) and is increasingly used in the therapy of pruritus in
numerous skin diseases (reviewed in refs. 3, 6, 87).

A new itchy twist has recently propelled TRPV1 research beyond
its confinement to sensory physiology: functional TRPV1 channels
are now recognized to be expressed by numerous nonneuronal cell
types, including human epidermal and hair follicle keratinocytes,
dermal mast cells, and dendritic cells (88-90). TRPV1 activation
— besides markedly affecting keratinocyte proliferation, differ-
entiation, and apoptosis — results in the release of pruritogenic
cytokine mediators from these nonneuronal cells (91, 92).
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These findings invite researchers to postulate that, besides acti-
vating their own cognate receptors (Table 1), the endovanilloid
itch mediators also activate and/or sensitize TRPV1 expressed on
itch-specific sensory neurons (to fire action potentials) and many
other skin cells (to upregulate the release of pruritogenic substanc-
es; Figure S5A) (4). In consequence, repeatedly applied topical cap-
saicin, or other therapeutically promising vanilloids, may desensi-
tize neuronal and nonneuronal TRPV1-mediated signaling so as
to counteract pruritogenic intercellular signaling (Figure 5B). In
fact, TRPV1 expression is dramatically increased in lesional epider-
mal keratinocytes of prurigo nodularis patients (90), and topical
capsaicin is effective in this intensely pruritic disease characterized
by vicious cycles of neurogenic inflammation and neurotrophin-
induced nerve sprouting (3, 93, S1).

The most notorious clinical limitation of capsaicin application
is the burning sensation. Therefore, better TRPV1 agonists that
cause only a minor excitation but are still potent desensitizers are
needed. A chief candidate is resiniferatoxin (S17), which is 3 times
more potent as a desensitizer (i.e., to treat pain and itch) than as
an excitatory agent (i.e., to cause pain) (S16). Alternatively, TRPV1
antagonists (such as capsazepine or iodo-resiniferatoxin; S16)
deserve more attention as potential antipruritic agents.

Are endocannabinoids involved in itch pathogenesis?
The cannabinoid system (94) provides another putative itch
frontier. Cannabinoid receptor 1 (CB1) and TRPV1 show marked
colocalization in sensory neurons (94). Moreover, CB1 agonists
effectively suppress histamine-induced pruritus (95), suggest-
ing the involvement of CB1 signaling in the initiation of itch.
Furthermore, under inflammatory conditions (96) cannabi-
noids also activate the TRPV1 pathway and thereby switch their
neuronal effect from inhibition (97) to excitation and sensitiza-
tion (Figure 3) (98). Finally, since CBs, just like TRPV1, are also
expressed by nonneuronal human skin cells (99, 100), CBs may
be involved in the neuronal/nonneuronal cellular network of
pruritogenic stimuli arising in skin. Thus coadministration of a
TRPV1 agonist with a CB1 agonist would be expected to serve as
a potent antipruritic regimen (Figure 5B). In addition, this would
prevent the acute burning sensation initiated by capsaicin, since
CB agonists (e.g., anandamide and HU210) prevent the excita-
tion induced by capsaicin (101, 102).

Additional TRP channels are interesting

targets in pruritus management

The fact that cold generally alleviates itch while increasing
temperature tends to aggravate it (3, S1) draws our attention
to other members of the TRPV subfamily (TRPV2, TRPV3, and
TRPV4). These channels operate as cellular temperature sensors,
since all are activated by differential temperatures (103-105).
TRPV3 shows a very similar neuronal expression pattern to that
of TRPV1, and TRPV3 subunits may form heteromultimeric
structures by interacting with TRPV1 monomers (105). There-
fore, TRPV3 may act as signal cotransducer and/or regulator of
TRPV1-mediated pain and itch.

Most intriguingly, quite like TRPV1, functional TRPV2, TRPV3,
and TRPV4 channels are highly expressed by epidermal keratino-
cytes and mast cells (104, 106-108). Moreover, TRPV4 is activated
by such lipid peroxidation products as eicosanoids, which func-
tion as TRPV1-activating pruritogenic substances (109). Physical
and thermal activation of TRPV2 causes mast cells to degranulate,
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which depends on protein kinase A-related signaling (107) — one
of the chief mechanisms in initiating pain- and itch-inducing
TRPV1 sensitization (81).

Finally, TRPMS receptors deserve to be mentioned. Expressed by
C-type sensory neurons, they serve as thermosensors for coolness
and cold (i.e., 8°C to -28°C). TRPMBS is also activated by chemi-
cals — menthol, menthol analogs, and icilin (§18) — that produce
sensations of cold (110). Menthol has a long tradition in topical
anti-itch therapy (albeit with moderate success; ref. S1), and in an
animal model of scratching provoked by a magnesium-deficient
diet, topical icilin significantly reduced excoriations in hairless
rats (4). In short, all of these receptors warrant systematic explora-
tion of their nonthermosensor, itch-related signaling roles.

Conclusion and perspectives

This exploration of recent frontiers in pruritus research reveals
that we still lack a single, universally effective pharmacological
handle on combating itch and that, due to the inherent neuro-
physiological and neuroimmunological complexity of itch patho-
physiology, it would be naive to expect that such a one-shot cure
of itch will become available any time soon. However, the complex-
ity of the interactions between the central and peripheral nervous
system and the skin in producing this symptom notwithstanding,
a broad but concrete spectrum of molecular targets for effective
itch intervention has moved into view. If these “hot spot” mol-
ecules, both in the CNS and peripheral nervous system, are further
explored systematically, we undoubtedly will move much closer to
developing more effective therapeutic combination strategies for
pruritus management.

In particular, it has become apparent that timely combination
approaches that target both the peripheral production of inflam-
mation-induced itch signals and the peripherally incited vicious
cycles that perpetuate itch and cause spinal and central sensiti-
zation to itch are needed. Thus the combination of peripherally
active antiinflammatory agents with drugs that counteract chron-
ic central itch sensitization is a particularly sensible approach
beyond the antihistamine horizon. Table 2 concludes this excur-
sion by summarizing some of our current personal favorites
among the “itch frontiers,” which we expect to pave the way for
the development of innovative and more effective approaches to
itch management in the future.
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The newly discovered endocannabinoid system (ECS;
comprising the endogenous lipid mediators endocanna-
binoids present in virtually all tissues, their G-protein-
coupled cannabinoid receptors, biosynthetic pathways
and metabolizing enzymes) has been implicated in
multiple regulatory functions both in health and disease.
Recent studies have intriguingly suggested the existence
of a functional ECS in the skin and implicated it in various
biological processes (e.g. proliferation, growth, differen-
tiation, apoptosis and cytokine, mediator or hormone
production of various cell types of the skin and appen-
dages, such as the hair follicle and sebaceous gland). It
seems that the main physiological function of the
cutaneous ECS is to constitutively control the proper
and well-balanced proliferation, differentiation and survi-
val, as well as immune competence and/or tolerance, of
skin cells. The disruption of this delicate balance might
facilitate the development of multiple pathological con-
ditions and diseases of the skin (e.g. acne, seborrhea,
allergic dermatitis, itch and pain, psoriasis, hair growth
disorders, systemic sclerosis and cancer).

The skin as an emerging neuro-immuno-endocrine organ

The skin and its appendages establish a ‘passive’ physico-
chemical barrier against constant environmental

Glossary

Acne vulgaris (or acne): a common, multi-etiological skin condition character-
ized by increased sebum production and inflammation of the sebaceous
glands; acne can be induced and/or aggravated, for example, by stress,
endocrine conditions (adolescence), immune/inflammatory factors, bacterial
infection of the skin, diet, and so on.

a (N-arachidonoylethanolamine) and 2-AG (2-arachidonoylglycerol): the two
most studied endocannabinoids, which exert biological effects similar to
marijuana via activation of two main cannabinoid receptors.

Alopecia: a type of pathological hair loss affecting mostly the scalp; most
common forms of alopecia: universalis, areata, androgenetic.

Cannabinoid receptors: G-protein-coupled receptors that bind to and mediate
the effects of cannabinoids.

Corresponding authors: Bir6, T. (biro@phys.dote.hu); Pacher, P.
(pacher@mail.nih.gov).

Cannabinoids: as a broader definition, cannabinoids refer to a group of
substances that are structurally related to A%-tetrahydrocannabinol (THC), that
bind to cannabinoid receptors, or that modulate the activity of the endocanna-
binoid system. Cannabinoids can be divided to various classes: ‘phytocanna-
binoids’ occuring in the cannabis plant; ‘endogenous cannabinoids’ produced
in the body; and ’‘synthetic cannabinoids’ chemically synthesized in a
laboratory to target cannabinoid receptors and/or enzymes involved in the
production or metabolism of endocannabinoids.

Dermatitis: a universal term describing inflammation of the skin; as most skin
diseases, dermatitis can be induced by various factors such as, for example,
allergens (allergic dermatitis), infections, eczema (atopic dermatitis), external
compounds (contact dermatitis) and so on.

Effluvium (or telogen effluvium): a form of alopecia characterized by diffuse
hair shedding.

Endocannabinoid system (ECS): it includes endocannabinoids, the enzymes
involved in the biosynthesis or metabolism, and their two G-protein-coupled
cannabinoid receptors, CB; and CB,, which are present in virtually all tissues.
Endocannabinoids: bioactive lipid mediators produced in virtually all cell types
and organs of the body, which exert biological effects similar to those of
marijuana. The most extensively studied endocannabinoids are AEA and 2-AG.
Hair cycle: a life-long regeneration program of the hair follicles controlled by
various factors; the hair cycle can be divided to three major phases: anagen
(growth), catagen (regression or involution) and telogen (resting or quies-
cence).

Hirsutisms: is excessive and increased hair growth (especially in women) on
body regions where the occurrence of hair normally is minimal or absent.
Orthodromic, antidromic: in a neuron, an orthodromic impulse (i.e. an action
potential) runs along an axon in its normal direction, that is, away from the
soma towards the axon ending. An antidromic impulse in an axon refers to
conduction of the action potentials opposite to the normal, orthodromic
direction (i.e. from the axon terminal to the soma).

Phytocannabinoids: cannabinoids that are isolated from the plant Cannabis
sativa; the most known phytocannabinoid is THC and cannabidiol.
Pilosebaceous unit: consists of the hair shaft, the hair follicle, the sebaceous
gland and the erector pili muscle, which causes the hair to stand up when it
contracts.

Psoriasis: is a chronic, autoimmune skin disease that is characterized by
epidermal hyperproliferation and skin inflammation.

Seborrhea (or seborrhoeic dermatitis): an inflammatory skin condition that
particularly affects the sebaceous-gland-enriched areas of the skin; similar to
acne, multiple factors are listed in its etiology.

Sebum: a lipid-enriched, oily exocrine product of the sebaceous glands; sebum
has various function such as waterproof-barrier formation, anti-microbial
activity, transport, thermoregulation and so on.

Systemic sclerosis (scleroderma): a chronic autoimmune disease characterized
by diffuse fibrosis (accumulation of connective tissue), degenerative changes,
and vascular abnormalities in the skin, joints and internal organs.

THC: the main active ingredient of the plant Cannabis sativa, which
predominantly exerts its physiological effects via two main G-protein-coupled
cannabinoid receptors.

TRPV1: transient receptor potential cation channel, subfamily V, member 1;
also referred as vanilloid receptor 1 (VR1).
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Box 1. Introduction to skin biology

Trends in Pharmacological Sciences Vol.30 No.8

The skin is the largest organ of the integumentary system (the organ
system that protects the body from damage) and is composed of
multiple layers and cell types:

Epidermis: made of keratinocytes (which provide waterproofing and
serve as a barrier to infection), Merkel cells (which function as
mechanoreceptors for the sensation of touch and pressure), melano-
cytes (whose activity of melanogenesis defines skin color) and
Langerhans cells (which function as professional antigen-presenting
cells of the skin immune system). In addition, sensory nerve endings
(recognizing e.g. touch, pressure, temperature as well as pain and
itch) might also reach the lower layers of the epidermis.

Dermis: a dense connective tissue composed of collagen, elastic and
reticular fibers produced mainly by dermal fibroblasts. In addition, the
dermis is supplied by blood and lymphatic vessels and is highly
innervated by both sensory afferent as well as motor efferent (which
participate e.g. in vasoregulation) nerve fibers establishing a dense
neuronal network. Of further importance, the dermis is the ‘home’ of
the skin appendages such as the hair follicles as well as the sebaceous
and sweat glands.

Hypodermis (or subcutis): made of adipocytes, fibroblasts and
macrophages (part of the skin immune system). In addition, the
subcutis is well supplied by vessels and nerve fibers.

The skin layers and cell types form a complex, multicellular
communications network, the proper function of which establish the
physiological skin homeostasis. Selected functions of the skin
involve:

Barrier functions: waterproof anatomical protection barrier against,
for example, physical environmental challenges (e.g. UV, tempera-
ture), microbial invasion, allergens, chemical irritants and so on.

Sensory functions: sensation of heat and cold, touch, pressure,
vibration as well as pain and itch (related to tissue injury); release

challenges. However, a plethora of recent research has
defined that the skin and its adnexal components (i.e. hair
follicles, sebaceous and sweat glands) also function as
‘active’ neuro-immuno-endocrine organs [1] with (i) well-
defined neuronal networks and related functions; (ii) a
wide-array of constantly remodeling non-neuronal cells
and ‘mini-organs’ (i.e. hair follicle, sebaceous gland); (iii)
orchestrated immunological machinery for inflammatory
and immunological mechanisms; (iv) the synthesis and
release of numerous growth factors, vasoactive substances
and hormones (Box 1).

For the delicate execution of cutaneous neuro-immuno-
endocrine functions, the aforementioned components
establish a complex, multicellular communication network
[2,3]. For example, activation of sensory neurons by var-
ious stimuli not only induces the antidromic (see Glossary)
transmission of signals to the central nervous system but
also results in the orthodromic release of certain neuro-
peptides (such as substance P and calcitonin-gene-related
peptide) from the sensory afferents [4,5]. By contrast, these
neuropeptides might then act on cutaneous non-neuronal
cell types and exert local immuno-endocrine effects.
Indeed, almost all skin cell populations (including those
of the pilosebaceous unit) are capable of producing and
releasing pro- and/or anti-inflammatory mediators that, by
acting on neighboring cell types, can then fine-tune the
overall immune response of the skin [1,3,5]. Similarly,
production of numerous hormones by multiple cell types
in the skin can exert local (paracrine or autocrine) regu-
lation of cellular metabolism and functions of other
cutaneous cell populations [1-5]. It is also important to
note that the ‘passive’ (physico-chemical barrier) and
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of neuropeptides that regulate local vasoregulatory, immune-inflam-
matory and trophic functions.

Motor functions: vasoregulation (dilation or constriction of blood
vessels) and piloerection.

Transport functions: transport of respiratory gases and nutrients
between skin layers as well as from/to the skin surface; absorption of
topically applied medications.

Exocrine functions: production and release (to the skin surface) of
sweat and sebum, which exocrine products participate, for example,
in thermoregulation, physical barrier formation, anti-microbial activ-
ity and so on.

Thermoregulatory functions: insulation by the subcuticular adipose
tissue (actually, skin contains 50% of body fat); large cutaneous
blood supply that enables precise control of direct heat losing
mechanisms (i.e. radiation, convection and conduction);
vasoregulation (vasodilation promotes heat loss whereas vasocon-
striction preserves body heat); evaporation (both insensible via skin
pores and sensible via sweating); piloerection to further support
insulation.

Endocrine functions: synthesis of a wide-array of hormones (e.g.
vitamin D, steroids and peptide hormones) in multiple cutaneous cells;
functional expression of hormone receptors as well as enzymes
involved in the synthesis and metabolism of hormones; immune and
inflammatory functions (a wide array of cutaneous immune-competent
cells); synthesis and release of pro- and anti-inflammatory mediators
(e.g. cytokines, chemokines and trophic factors) in almost all skin
populations; anti-microbial activity of the sebum.

Regenerative functions: well-orchestrated and balanced proliferation,
differentiation, survival and death ‘programs’ of the cutaneous cells
and appendage structures, which enable life-long regeneration and
regeneration of the skin; stem cell supply; wound healing.

‘active’ (neuro-immuno-endocrine) functions of the skin
and its appendages are strongly dependent on life-long
regeneration and rejuvenation of cutaneous non-neuronal
cells and mini-organs. These functions are defined by the
well-orchestrated, delicate balance of cellular and organ
proliferation and growth, survival and death, and
regulated by a multitude of soluble mediators (e.g. growth
and trophic factors, cytokines and chemokines) released
from the skin cells [1-5].

Collectively, proper execution of the aforementioned
mechanisms and the plasticity and pleiotropic nature of
the cutaneous cells establish a solid base for physiological
human skin homeostasis. Moreover, an appropriate equi-
librium of cutaneous functions also enables the skin to
protect the human body from constant environmental
‘stressor’ challenges such as microbial invasion, allergens,
UV exposure and chemical irritation, among others.
It is no wonder, therefore, that pathological alterations
of cutaneous growth control and immuno-endocrine func-
tions could lead to the development of multiple prevalent
clinical conditions such as hyperproliferative skin diseases
(e.g. psoriasis, tumors), hair growth disorders (e.g. alope-
cia, effluvium, hirsutism), acne vulgaris and atopic derma-
titis [1-7].

In this article, the physiological regulatory function of
the endocannabinoid system (ECS) in proliferation, differ-
entiation, apoptosis and cytokine, mediator and hormone
production of various cell types of the skin and appendages
(e.g. hair follicle, sebaceous gland) are highlighted
(Figure 1), and evidence on the putative involvement of
the ECS in certain pathological conditions of the skin,
such as allergic dermatitis, cutaneous itch and pain, and
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Figure 1. Functions of the cutaneous ECS. Prototypic endocannabinoids such as anandamide (N-arachidonoylethanolamine; AEA) and 2-arachidonoylglycerol (2-AG) are
produced locally in various cellular compartments of the skin (i.e. epidermis, sebaceous gland, hair follicle) (green arrows). These endocannabinoids, via binding to
cannabinoid receptor subtypes 1 and/or 2 (CB4/CB,), constitutively control the proper and well-balanced cutaneous functions (e.g. sensation, growth, survival, immune
competence and/or tolerance) (red arrows). For example, activation of CB; and CB, on epidermal keratinocytes by locally produced endocannabinoids results in the
suppression of cellular proliferation, differentiation and the release of inflammatory mediators as well as the induction of apoptosis. Likewise, endocannabinoids, via CB,/
CB,, inhibit inflammatory responses of resident and infiltrating immune cells. Furthermore, activation of CB, in the hair follicle by AEA attenuates hair shaft elongation and
intrafollicular proliferation, whereas it stimulates apoptosis and the development of catagen regression. On another member of the pilosebaceous unit (i.e. on the
sebaceous gland-derived sebocytes), locally released endocannabinoids markedly enhance lipid production and apoptosis via CB,. Finally, skin-derived endocannabinoids
inhibit various sensory phenomena (e.g. pain and itch) via CB; expressed on sensory afferent nerves.

neoplastic cell growth, are discussed. Future preclinical
and clinical research directions and strategies to thera-
peutically target ECS for the management of various skin
diseases are also envisioned.

The ECS and the skin
Identification of the main cannabinoid receptors (CB; and

CBy), their endogenous lipid ligands (endocannabinoids),
biosynthetic pathways and metabolizing enzymes (collec-
tively termed the ECS) [8-10], coupled with the discovery
and/or rational design of numerous exogenous ligands for
CB receptors [11], has triggered an exponential growth in
studies exploring the continuously growing regulatory
functions of this newly discovered physiological system
both in health and disease [12-14].

Excitingly, modulating the activity of the ECS has
turned out to hold tremendous therapeutic potential for
a multitude of diseases and pathological conditions affect-

ing humans [13,15,16], ranging from inflammatory [17],
neurodegenerative [18-20], gastrointestinal [21,22], liver
[23,24], cardiovascular disorders [25,26] and obesity
[27,28], to ischemia/reperfusion injury [29], cancer [30]
and pain [31].

The most extensively studied endocannabinoids are ana-
ndamide (N-arachidonoylethanolamine, AEA) and 2-arachi-
donoylglycerol (2-AG) [8,32]. Multiple pathways are
involved in synthesis and cellular uptake of these lipid
mediators; these are described in several excellent recent
reviews [10,33,34] and beyond the scope of this article.
The most common degradation pathways for AEA and 2-
AG are the fatty acid amid hydrolase (FAAH) and mono-
acylglycerol lipase (MAGL) enzymes [10]. Endocannabi-
noids, similar to A®-tetrahydrocannabinol (THC; the
main active ingredient of the plant Cannabis sativa),
predominantly exert their physiological effects via two
main G-protein-coupled cannabinoid receptors; however,
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Table 1. Functions of the cutaneous ECS
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allergic skin inflammation
Orally administered CB, antagonist
attenuates inflammation

CB,/CB, agonists

HU308: selective CB, agonist
SR144528, JTE-907: selective
CB, antagonists/inverse agonists

Experimental system Main findings Pharmacological tools employed Notes Refs
In vitro cell and organ cultures
Human epidermal CB, and CB, are expressed AEA, NADA: endocannabinoids CB, and CB, are [36-45]
keratinocytes NAPE-PLD, AMT/EMT and FAAH are WIN-55 212-2: mixed CB4/CB, expressed on human
(NHEK, HaCaT) expressed agonist and mouse skin cell
AEA is produced JWH-133: selective CB, agonist populations in situ
AEA inhibits proliferation and induces SR141716A: selective CB,
apoptosis via CB; antagonist/inverse agonist
Synthetic cannabinoids do not affect SR144528: selective CB,
proliferation antagonist/inverse agonist
AEA inhibits differentiation via CB,
Human and murine Human: phyto- and synthetic cannabinoids HU210, WIN-55 212-2: mixed Murine skin produces [36,47,53]
transformed (tumorigenic) inhibit proliferation (CB,/CB, independent) CB;/CB, agonists AEA and 2-AG, which
epidermal keratinocytes Murine: synthetic cannabinoids inhibit JWH-015, JWH-133, BML-190: express NAPE-PLD,
proliferation and induce apoptosis via CB; selective CB, agonists AMT/EMT and FAAH
and CB, THC, cannabidiol, cannabinol and
cannabigerol: phytocannabinoids
SR141716A: selective CB,
antagonist/inverse agonist
SR144528: selective CB,
antagonist/inverse agonist
Human organ-cultured CB; is expressed AEA, 2-AG: endocannabinoids, CB; and CB, are [36,37,41]
hair follicles AEA and 2-AG are produced mixed CB,/CB, agonists expressed on human
AEA (unlike 2-AG) and THC inhibit hair THC: phytocannabinoid, mixed hair follicle in situ
shaft elongation and proliferation, and CB,/CB, agonists
induce intraepithelial apoptosis and AM-251: selective CB;
catagen regression via CB, antagonist/inverse agonist
Human sebaceous-gland- CB, is expressed AEA, 2-AG: mixed CB4/CB, CB, and CB, are [36,37,42]
derived SZ95 sebocytes AEA and 2-AG are produced agonists expressed on human
AEA and 2-AG stimulate lipid/sebum ACEA: selective CB; agonists sebaceous gland in situ
production and apoptosis via CB, JWH-015: selective CB, agonists
AM-251: selective CB,
antagonist/inverse agonist
AM-630: selective CB,
antagonist/inverse agonist
In vivo animal models
Tumor induction in mice  Synthetic CB4/CB, agonists inhibit THC: phytocannabinoid Skin tumors (basal [36,39]
tumor growth, angiogenesis and WIN-55 212-2: mixed CB,/CB, and squamous cell
metastasis, and induce apoptosis in agonist carcinomas, melanoma)
non-melanoma tumors and melanomas JWH-133: selective CB, agonist express CB, and CB,
SR141716A: selective CB,
antagonist/inverse agonist
SR144528, AM-630: selective
CB, antagonists/inverse agonist
Cutaneous contact allergic CB;; double knockout mice display THC: phytocannabinoid Skin levels of [40]
dermatitis exacerbated allergic skin inflammation HU210: mixed CB/CB, agonist endocannabinoids
FAAH-deficient display reduced allergic HU308: selective CB, agonist increase in contact
response in the skin SR141716A: selective CB, dermatitis
Locally administered CB antagonists antagonist/inverse agonist
exacerbate allergic inflammation SR144528: selective CB,
Synthetic CB agonists and THC antagonist/inverse agonist
suppress inflammation
IgE-induced cutaneous Synthetic CB agonists and PEA suppress  WIN-55 212-2, HU-210, [57]
anaphylaxis inflammation CP 55 940: mixed CB;/CB, agonists
JWH-133: selective CB, agonist
SR141716A, AM-281: selective
CB; antagonists/inverse agonist
SR144528, AM-630: selective CB,
antagonists/inverse agonist
Acute and chronic contact CB, antagonist attenuates inflammation 2-AG: endocannabinoid, mixed Skin level of 2-AG [61]
dermatitis CB,/CB, agonists increases in contact
AM-251: selective CB, dermatitis
antagonist/inverse agonist
SR144528: selective CB,
antagonists/inverse agonist
Allergic contact dermatitis CB, knockout mice display suppressed 2-AG: endocannabinoid, mixed [62,63]




Table 1 (Continued)
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fibrosis dermal fibrosis and inflammation

CB, antagonist increased, agonist
decreased the fibrosis and inflammation

Experimental system Main findings Pharmacological tools employed Notes Refs
UV-induced skin CB,,, double knockout mice display WIN-55 212-2: mixed CB4/CB, [65]
carcinogenesis and attenuated UVB-induced skin agonist

inflammation carcinogenesis and inflammation

Bleomycin-induced dermal CB, knockout mice display increased AM-630: selective CB, Leukocyte expression [64]

antagonists/inverse agonist of CB, critically
influences experimental
fibrosis

JWH-133: selective CB, agonist

Abbreviations: 2-AG, 2-arachidonoylglycerol; AEA, arachidonoylethanolamide; AMT/EMT, anadamide/endocannabinoid membrane transporter; CBq/,, type-1 and -2
cannabinoid receptor; FAAH, fatty acid amide hydrolase; IgE, immunoglobulin E; NADA, N-arachidonoyldopamine; NAPE, N-acylphosphatidylethanolamines; NAPE-
PLD, NAPE-hydrolyzing phospholipase D; NHEK, normal human epidermal keratinocytes; PEA, N-palmitoylethanolamine; THC, A%-tetrahydrocannabinol; UV, ultraviolet.

numerous additional signaling mechanisms and receptor
systems (e.g. transient receptor potential cation channel,
subfamily V, member 1; TRPV1) might also be involved
[35]. Initially, the CB;-mediated effects were described
centrally and CB; receptors were thought to be restricted
to the central nervous system, whereas CB, was first
identified at the periphery in immune cells. Excitingly,
findings over the past decade have clearly demonstrated
that functional ECSis present almost in all peripheral organ
systems [13-15].

Indeed, components of the ECS have also been discov-
ered in the skin recently (Figure 1). Both CB; and CB,
immunoreactivities were observed on numerous human
and murine skin cell populations in situ such as on
cutaneous nerve fibers, mast cells, epidermal keratino-
cytes and cells of the adnexal tissues [36-42]. Similarly,
both CB; and CBy have been identified (at protein and
mRNA levels) on cultured human primary (NHEK) and
HaCaT keratinocytes [43-45]. Interestingly, in organ-cul-
tured human hair follicles, exclusive expression of CB; was
described [41], whereas CBy expression (unlike CB,) was
found on human sebaceous gland-derived SZ95 sebocytes
[42]. AEA and 2-AG were detected in rodent skin [40,46], as
well as in human organ-cultured hair follicles [41] and
SZ95 sebocytes [42]. AEA, along with its transporter (AMT/
EMT), synthetic and metabolizing enzymes (NAPE-PLD
and FAAH) were also identified in cultured NHEK and
HaCaT keratinocytes [43], and in murine epidermal cells/
skin [40,47]. TRPV1, as key peripheral integrator of var-
ious sensory phenomena (e.g. pain, heat, itch), was origin-
ally described on nociceptive sensory neurons as a
molecular target for capsaicin, the pungent vanilloid ingre-
dient of hot chili peppers [48]. More recently, similar to
CB12, TRPV1 was also found on numerous non-neuronal
cells types including human skin epidermal keratinocytes,
dermal mast cells, Langerhans cells, sebocytes, sweat
gland epithelium and various keratinocyte populations
of the hair follicle [49-52]. TRPV1 might have important
roles in skin health and in certain skin disorders, especially
in ones associated with inflammation, pain and itch (e.g. in
various types of dermatitis) [3-5,7]. However, the involve-
ment of TRPV1-coupled signaling in the cellular actions of
AEA on cell growth, differentiation, proliferation and sur-
vival might exert marked cell-type specificity in the skin,
and depending on the cell type it can be synergistic,
antagonistic or independent from the CBy,, receptor stimu-
lation [41,42,45,51,52]. The discussion of these complex
effects is beyond the scope of this brief synopsis.

Role of the cutaneous ECS in skin growth control,
survival and differentiation

Recent intriguing data suggest that the cutaneous ECS
is fully functional (Figure 1). Indeed, as described later,
the ECS has been implicated in the regulation of skin
cell proliferation, survival and differentiation, the
delicate balance of which is a key determinant of proper
cutaneous homeostasis. Furthermore, fine-tuning of
the endocannabinoid tone appears to be a key factor
in modulating cutaneous growth and differentiation
(Table 1).

Epidermis

Both phytocannabinoids and synthetic CB agonists
inhibited proliferation of cultured transformed (HPV-
16 E6/E7) human epidermal keratinocytes; yet, these
effects were CB;- and CBy-independent [53]. On tumori-
genic transformed murine keratinocytes (PDV.C57 and
HaCa4), by contrast, the growth-inhibitory actions of
synthetic CB agonists were prevented by both CB;
and CB, antagonists [36]. It is also noteworthy that,
on these latter mouse keratinocytes, the growth-
inhibitory action of the cannabinoids was accompanied
by CB;- and CBs-dependent apoptosis [36]. Interestingly,
synthetic CB; and CBy agonists were ineffective in mod-
ulating cellular growth of both cultured NHEKSs and non-
tumorigenic human (HaCaT) and murine (MCA3D)
keratinocytes [36].

By contrast, a recent study found that AEA markedly
inhibited cellular growth and induced dose- and CB;-
dependent apoptosis in human HaCaT keratinocytes
[45]. Consistently with this report, the ECS also
regulates human epidermal differentiation, probably
via CB;-dependent mechanisms. Maccarrone et al. [43]
have elegantly demonstrated that AEA, locally produced
in the cells, inhibited the differentiation of cultured
NHEK and HaCaT keratinocytes, as evidenced by the
transcriptional downregulation of keratin 1, keratin 5,
involucrin and transglutaminase-5 [44] and suppression
of the formation of cornified envelopes. They have also
shown that these effects were mediated by increasing
DNA methylation through mitogen-activated protein
kinase (MAPK)-dependent pathways (p38, p42/44) trig-
gered by CB; activation [44]. Involvement of CB; in the
regulation of epidermal differentiation is also suggested
by the differential in situ expression of CB; in the human
epidermis, being higher in the more differentiated
(granular and spinous) layers [36,37].
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Skin appendages
The pilosebaceous unit of the human skin, comprising the
intimately localized hair follicle (HF) and the sebaceous
gland (SG), can be regarded as the ‘brain’ of the skin
because it controls a wide-array of the biological functions
of this organ (from stem-cell supply through immunomo-
dulation to cytokine production) [1-3]. Recent studies have
suggested that the ECS might also have a regulatory role
in the human pilosebaceous unit. Both human organ-cul-
tured HFs and human SG-derived SZ95 sebocytes have
been reported to produce AEA and 2-AG [41,42]. Further-
more, AEA and THC (but not 2-AG) dose-dependently
inhibited hair shaft elongation and the proliferation of
hair matrix keratinocytes. Cannabinoids also induced
intraepithelial apoptosis and premature HF regression
(characteristic signs of catagen transformation in the
HF), processes that could be inhibited by a selective CB;
antagonist. Because CB;, unlike CB,, is expressed in a
hair-cycle-dependent manner in the human HF epi-
thelium, these data support the idea that human HF's
exploit a CB;-mediated endocannabinoid signaling system
that might act as an autocrine-paracrine negative regu-
lator of human hair growth. Consistently with this idea, a
recent study has demonstrated that CB; receptor
antagonists do, indeed, induce hair growth in mice [54].
Interestingly, differential CBs-dependent regulation by
endocannabinoids has been observed in human immorta-
lized SZ95 sebocytes [42]. In accordance with these find-
ings, SZ95 sebocytes predominantly express CB,,
suggesting that CB, is largely expressed in undifferen-
tiated epithelial cells of the human SG in situ [37,42]. Both
AEA and 2-AG enhanced lipid production and induced
(chiefly apoptosis-driven) cell death, hallmarks of sebocyte
differentiation and hence a model of holocrine sebum
production [42] via CBs-coupled signaling involving
the MAPK pathway. Moreover, endocannabinoids also
upregulated the expression of key genes involved in lipid
synthesis (e.g. peroxisome proliferator-activated receptor
[PPAR] transcription factors and some of their target
genes). Because cells with ‘silenced” CBs exhibited
significantly suppressed basal lipid production, these
results collectively suggest that human sebocytes utilize
an autocrine-paracrine, endogenously (and probably
constitutively) active, CBs-mediated endocannabinoid
signaling system for positively regulating lipid production
and cell death.

Skin tumorigenesis

Accumulating recent evidence also implicates the ECS in
the regulation of growth of skin cells in vivo. Casanova
et al. [36] have demonstrated that various human skin
tumors (e.g. basal cell carcinoma, squamous cell carci-
noma) express both CB; and CBsy. Local administration of
synthetic CB; and CB; agonists induced growth inhi-
bition of malignant skin tumors generated by intrader-
mal inoculation of tumorigenic PDV.C57 mouse
keratinocytes into nude mice. This growth inhibition
was accompanied by enhanced intra-tumor apoptosis
and impaired tumor vascularization (altered blood vessel
morphology, decreased expression of pro-angiogenic fac-
tors such as VEGF, placental growth factor and angio-
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poietin 2). Consistently, cannabinoids were also reported
to inhibit the in vivo growth of melanomas that express
CB; and CB; by decreasing growth, proliferation, angio-
genesis and metastasis formation, while increasing apop-
tosis [39]. By contrast, a recent study of Zheng et al. [55]
suggested that CB receptors and the related signaling
pathways might be involved in the promotion of in vivo
skin carcinogenesis. Using CB,/CB, double gene-
deficient mice, Zheng et al. [55] demonstrated that an
absence of CB; and CB; receptors resulted in a marked
decrease in UVB-induced skin carcinogenesis. They also
found that a marked attenuation of UVB-induced
activation of MAPKs and nuclear factor-«kB was also
associated with CB; and CB; deficiency.

Collectively, these studies suggest that the cutaneous
ECS, as in other organs, might act to tonically modulate
cell growth, proliferation and death [30,56] (Figure 1).

Role of the cutaneous ECS in allergic, inflammatory and
fibrotic functions

Since the original discovery of the CBs receptors in
immune cells, much evidence using various CB receptor
agonists and antagonists or compounds that enhance the
levels of endocannabinoids by decreasing their metabolism
suggest that the ECS has numerous important immune
modulatory effects (e.g. suppression of production of var-
ious cytokines, chemokines, arachidonic acid-derived pro-
inflammatory metabolites and nitric oxide) during inflam-
mation [17]. Although some controversies do exist in the
field, it is generally recognized that the ECS exerts pro-
tective functions in large number of acute and chronic
inflammatory diseases [13,17].

A recent study by Karsak et al. [40] has suggested that
the ECS exerts a protective role in allergic inflammation of
the skin. Using an animal model for cutaneous contact
(allergic) hypersensitivity, Karsak et al. [40] elegantly
demonstrated that the skin level of endocannabinoids
was increased in contact dermatitis. They also found that
mice lacking both CB; and CB,; (or treated with
antagonists of these receptors) displayed exacerbated
allergic inflammatory response. The existence of the
ECS-mediated protection was also supported by a reduced
allergic response in the skin of FAAH-deficient mice, which
have increased levels of the endocannabinoid AEA. More-
over, the skin inflammation was suppressed by locally
administered THC [40]. Similarly, in a murine model of
passive IgE-induced cutaneous anaphylaxis, both syn-
thetic non-selective CB agonists and saturated N-acyletha-
nolamine derivatives (homologues of N-palmitoyl
ethanolamine, PEA) exerted marked anti-inflammatory
properties in vivo [57]. Notably, PEA does not act directly
at CB;, CBy or TRPV1, but it can markedly augment the
effects of AEA at these receptors [58,59] as well as directly
activate PPARa [60].

By contrast, using different animal models for acute and
chronic contact dermatitis, Oka et al. [61] reported elevated
2-AG levels in the diseased skin. The symptoms of skin
inflammation were markedly attenuated by CB, (but not
CB,) antagonists [61]. Likewise, others using different
animal models (Table 1) to induce allergic contact derma-
titis reported a decrease in the cutaneous inflammation of



CBs-deficient mice [62], and similar suppression of the
inflammatory response by orally administered CBs
antagonists was also observed [62,63]. Consistently, Zheng
et al. [55], using CB;/CBy double gene-deficient mice,
recently reported that CB receptors are involved not only
in the promotion of in vivo skin carcinogenesis (see earlier)
but also in the UVB-induced cutaneous inflammatory pro-
cesses. The reasons for the conflicting data on the role of
CB; and CB; in cutaneous allergic responses and tumor-
igenesis are not clear, but they could, in part, be explained
by the differences in the experimental models used
(Table 1) and by an emerging scenario, according to which
in some physiological functions ‘too much’ endocannabi-
noid tone can be as bad as ‘too little’, and both ‘enhancers’
and ‘reducers’ might be useful for the same type of disorder
depending on its phase or exact cause [14]. The use of CB;
and/or CB, antagonists, which are also inverse agonists
[11] (Table 1), might further complicate the interpretation
of some of these findings.

In a recent study Akhmetshina et al. [64] have demon-
strated that CBy knockout mice or controls treated with
CB, antagonist were more sensitive to bleomycin-
induced dermal fibrosis compared with wild types and
exhibited increased dermal thickness and leukocyte
counts in the lesional skin. The phenotype of knockouts
was mimicked by transplantation of knockout bone mar-
row into control mice, whereas CBs knockouts trans-
planted with bone marrow from wide-type mice did not
display an increased sensitivity to bleomycin-induced
fibrosis, indicating that leukocyte expression of CB,
critically influences experimental fibrosis [64]. Decreased
dermal fibrosis and inflammation was observed upon
treatment with the CBy agonist, suggesting a potential
therapeutic utility of selective CB, agonists for the
treatment of early inflammatory stages of systemic
sclerosis.

Role of the ECS in cutaneous sensory functions: pain
and itch

The ECS has a crucial role in central and peripheral
processing, and in the control of such skin-derived sensory
phenomena as pain and itch. Synthetic CB agonists and/or
endocannabinoids exert potent analgesic effects in both
humans and animals by activation of CB; and/or CBy and
possibly other receptors (e.g. TRPV1) at sensory nerve
terminals and/or inflammatory cells. However, the
detailed discussion of these effects is beyond the scope of
this article and we would like to refer readers to overviews
on this subject [31,65-67].

Perspectives in the ECS-targeted management of skin
diseases

The aformentioned preclinical data encourage one to sys-
tematically explore whether ECS-modulating drugs can be
exploited in the management of common skin disorders.
However, the pleiotropic nature and strong cell-type depen-
dence of the cutaneous ECS-mediated functions will require
careful judgment for patient selection and indications. In
this section, we review preliminary data and discuss the
possible applications of ECS-targeted therapies (Figure 2;
Table 2).
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Psoriasis and skin tumors: aiming to increase ECS tone
Data showing that the cutaneous ECS tonically inhibits
cell growth and angiogenesis and induces apoptosis in
most of the skin cell types, and that both human non-
melanoma and melanoma tumors express considerable
amounts of CB; and CB,, [36,39,41,42,45,53], now warrant
proof-of-principle studies to test the therapeutic value of
cannabinoid agonists in the clinical management of hyper-
proliferative skin disease (e.g. psoriasis, which is charac-
terized by a highly accelerated turnover of epidermal
keratinocyte proliferation) and skin tumors of various
cutaneous cell origins. Furthermore, these interventions
(as detailed later) might also suppress skin inflammation
seen in psoriasis.

Hair growth disorders: aiming to increase or decrease
ECS tone

The novel concept that human HFs are both targets and
sources of endocannabinoids, which, via CB; establish an
autocrine-paracrine system for negatively regulating hair
growth, invites careful investigation of the growth-inhibi-
tory effects of CB; agonists in the putative management of
unwanted hair growth such as hirsutism. Likewise, future
exploitation of CBj-antagonist-based adjuvant treatment
options in the clinical management of alopecia areata and
effluvium is also of potential interest.

Acne and seborrhea

Acne and seborrhea, the most common dermatological
diseases, are characterized by highly elevated lipid
(sebum) production of the SGs. In light of the aforemen-
tioned data that CB; activation in the SG by locally pro-
duced endocannabinoids markedly enhances lipid
synthesis [42], it is envisaged that those agents that sup-
press the local production of endocannabinoids (NAPE-
PLD and/or DAGL inhibitors) in the diseased SG and/or
inhibit CBy on the sebocytes (CBg antagonists) might have
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Figure 2. ECS-targeted approaches in skin diseases. Modulations of the fine-tuned
tone of the cutaneous endocannabinoid system (ECS) could have therapeutic
values in the management of a large variety of human skin diseases. For example,
suppression of the skin ECS tone (using e.g. CB antagonists and/or agents that
attenuate the local production of endocannabinoids) could be used in the therapy
of certain hair growth (e.g. forms of alopecia, effluvium) and sebaceous gland
disorders (e.g. acne, seborrhea). Conversely, augmentation of the tone of the
cutaneous ECS (using e.g. CB agonists and/or agents that stimulate the local
production of endocannabinoids) could be beneficial in the treatment of various
benign and malignant skin tumors, hyperproliferative skin diseases (e.g. psoriasis),
excessive hair growth (e.g. hirsutism), different forms of dermatitis, dry skin
conditions and sensory phenomena (e.g. pain, itch).
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Table 2. Possible ECS-targeted approaches in skin diseases
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Target receptor Possible approach

Expected effects

Disease Target cell population

Skin tumors Transformed skin cell CB,; and CB»
Psoriasis Keratinocyte, immune cell CB, and CB,
Unwanted hair growth Hair follicle epithelium CB,

(e.g. hirsutism)

Alopecia areata, Hair follicle epithelium CB,

effluvium

Acne, seborrhea Sebaceous gland epithelium CB,

Dry skin Sebaceous gland epithelium CB,

Dermatitis Infiltrating immune cell, CB,; and CB»
keratinocyte, sebocyte

Systemic sclerosis Infiltrating immune cells, CB,

(scleroderma) fibroblasts

Pain Sensory neuron, keratinocyte, CB; and CB,
other skin cells

Itch Sensory neurons, keratinocyte, CB; and CB,

sebocyte, other skin cells

CB agonists or agents that
increase ECS tone
CB agonists or agents that
increase ECS tone
CB, agonists or agents that
increase ECS tone

Suppression of growth, angiogenesis and|
metastasis; induction of apoptosis
Suppression of keratinocyte proliferation
and inflammation

Suppression of hair growth, induction
of intrafollicular apoptosis and

catagen regression

Stimulation of hair shaft elongation;
suppression of intrafollicular apoptosis
and catagen regression; induction of
anagen

Inhibition of sebum/lipid production

in the sebaceous gland

Stimulation of sebum/lipid production
in the sebaceous gland

Suppression of immune/inflammatory
processes

Suppression of immune/inflammatory
processes and fibrosis

Suppression of release a algogenic
substances; inhibition of transmission
of signals in the nervous system
Suppression of release a pruritogenic
substances; inhibition of transmission
of signals in the nervous system

CB; antagonists or agents
that decrease ECS tone

CB, antagonists or agents
that decrease ECS tone
CB, agonists or agents that
increase ECS tone

CB agonists or agents that
increase ECS tone

CB, agonists or agents that
increase ECS tone

CB agonists or agents that
increase ECS tone

CB agonists or agents that
increase ECS tone

CB,/2, type-1 and -2 cannabinoid receptor; ECS, endocannabinoid system.

therapeutic values. Furthermore, transdermal penetration
of cannabinoids is well established [68,69], raising the
possibility that these agents could be efficiently applied
topically to the skin in the form of a cream.

Dry skin and related conditions

Conversely, applications of formulations containing can-
nabinoids that stimulate CB, (CB2 agonists) in the SG,
and/or augment the local production of endocannabinoids
and/or inhibit their degradation (FAAH and/or MAGL
inhibitors) in the SG might act as novel therapeutic tools
in excessively dry skin by enhancing fat production in the
SG (and, hence, might attract the interest of the cosmetics
industry). It is important to note, however, that ideally
these topical medications should contain such phyto- and/
or synthetic ECS-acting substances that, on absorption to
the blood, do not penetrate the brain and hence do not exert
psychoactive effects. It is also noteworthy that skin dryness
is a leading cause of and/or accompanied by other skin
diseases and symptoms such as itching and dermatitis.
Therefore, such cannabinoid-containing creams could also
be beneficial under these conditions.

With respect to the possible treatment of itching, it is
most promising that Stander et al. [65] have reported that
topically applied emollient cream containing PEA mark-
edly (>86%) reduced itching associated with dry skin.
Therefore, it can be hypothesized that the fat-pro-
duction-promoting actions of cannabinoids might, at least
in part, contribute to the beneficial effects seen in these
patients.

Dermatitis

Topical formulations that contain cannabinoid ligands (or
that enhance the cutaneous ECS tone) could have thera-
peutic values in skin inflammations. Indeed, recently, a
new drug containing PEA has been approved by the FDA
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for the treatment of dermatitis [70]. Moreover, a recent
pilot study on 20 pediatric patients suffering from atopic
dermatitis aimed to assess the efficacy and safety of the
twice daily application of a topical emulsion containing 2%
adelmidrol, a PEA analog. Excitingly, this study showed an
80% increase in symptom resolution [70,71].

Systemic sclerosis
A recent experimental study has suggested that CB, ago-
nists could represent a promising approach for the treat-
ment of early inflammatory stages of systemic sclerosis
(scleroderma) [64].

Pain and itch

As detailed elsewhere, various cannabinoid agonists in
addition to agents that increase the cutaneous levels of
endocannabinoids have been effectively used in various
models of pain and itch [13,31,65-67].

Conclusions and future directions in experimental and
clinical research

Collectively, it seems that the main physiological function
of the cutaneous ECS is to constitutively control the proper
and well-balanced proliferation, differentiation and survi-
val, as well as immune competence and/or tolerance, of
skin cells. Pathological alterations in the activity of the
fine-tuned cutaneous ECS might promote or lead to the
development of certain skin diseases. Therefore, it is envi-
saged (this is also strongly supported by pilot studies) that
the targeted manipulation of the ECS (aiming to normalize
the unwanted skin cell growth, sebum production and skin
inflammation) might be beneficial in a multitude of human
skin diseases. However, to predict the real therapeutic
potential and translate the exciting preclinical obser-
vations discussed earlier into clinical practice, numerous
important questions should carefully be addressed (Box 2).



Box 2. Outstanding questions

Are all members of the ECS functionally expressed in the human
skin and appendages?

How do various endogenous mechanisms (e.g. hormones,
cytokines) that were shown to be involved in the control of
human skin homeostasis regulate the activity of ECS?

Is there any crosstalk between the ECS and the endovanilloid
system in the human skin?

Is there any alteration in the expression levels and patterns of
elements of the ECS in various human skin diseases?

Nevertheless, targeting the cutaneous ECS for therapeutic
gain remains an intriguing and provocative possibility
warranting future studies.
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