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NEPIAHYH

H Tapouca epyaadia EMIKEVIPWONKE 0TN dIACAPVIOT TWV UNXOVICUWY PETAYPAPIKAG
EVEPYOTTOINGNG TOU yovIdiou Tou avBpwTTivou NIaTikoU TupnvikoU trapdyovia 4a (hepatic
nuclear factor 4a, HNF4a). O HNF4a cival évag petaypa@ikdg TAPAyovVIOGC O OTI0iog
ekQpaleTal o€ pia TANBwpa 10TWY, OTTWS TO ATTAP, TO TTAYKPEAS, TO EVTIEPO KAl TO VEPPS Kal
maidel onuavtikotato pdAo oTn diaThpPNOn TOou dIAQOPOTIOINKEVOU  QAIVOTUTIOU, OTNV
opyavwan g emTéAeang, dnAadn, Twv EEEIDIKEUPEVWV AEITOUPYIWV TWV I0TWY AuTWV. AUTA TN
AeIToupyia TV EMITUYXAVEI HETW TNG OUMKETOXAGC TOU O€ £va PUBMICTIKG BIKTUO HETAYPAPIKWY
TTOPAYOVTWY, Twv OTIoiwv oI aAANAEmOPAcEI 1000 WeTall Toug OG0 Kal We Ta yovidio-
OTOXO0UG TOUG KaBopi(ouv TNV I00pPOTINMEVN EKPPOTT TWV YOVIDIOKWY TTPOIOVTWY TToU €ival
utTeUBuva yia Tv oJaAr AsiToupyia Tou 10TOU.

H epyaoia auth oToxeue 0TV KATAVONON TWV TTAPAYOVTWY KAl UNXOVIOUWY WE TOUG
omoioug n puBuicetar n ékepacn tou avBpwtivou HNF4a. Mpog autd 10 OKOTIO, OTIWG
TopouaIddeTal 010 TPWTO  EPOG, KAwvotromBnkav Kal avaAuBnkav Tepiou 12,1 kb
aMnhouxiwy 5’ Tou yovidiou. TautotroinBnkav kUpieg Béoei¢ utepeualoBnoiog o€ DNasel
TO00 OTOV €yyUC UTTOKIVNT KaI OTO TTPWTO IvIpdvio Tou yovidiou, 600 Kal atnv 5 meploxh,
oTig Béoeig -6,6, -8,0 kai -8,8 kb 5 Tou onueiou évapéng g petaypagrg. Meipduara
TaPodIKAG dIANOAUVONG e YovidIo avapopdg utrd Twv EAEyXO TTPOODEUTIKWY 5’ EAAEIPEWY TN
PUBUIOTIKAG TTEPIOXAG £BEIEAV OTI N TIEPIOKT| TOU €yyUG UTTOKIVATH ATAV IKOVE va £TTAYEI uwnAd
emimeda  peraypaenc ot nmamk@  KOTTapa.  Meipduata  avadluong  amoTuTTWUATWY
ueraypagikwy apayoviwv o€ DNA (DNasel footprinting) kai petaBoArg Tn¢ nAekTpo@opnTIKAG
kivnTikotntag Tou DNA (EMSA) amokGAuwav Béoeig mpdodeonc yia Toug petaypa@ikoUg
mrapayovte¢ HNF1a kai B, Sp1, GATAG kai HNF6 o€ auth v Trepioxr). H ouvepyarikr dpaon
Twv HNF1a kai HNF6 kai Twv HNF1B kai GATA6 avrioTtoixa emiyaye uywnhd emimeda
HeTaypa@nc amd Tov utrokIvnTh, KAt TTou €8€iEe OTI uTTApPXOUV TOUAdYIOTOV BUO EVOAAQKTIKOI
UNXAVIOUOi ETAYPAPIKAG evepyotroinong Tou yovidiou tou HNF4a. 2e 611 agopd Tnv
HETaypagri Tou yovidiou o€ d10QOPOTIOINKEVA NTTATOKUTTAPA, TTEIPANATA OVOOOKATOKPIUVIONG
xpwparivng €deigav 011, g€ avBpwITIvi NTTATIKA KUTTAPIKA O€ipd, or mapayovieg HNF1a,
HNF6, Sp1 kai COUPTFIl aMnAemdpolv o1aBepd pe tov umokivnti. O TeAeutaiog
kaTaoTEAEI TN OPACN TOU UTIOKIVNTH PECW EVOG OTOIXEIOU ATTOKPIONG OF OPHOVES (hormone
response element), 10 otoio PAAIOTA BEV UTTAPXEI OTOV OPOAOYO UTTOKIVATHA TOU TTOVTIKOU. TO

oToIxgio autd deixOnKe OTI ATTOKPIVETAI KOI O€ PETIVOIKO 04U, KOBWE ETTWACN KUTTAPWY WE TO
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TeAeuTaio odnyei 0Tn GTPATOAGYNON TWV AVTIOTOIXWY UTTOB0XEWY GTOV UTTOKIVATI Kal augnon
Twv emmédWV ék@paong Tou HNF4a.

270 OEUTEPO PEPOS TNG EPYOTIAC TTAPOUTIAlETaI N WEAETN TNG OEIPAG OTPATOAOYNONG
TTOPAYOVTWY KAl TWV PETABOAWY TNG Xpwiartivng atov eyyUg UTTOKIVATA Kal O€ évav 5’ eVIOXUTA
Tou HNF4a -6,6 kb a6 10 anpeio évaping TG PETAYPAYIS KATA TV APXIKF EVEPYOTTOINGT TOU
yovidiou aTn dIApKeIa TG dIAPOPOTIOINONG AVOPWTTIVWYV EVTEPIKWY KUTTAPWY. Ta Treipduara
autd €deigav 0TI OTIC dUO AUTEG TTEPIOXEG aXNUATICOVTAV apXIKA avECAPTNTA CUCCWHATWHATA
TPWTEIVWY, TTOU TTEPIEAQUBAvVAY  PETAYPAPIKOUG TTOPAYOVTEG, OKETUAOTPOAVOPEPATES Kal
avadIaUOPQWTES TNG XPWHATIVAG OTOV EVIOXUTH Kal PETAYPAPIKOUG TTAPAYOVTEG, YEVIKOUG
peTaypagikoug mapayovieg kai v RNA moAupepdon-Il otov umokivnt Tou yovidiou. Ta
yeyovota autd akoAouBoUoe WETOKIVAON TOU OUPTTAGKOU TOU EVIOXUTH KOTA WAKOG Twv
EVOIAUETWV TTEPIOXWV PEXPI TN CUVAVTNOT) TOU WE ToV UTToKIVATA. H Kivnon autr ouvodeudtav
amé €EAmAWaON TNG UTTEPAKETUAIWGNG Twv 10TOVWY atmd TOV EVIOXUTH OPXIKA TTPOG TOV
utrokivnTr. H évapén tng YETaypa@ng Tou yovidiou GUVETTITITE e TO OXNUATIONS EvOS aTaBEPOU
OUOOWHATWHATOS aTToTEAOUUEVOU OTTd TIC TTPWTEIVEG KAl Twv OUO TIEPIOKWY. ZUVETTITITE
€miong pe TNV avadiauépewan Tou VOUKAEOOWWUATOS TTou KAAUTITE Tn BEan évapéng Tng
uetaypa@nc. Ta amoteAéapara autd €dwaoav GUVOAIKA Wia TTio TTARPN €IKOVA yIa Ta yeyovoTa
Tou oupBaivouv oTIG pubuIoTIKEG TrEpIoxéC Tou HNF4a kat@ v apxIkf evepyotroinan Tou
yovidiou oTn OIdpKeId €vOG POVTEAOU KUTTAPIKAG dlagopotroinong. [Mapeixav  €miong
TIEIPAPATIKA ETIREPAiIWAT yia Eva UnXavioud Pe TOV OTIOIO ETTITUYXAVETAI I ETTIKOIVWVIA JETALU
TOTTOAOYIKG ATTOPAKPUOHEVWY PUBLICTIKWY TIEPIOXWY PETW QUOIKAG ETTAPAG TOUG KaI Edwaav
€101 pia o TAMpn €ikéva TG TOAUTTAOKOTNTOG NG dIadIKATIAG TG METAYPAPIKAG

EVEPYOTTOINONG £VOS TOUAAXIGTOV 10TO-€1DIKOU YOVIdiou.



SUMMARY

SUMMARY

The work presented in the following pages focused on the elucidation of the
mechanisms involved in the transcriptional regulation of the gene of hepatic nuclear
factor 40 (HNF4a), a transcription factor which is expressed in a variety of tissues,
such as the liver, the pancreas, the intestine and the kidney and which plays a
significant role in the establishment and maintenance of the differentiated phenotype,
in the organization of the specialized functions of those tissues. This is achieved
through its participation in a regulatory network of transcription factors, the interplay
and the interaction with relevant target genes of which determines the balanced
expression of those gene products that are responsible for the function of the tissue.

This work aimed at the understanding of the factors and mechanisms through
which the expression of human HNF4a is regulated. To this end, as is presented in the
first part of the work, 12.1 kb of upstream sequences of the gene were cloned and
analyzed. Major sites of DNasel hypersensitivity were identified both in the proximal
promoter region and the first intron of the gene and in the upstream region, -6.6, -8.0
and -8.8 kb 5’ of the transcription start site. Transient transfection experiments using
reporter genes under the control of progressive 5’ deletions of the regulatory region
demonstrated that the region of the proximal promoter was sufficient for the induction
of high levels of transcription in hepatic cells. DNasel footprinting analysis and
electrophoretic mobility shift assays revealed binding sites for the transcription factors
HNFla and B, Spl, GATA6 and HNF6 in this region. Synergy between HNF1a and
HNF6 and HNFI1B and GATAG6 produced high levels of transcription from the
promoter, indicating that there are at least two alternative mechanisms for the
transcriptional activation of the HNF4a gene. Chromatin immunoprecipitation
experiments demonstrated that in differentiated hepatic cells it is the transcription
factos HNF1a, HNF6, Spl and COUPTFII that interact with the promoter. The latter
represses the promoter through a hormone response element that is not conserved in
the homologous mouse region. This element was shown to respond to retinoic acid
signaling, as incubation of cells with RA leads to the recruitment of the respective
receptors to the promoter and to the upregulation of HNF4a expression levels.

The second part of this work investigates the order of factor recruitment and

chromatin modifications to the proximal promoter and an upstream enhancer of the
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human HNF4a gene, located -6.6 kb upstream of the transcription start site, around
the initial activation of the gene during the differentiation of human enterocytes.
These experiments demonstrated that two independent protein complexes formed in
the two regulatory regions, which included transcription factors, acetyltransferases
and chromatin remodelers at the enhancer and transcription factors, general
transcription factors and RNA polymerase-II at the promoter. These events were
followed by a unidirectional movement of the enhancer complex along the
intermediate regions until it encountered the proximal promoter. This movement was
accompanied by a spreading of histone hyperacetylation from the enhancer towards
the promoter. The initiation of transcription from the gene coincided with the
formation of a stable enhancer-promoter complex and the remodeling of the
nucleosomes covering the transcription start site. These results gave a more complete
picture of the events that take place in the regulatory regions of human HNF4a around
the initial activation of the gene during a cellular differentiation model. They also
provided experimental validation for a mechanism by which the communication
between topologically remote regulatory regions is achieved through their physical
contact and thus gave a mote complete picture of the complexity of the process of the

transcriptional of at least one tissue-specific gene.



EI2AMQMH



EIZATQMH

TO HITAP KAI Ol TAPATONTEZ MOY KAGOPIZOYN TIX
E=EIAIKEYMENEZ AEITOYPTIEZ TOY

AgiToupyia, avartopia Kol avaTrTuén Tou RTATOC

To Amap cival 70 peyaAlTEPO Opyavo Tou avBpwtivou owuatog. Mia amd Tig
KUPIOTEPEG AEITOUPYiEC TOU Eival n atmoTogiviwan {NUIOYOVWY OUCIWY KAl TIAPATTPOIOVTWY TOU
ueTapoAiouoU, kabwg déxetal PARIKS aipa arm’ eubeiag amod 1o £viepo Kal Eival £T01 TO TIPWTO
Opyavo Tou €pETal O€ ETTOQN PE BPETITIKA GUATATIKA Kal TOCVES TTOU £XOUV atmmoppoPnBei aTmo
T0 TIETTIKO oUoTUa. To fAmmap éxel €miong Kai evAokpivr Kal Ewkpivh dpacTtnpiétra. H
TeAeuTaia  guviotatal O€  XOAIKEG €KKPIOEIC Ol OTIOIEC TIEPIEXOUV TTOPATTPOIOVTA  TOU
HeTaBoMaUoU NG X0ANaTEPIVNG KAl OUTIES TTOU ATTaITOUVTAl Y1 TV ATTOPPOPNTIKA OpACn Tou
TIETITIKOU OUCTAWOTOG. H €VOOKPIVIKY dpaatnpidTnTa Tou ATIATOS CUVioTaTal TV EKKPION
€VOG eyalou apiBuou TTapayovTwy Tou 0pou Tou aiparog, OTrwg n aABoupivn, n poBpopRivn
KQI TO TIPWTEIVIKO PEPOG TwV aTTOMITTOTTIPWTEIVWY. TO ATTOP Eival ETTIONG TO KUPIO dpyavo yida T0
peTaBoMoud Twv udatavBpdkwy, TG oupiag kar Twv TpIyAukepIdiwv (Eikéva 1) (Cereghini,
1996, Duncan, 2000).

SYNTHESIS AND STORAGE OF
AMIND ACIDS,
PROTEINS,
VITAMINS
AND FATS

DETOXIFICATION

BLOOD
GLUCOSE
AEGULATION
BLOOD
BILE CIRCULATION
DRAINAGE (= AND FILTRATION

LIVER FUNCTIONS

Eikdva 1. Lxnuariki ameikévion Twv KUPIwY AEITOUPYIWY TOU ATTATOG.

H avaroyia Tou ATTATOC AvTaVOKAG AUTES TIG AEITOUPYIKEG TOU 1B16TNTEC. To avBpwIvo
ATap amoteAeital améd 1€00epic AoBolg o1 omoiol TrepiBdAAovTal amd GuvdETIKG 10TO TTOU
ovopaletal kawouAa Tou Glisson. O KupIOTEPOG KUTTOPIKOS TUTTOC TTOU ATTAVTATAI OTO ATTap
Kal ival uTTeUBUVOG yia TNV ETTITEAEDT TwV KUPIWV AEITOUPYIWV TOU €ival Ta NTTATOKUTTOPA, Ta
omoia amoteAolv 70 80% Twv KUTTApWY Tou 0pyavou. Ta TTapeyXUpaTIKa autd kOTTapa gival

opyavwyéva ae TTAAKES KUTTApWY o1 oTToieg diaxwpidovtar amd Tpixoeidn ayyeia (Eikova 2). H
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opyavwan auty Pondad Tnv avralayry BpeTTIKWY UAIKWV WETACU TOu QipaTtog Kal Twv
NTTATOKUTTAPWY. TO dipa eIg€pxeTal aTo ATTap amd v nmatikh TuAdia AERA Kal TRV NTTATIKY
apmpia kar e¢Epxetal amod v nranikr) eAERa. Autr n didragn divel T duvartdtnTa aTo GPyavo

va pUBUICEl TV TTOIGTNTA TOU QiATOG TTOU PETAKIVEITAI ATTO

HEPATIC LOBULE

HEPATIC CELLS

HEPATIC ARTERIES

Eikdva 2. ZynuaTikr omeIkovion evog nmarikol AoBol, 6TTou @aiveral n opyavwon Twv NTTOTOKUTTAPWY O€

TIAGKES kail ) S1dTagn Twv NTTaTikwy GAEPWY, apTnEIWY Kal XoAn@dpwv GwArvwy ato Aofo.

TO EVIEPO KAl TO TTAYKPEAG TTPOG TO UTTOAOITTO owpa. H XOAr cuykevipwvetal ota XoAngdpa
owAnvapia, Ta otoia Bpickovial PETASU TwV NTTATOKUTTAPWY KAl GUVEVWVOVTAI YId va
OXNHATIoouV TOUG XOAN@OPOUC TTOPOUG TToU 0dnyoUV TN XOAR TTpog T XoAnddxo kuoTn. Ta
TOIXWHATO TWV XO0AN@OpwY TTOpWY KaAuTTovTal amd XoAika emBnAiakd kOTTapa, éva atmo
MEPIKOUG OKOPa TUTTOUG KUTTAPWY, EKTOGC TwV NTTOTOKUTTAPWY, TTOU ATTAVTWVTAl OTO FTTap.
AMor Tétolol TUTTOI €ival evdoBnAiakd kOTTOpa Kai pokpogdya (kUttapa Kupffer) Tou
KOAUTITOUV TO TOIXWHATA TwV TPIXOEIBWY Kal IVOBAGCTES (KuTTapa Ito), umelBuva yia v
amobnkeuon ¢ Pirapivng A, Tou Bpiokovtal aTnv TEPIOXA TTou diaxwpilel Ta TpIX0EId aTo
TIG TTAGKES Twv NTTaTIKWV Kuttdpwy (Space of Disse) (Duncan, 2000).

KaBdti 10 Amap mepiéxel éva pIkpd OXETIKA APIBPS dIaPOPOTIOINUEVWV KUTTAPIKWY
TUTTWY, OTTOTEAET éva BEAKTIKG aUOTNUA yia TN HEAETN TwV Pnxaviopwy TTou kKaBopiouv v
opyavoyévean Kal Tn Kuttapikn diagopotroinan. H diadikagia g opyavoyéveang yia 10 ATTap
Xwpiletar og Tpia 0TAdI TTOU OVOUACOVTal QVTIOTOIXO «ETIOEKTIKOTNTAY (competence),

«kaBopiopde» (specification 1j commitment) kal «gopgoyévean» (morphogenesis) (Eikova 3).
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To TpwTo Prjua TTPOG T0 OXNUATICUO TOU Opyavou eTTITEAEITAI GTO TIPOTOI0 KOIAIOKO TURAKA TOU

evd0dEppaTog Tou TrpoaevTEpou (foregut endoderm), dtou Kal axnuaTiCeTal n KUTTAPIKK {wvn

amo v
A. Competence B. Specification C. Morphogenesis
g - ventral
e - foregut
endoderm i) ’ vascularized .
/ e : liver -
e R, hepatic :
i genes \
‘ : cardiac activated
pre-cardiac mesoderm i P
mesoderm : transversum
mesenchyme

Eikéva 3. Xxnuatiki ameikévion g diadikaciag g nmatoyéveons (BAETE Keipevo yia TiEPICOOTEPES

AetrTopépeieg) (Zaret, 2000).

otroia Ba diapop@wBei TEAIKA To fTTap. AUo TIEPIOKES PETODEPUIKAG TTPOEAEUTTC, TO KAPDIAKO
MECOOEPUA KaI TO PETEyXUUO Tou septum transversum, @aivovral va kaBioToUv OeKTIKr TV
NTTATIKA KUTTOPIKA {wvn yia TV uloBEétnan Tou nrmatikoU @aivétutou (Eikéva 4). H nmartikn
KUTTApIKr TrepIoxn RdN ekepalel PeTaypa@ikoug Trapdyovteg, 6mw¢ toug HNF3 kai GATA4
(BAémre TapakdTw), ol otoiol TNV KABIOTOUV OEKTIKA Yo TV OTOKPION Of augnTikoUg
TTOPAYOVTEG TTOU TTPOEPXOVTal OTTd TO KaPIOKO HETOOEPUA Kal TO septum transversum (Toug
FGF-fibroblast growth factors 1, 2 ka1 8 kai BMP-bone morphogenetic proteins 2, 4 kai 7,
avrigToixa). Or TeAeutaior kal kaBopi{ouv Tov NTTATIKG XOPAKTAPA TWV KUTTAPWY TNG NTTATIKAS
Cwvng Kal TNV €vepyoTToinan KATolwY NTTATOEIdIKWY yovidiwy. Metd amd autd 10 0TadIo
apxicel o TTOMATTAACIOONOG TWV NTTATIKWY KUTTAPWY Kal N «EIoBOAR» TOUG OTO YEITOVIKO
HEoyxuda Tou septum transversum, OTOU Kai apXilel n UOPQOYEVEDN TOU ATIATOG, WE TO
OXNUOTIOHO TWV NTTATIKWY TTAOKWY, TwV TPIXOEIBWV Kal TOU BIKTUOU Twv X0An@dpwv ayyeiwv
ou Ba axnuaticouv TEAIKA To TTAPES dlagopotroinuévo 6pyavo (Duncan, 2000, Zaret, 2000,
Zaret, 2001).
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O1 OIKOYEVEIEC LETOYPAPIKWY TTOPAYOVTWYV TTOU Kafopi{ouv TOV NTTATIKO (PAIVOTUTTO

H emtéNean Twv eCEIBIKEUPEVWV AEITOUPYIWV TOU ATTATOG CapTATAI ATTO TNV £KYPACT)
OUYKEKPIPEVWY OPAdWY YOVIBiWV 01 OTT0IEG KWAIKOTIOIOUV TIG TTPWTEIVES TTOU gival UTTEUBUVES
yia autég TIG AsiToupyieg. Ta emitreda EkQPATNS TWV YoVIdiwv auTwv
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liver
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Eikéva 4. Ta onparodotikd pdpia kai o1 10Toi TToU gvéxovtal atnv diadikacia kabopiouoU TG TepIoxAg Tou

evdodéppaTog Trou Ba avarTuxBei o€ oukwTi (BAETTE Keipevo yia TrepioaoTePeG AcTTopépeieg) (Zaret, 2001).

puBpiCovTal Kupiwg aTo €miTEdO TNG HETAYPAPNS Kal UTIEUBUVOI yia auTr TN pUBuICT €ival
€vag apiBudg peTaypa@IKwy TTapaydviwy, ol oToiol, TapoTl dev ekQPACOVTAI OTTOKAEIOTIKA
oT0 ATap, Qaiveralr va gival kaBopioTikoi yia T diatipnon Tou NTaTikoU QaIvoTUTIoU
(Cereghini, 1996, Schrem et al., 2002). H ueAéTn TWV EVIGKUTWY Kal TWV UTTOKIVATWY dlagdpwy
yovIBiwv TTou gival amapaitnTa yia TI NTTATIKEG AEITOUPYieS EXEl avadEIEel PEXPI TWPA TEOTEPIC
OIKOYEVEIEC ETAYPAPIKWY TTOPAYOVTIWY oav KUPIOUG UTTEUBUVOUC yia Tov KaBopioud Kai Tn
dlatApnoN ToU NTTATIKOU GAIVOTUTTOU:

1. H oikoyévela Tou nmarikou Trupnvikou mapayovta 1 (HNF1, hepatic nuclear factor
1). Tpokermral yia peTAYPOPIKOUG PUBUIOTEG 01 OTIoiol OTTOTEAOUVTAI OTIO OPOdIUEP 1
erepodipepn Twv Tapaydviwv HNF1a kar HNF1B. Or mpwreiveg autég avayvwpicouv ta idia
oTolxeia pocdeong oo DNA, péow evog homeodomain portifou mpdodeang, aAa @aivovral
va €XOUV DIAQOPETIKI) IKAVOTNTA EVEPYOTIOINONG TNG WETaypadng (Kuo et al., 1991, Song et al.
1998).

O HNF1a amoteAsital amd TpeIg AsIToupyIKA BIOKPITEG TTEPIOXEG: TNV AUIVOTEAIKA
TIEPIOXA, N oToia €ival utreUBuvn yia 1o dIYEPICUO TOU popiou, TNV TTEPIOKT homeobox, We TV
omoia mpocodévetal ato DNA (Frain et al., 1989), kai Tnv kapBoguteAIKRA TrEPIOXN, N OTToIA Eival
utrelBuvn yia Tn petaypa@ikr Tou evepydtnta (Cereghini, 1996). H mepiox digepiopol Tou
Hopiou aMnAemidpd pe pia mpwreivn ou ovoudletal DCoH (dimerization cofactor of HNF1), n
omoia ataBepotoiei Ta dipepn Tou HNF1a, oupBAarel oTn dnuioupyia oTaBepwyv TETPANEPWV

ouptAOkwy DCoH-HNF1a kai augdver mn petaypagikr evepydmra tou HNF1a, xwpi¢ va
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aMacer v ikavotnra mpdodeons tou ato DNA (Mendel et al., 1991). Or kapPoutehikn
TIEPIOXT) TOU popiou AMNAEmIOPA Pe dIAPOPOUS TUVEVEPYOTIOINTEG TNG UETAYPAPAG, OTIWG Ol
P/CAF, SRC1 kai RAC3, evw n auivoteAikr) TrepIoxr] aAMNAETTIOPA e TOV OUVEVEPYOTTOINTH
CBP (Soutoglou et al. 2000a). H guvepyartikr) Tpoadeon Twv akeTuhotpavapepacwy CBP kal
P/CAF otov HNF1a kai n ouvduaoTikr Toug dpaon @aiveral va gival onuavtiky yia m
peraypagikr evepyotnta Tou HNF1a (Soutoglou et al., 2000).

O HNF1q, ek16¢ amd 10 ATIAp, EKPPACETaI KAl 0€ AANOUG 10TOUG, OTTWE TO VEQPO, TO
€viepo, TO aTopdY! KOl TO TTAyKPEag. & OTI agopd 10 ATTAP, N avaAuon Twv PUBUIOTIKWY
TIEPIOXWV YOVIDiWV TToU EKQPACoVTal O€ auTo, KUPIWG WE TEIpduaTa TTapodikAg diaudAuvong,
gixe Ociel 61 0 HNF1a puBuiCel éva ueyaAo apiBué nmaroeidikwy yovidiwy, O6TwWS N
aABoupivn, n al-avtiBpuyivn, ol amoAimotpwreiveg All kai B, kai GAa (Schrem et al., 2002).
H peAétn GUO dIAQOPETIKWY HOVTEAWY TTOVTIKWY, OTa oTToia To evdoyevég yovidio Tou HNF1a
Exel eCaleipBei, éxel dwael onuavTIKEG TTANPOQYOPIEC yIa TNV onuacia Tou Tapayovia aTo
ATTap kal aToug AAAoUG 10TOUG aToug otroioug ekppddletal (Pontoglio et al., 1996, Lee et al.,
1998). O1 pehéteg autég €xouv deifel 611 0 HNF1a dev gival amapaitntog yia v euBpuikn
avamruén Tou TovTiKoU, kKaBwg Ta HNF1a-/- {wa yevviouvtal OTIC OVOUEVOUEVES aVOAOYIEG.
ZUUQwva Opwg Pe TN peAETN Twv Pontoglio et al., Ta {wa autd eugaviouv nmatoueyaAia, n
otoia ouvodeletal amd utep@aivulalavivaidia. H TeAeutaia egnyeital amd Tt dpaparikda
MEIWMEVN PETaypa@n Tou yovidiou TG udpofuAaong Tng @aivulalavivng (phenylalanine
hydroxylase, PAH), ato Atrap. Kai GAa dpwg yovidia atoxol Tou HNF1a epgavidouv peiwpéva
emimeda mRNA, 6mw¢ n aABoupivn, n al-avriBpuyivn kar 10 B-ivodoyévo. Ta {wa autd
EM@aviCouv €TMiONG KaI TUTTIKA CUPTITWPATA TOU oUvOpdpou Fanconi, 6TTw¢ tToAuoupia,
yAukoooupia, pwo@aroupia. Ta TeAeutaia oQeilovTal oTnV adUVANIa TWV VEPPWY AUTWV TwV
Cwwv va amopporioouv YAUKOLN kal GAAa piIkpd popia ammod TV TTPWTOYEVH oupid, HE
OToTEAEOUA TNV OTTWAEIO QUTWVY aTrd Ta 0oUpPa, Kal TTPOKAAETAI TIBavov amd T Welwpévn
peraypagr peragopéwy 6mws 0 SGLT2 (Sodium/glucose cotransporter 2).

To {wo Twv Lee et al. mapouoialel Tapbuoieg diatapayEg atn AEIToupyia Tou ATTATOC,
XWpi¢ Ouwg Tnv éviovn ve@pik duoAeitoupyia. Epgavilel emiong vaviopd, ou ogeileTal
mOavov oTn peiwpévn UeTaypaen Tou auéntikou mapdayovta IGF1 (Insulin-like growth factor 1)
kol Trapouaiadlel €viovn XoAnatepoAaipia, n omoia deixvel 611 0 HNF1a gival anpavtikdg yia
NV opoI6aTaon TS XoAnaTePdANG kai pubpilel éva peydAo apiBuéd yovidiwv tou evéxovTal
070 PETAROAIGUO TNG, aTO fTTaP, AAAG Kal OTO £vTEPO Kal OTa veppd (Shih et al., 2001a).

Kai ta 800 povtéha £6gicav T Yey@An onuacia mou €xel 0 HNF1a yia T Acitoupyia

Tou Tmaykpéatog. Ta HNF1a-/- (wa éxouv uwnAdTepa amd 1a kavoviKa eTTiTreda YAUKOLNG Kal
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HEIWMEVN EKKPION IVOOUAivNG OTO aipd, aAoiwuévn Ek@paan yovidiwv Tou eveExovtal aTnV
avamTu¢n Kar PETOBOANIOUO Twv TTAyKPEATIKWY vnoidwv Tou Langerhans kai oupmwyara
d1apAm (Shih et al., 2001b, Pontoglio et al., 1998, Dukes et al., 1998). H onuacia autd Tou
TTapAyovTa YIa TNV €UPUBUN TTaYKPEQTIKY ASIToupyia emMIBEBQIWVETAI KAl ATTO TV TTPOCYATN
avakdAuyn 61 autoowpikég emikparteic petalayég Tou HNF1a oxetiCovtal e dia avBpwtrivn
Hopor veavikou d1aBATN Tou ovoudletal MODY (Maturity Onset Diabetes of the Young)
(Yamagata et al., 1996a).

To Mo pélog TG oikoyévelag Tou HNF1, o HNF1B, opdt aonuavtikd oJoAoyog e
Tov HNF1a, £xel S10QOopeTIKG TTPOTUTIO EKPPACNG atmd auTtdv, KaBw¢ TTponyeital n EKPPact Tou
oTn didpkela ¢ euPpuikic avamrugng amo authy Tou HNF1a (Cereghini et al., 1992). Q¢ ek
TOUTOU, KAl 0 QAIVOTUTTOG Twv {WwVv OTa OTToia T0 yovidio £xel eCaAe1pOei ival dIaopeTIkdG.
Ta HNF1B-/- {wa eBaivouv aTn didipkeia Tg epBPUIKAG avamTuéns kabwg o TTapdyovtag ival
aTapaitTog yia T diagopoTtroinan Tou aTrAayvikoU (visceral) evdodépuarog Kai Tn JETaypagn
mapayoviwy 6mws o HNF4a1, o HNF1a kai o HNF3y (Barbacci et al., 1999, Coffinier et al.,
1999). H etaheiwry Tou HNF1B pévo oto fmmap, €101 WOTe va KataoTei duvarr n YEAETN Tou
pdAou Tou aTov evAhika 1078, €8eige OTI €ival aTTapaiTNToC yIa TO OXNUATICUO Tou €mBnAiou
NG X0ANdOXOU KUGTNG KAl TOU DIKTUOU TwV XOAN@OPwY Qyyeiwv TOU (TTATOG KAl TOU KAl yid TO
petaBoMoud Twv Ammdiwv aTo 6pyavo autd (Coffinier et al., 2002).

2. H oikoyévela tou nmatikoU Trupnvikou mapdayovia 3 (hepatic nuclear factor 3,
HNF3), n omoia amoteAsital amd TpeIg TPWTEIVES, TIC a ,B Kal y. Kal o1 TPEIS TTapayovTES
Trapouatddouv 10XUpr opoAoyia, Kupiwg atnv TEpIoxK We TNV otroia TTpoadévovtal ato DNA,
ue 10 opoloTikd yovidio Tn¢ dpoad@idag forkhead, kal miBavdy va amoteAolv Ta oJoOAOYG TOU
yovidia ota BnAacTikd (Schrem et al., 2002). H mepioyr| mpdodeong ato DNA (Eva TTpwIEiVIKO
uotiBo Tou ovopddetal winged helix), €xel emiong PeydAn opoAoyia ue Tig 10Tdveg H1 kan HS
(Clark et al., 1993). O1 mapdyovte¢ HNF3 tpocdévovial oto DNA cav povouepry Kai
avayvwpilouv Ti¢ idieg BEaeig Tpdodeanc (Schrem et al., 2002).

Kai o1 1peig mpwreiveg ekppddovral kard Tn dIApKEIa TNG EUPPUIKAG avamTuéng, We
mpwto Tov HNF3B, akohouBoupevo armd Tov HNF3a, kai teAeutaio tov HNF3y (Kaestner et al.,
1999). O1 movTiKoi aToug otroioug éxel e€aAeipBei 0 HNF3B meBaivouv katd Tn didipkeia NG
KUOQOPIag, KATI TTOU OPEIAETAI OTN PEYAAN ONUACia TTOU £XEI O TTOPAYOVTAS VIO TO OXNUATIOUO
Tou evdodépuarog (Ang and Rossant, 1994, Weinstein et al., 1994). H e¢dAeiyn tou HNF3y
TTPOKOAET 10 ATTIO QAIVOTUTIO, WE TA TTOVTIKIA va €MICoUV, AAG va TTOPOUCIAlOUV PEIWWEVN

Ekppaaon kamolwv yovidiwv atoxwyv oto Aap (Kaestner et al., 1998). To knock-out povtéAo

11



EIZATQMH

Tou HNF3a £0¢1¢e v onuacia Tou aTnv opoldaTaon g YAUKOLNG Kai Tnv €KQpaan Tou
yhoukayovou aTo Traykpeag (Kaestner et al., 1999, Shih et al., 1999).

Néa povréAa ota omoia 0 HNF3P €ite eCaAeipBnKe ETTIAEKTIKA €iTE UTTEPEKPPATTNKE OF€
HEUOVWpEVOUG 10TOUG €BEIGav OTI gival amapaitnTog OT0 TAYKPEAS yia Tn pubuion g
€KKPIONG IVGOUAivNG Kal Tv opoléaTacn TG YAukalne (Sund et al., 2001) kar o1o ATTap yia 10
peTaBoMoud TG YAuKGZnG kar Twv XoAikwv offwv (Rausa et al., 2000), Tapdti dev gival
aTapaitTog yia T diatpnaon Tou dIagopoTIoINUEVOU GaIvoTuTIou aTo dpyavo autod (Sund et
al., 2000).

e o011 agopd ™ petaypa@ikh Opdon twv HNF3, éxel Bpebei 611 pmmopolv va
Tpoodévovtal EukoAdTEPa OTIC BéoeIc TTPOODECAC TOUg OTaV AUTEC Eival OPYavVWEVEC OF
voukAeoowpikd Trapd oe yuuvd DNA (Cirillo and Zaret, 1999). Eival d¢ amd Toug TpwToug
TTOPAYOVTEG TTOU TTPOTdEVOVTAI OTIC PUBUIOTIKEG TTEPIOXEC TOU yovidiou TG aABoupivng aTo
ATTAP Kal EXOUV TNV IKAVOTNTA VA avadiopyavwvouv TN XPWHATIVIKA OOUR TWV TIEPIOXWV AUTWY
Kal va QIEUKOAUVOUV TNV TIPO0dEDN TTEPAITEPW TTAPAYOVTWY KAl TNV TEAIKA EVEPYOTTOINGT TOU
yovidiou (Cirillo et al., 2002).

3. H oikoyévela Twv mpwreivwv ONECUT, o1 otoie¢ xapaktnpidovral amod mepioxn
mpoodeaong ato DNA n omoia amoteAsital amod €va yotifo cut kai éva potifo homeodomain
(Schrem et al., 2002). To kaAUTepa peAETNUEVO WEAOG TNG OIKOYEVEIQS OTO ATTAP, O NTTATIKOG
TTUpNVIKOG Trapdyovtag 6 (hepatic nuclear factor 6, HNF6) gaiverar va éxel onpavtikd poAo
0Tn d10QoPOTININON TWV KUTTAPWY TOU EVOOKPIVOUG TTAYKPEATOS, KABWG O TTOVTIKOi OTOUG
0TT0iouG T0 YoVidIO £xEl COAEIQOET €ivar diapnTIKoi Kal N avaTITUgN TG EVOOKPIVIKAG HOipag Tou
Traykpéarog dev oAokAnpwvetal Kavovikd (Jacquemin et al., 2000). O rapdyovrag ival €TTiong
QTTapaiTATOS yia TN d10¢QOoPOTIoINaN TG XOANdOXOU KUGTNG KAl TOU NTTATIKOU GUGTANATOS TWwV
XOAN@OPWV ayyeiwv, TNV otroia dIAQopOTIoiNan EAEYXEI HEOW TOU pETAYPAPIKOU TTapdyovTa
HNF1B (Clotman et al., 2002).

4. H oikoyévela Twv mapayoviwv C/EBP (CCAAT/Enhancer-binding proteins). Ol
Trapayovteg autoi epiIAapBdavouv pia Baolikr (basic) mepioxy mpdodeang ato DNA kai pia
TiepIoxr dipepIouoU TThoUaia o€ Acukiveg (leucine zipper). MepiAauBavel TouAGyioTov 6 KUpIa
HEAN (a, B, v, O, €& () (Cao et al., 1991), Ta omoia €ival GnUAVTIKA yIa TNV KUTTAPIKK
dlagopoTroinan Kail Asitoupyia o€ pia AEIovoTNTa 10TWY, OTIWS TO ATTAP, 0 AITWANG 10TAC, TO
aipotroInTIKG ouaTnua Kai dMol. (Lekstrom-Himes and Xanthopoulos, 1998). O C/EBPa ¢ivai
aTrapaiTNToS yia TV TeAIKA NTaTIKr dlagopotroinan kai Asitoupyia kai n e€aAeIpr Tou aTov
TIOVTIKG TIPOKOAET DIATAPAKES OTNV NTTATIKI OPXITEKTOVIKI Kal augnuévo TToAMaTTAaaIaoud Twv

NTTATIKWY KUTTAPWY, TTAPEPTTOION TNG amobrikeuang yAukoyovou ato Gpyavo kai Bavaro twv
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TIEPITTOTEPWV TTOVTIKWY HETA TN yévva Adyw utroyAukaidiag. ‘Evag apiBuog yovidiwv aToxwv
Tou C/EBPa mapouaiadel peiwpévn Petaypa@n Peta  yévwnon Twv {wwv, 0w n aABoupivn,
n PEPCK (phosphoenolpyruvate carboxykinase), n auvBdaon tou yAukoydvou kai dAa (Flodby
et al., 1996, Wang et al., 1995). Meiwpévn ékppaon g PEPCK kar Bavarog Aiyo pera 1n
yévvnon Twv {Wwv TTapatpeeital €Tong 0TOUG TTOVTIKOUG OTOUG OTToioug éxel GaAeIpBei o
C/EBPB, o omoiog mBavdv va evéxetalr kai autdg otn puBuion Twv dlEpyaciwv Tng
yAukoveoyéveang ato fimrap (Croniger et al., 1997).

5. H oikoyévela Twv mapayoviwv GATA. O1 6 péxp! Twpa TTOPAYOVTES TNG OIKOYEVEINS
auTAg xwpicovtal o€ dUo utoolkoyéveles: of GATAT, 2 kai 3 ek@pdalovtal OTa AIMOTIOINTIKA
BAaaTikd kUTTapa evw of GATA4, 5 kai 6 ekppdadovtal o€ dIAQoPOUS 10TOUG PETOBEPUIKAG KAl
evO0dEPUIKNAG TTPOéAeUaNG, OTTwG €ival n kKapdid, o Tveluovag, ol YOVAdeS, To EVIEPO Kal TO
ATTap, 6tou Taifouv anuavTiké pdAo aTn pUBMIOT TNG 10TOEIBIKAG YovIdIaKNS puBuiong. H
TEpIoXA pE TNV otroia mpoadévovtal ato DNA amoteAsital améd duo dAKTUAOUS Weudapyupou,
n otroia kateuBUvel TNV TTPdodean Toug aTo VOUKAEOTIBIKG WoTiBo pdadeanc (A/T)GATA(A/G)
(Molkentin, 2000).

MeAéTec TTOVTIKWY OTOUG OTToioug €xouv €COAEIQBEl o1 TTapAyovTEG auToi Exouv
empefaiwoel 10 onpavtikd pOA0 Toug aTN dIOPOPOTININGN KAl AEITOUPYIa TWV IGTWV OTOUG
omoioug ekppalovtal. H e¢dheiyn Tou GATA4 tpokaAei Bavato Twv euPplwy ecaitiag g
EAATTWUATIKAG pop@oyEveang TNG KApdIAg Kal Tou eviepikou owArva (Molkentin et al., 1997,
Kuo et al., 1997). H eaheiyn Tou GATAS dev TrpokaAei eUBpuikd Bavato, aMda eAATTWHATIKN
avamTu¢n oToug BnAUKOUG TTOVTIKOUG Twv yovadwv Kal TOU OUpOoTIOINTIKOU GUCTAUATOS
(Molkentin et al., 2000). H amahoigr), T€Aog, Tou GATAG £xel cav amotéAeapa 10 Bavaro Twv
TOVTIKWY  vwpi¢ oTtn OIdpkela NG €UPPUIKAC  avamrugng Adyw NG  EAATTWHATIKAS
dlagopotroinang Tou oTTAayvikoU (visceral) evOOdEPUATOC. 2€ AUTOV Tov 10TO TTApATNPBNKE
€Tmiong 10xupa pelwpévn ékppaon Tou GATA4 kai ammouaia Tng ékgpaang Tou HNF4, o otroiol
puBpiCovtal éuueca i aueca amd Tov GATAG (Morrisey et al., 1998). lNa v TepaItépw
dlacagrvion TG oNUACiag Twv TTOPAYOVTWY QUTWY OTOUS ETTIEPOUS 10TOUG OTOUG OTTOIOUG
ekppadovtal givar amapaitnt n 10TOEIBIKA atmaloIpr Toug, €101 WOTE, TOUAAXIOTOV YIa TOUG
GATA4 kai 6 va amogeuxBei o euBpuikdg Bavarog. Eidika yia Tov GATA4, gival yvwaTtd 6T
gival évag amod Toug TTpwToug Trapdayovreg, padi ye tov HNF3, o1 omoiol mpoadévovral oTig
PUBUIOTIKEG TTEPIOXEC TOU yovIdiou TG aABoupivng, GTTou avadiopyavwvouv T XPWHATIVIKY
dopn kai epiopifouv TV ék@paarn Tou yovidiou autou ato Amap (Cirillo et al., 2002).

6. H oikoyévela Twv opeavwyv TuUpnVIKwy utrodoxéwv, Tou TrepIAauBAavel Toug

TTOPAYOVTES TNG UTTOOIKOYEVEIDG TOU NTTaTIKOU Trupnvikou Trapdyovta 4 (hepatic nuclear factor
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4, HNF4) kai tng umooikoyévelag Twv tapayoviwv COUPTF (chicken ovalbumin upstream
promoter transcription factors). O1 mapdayovteg autoi mpoadévovral ato DNA oav dipeph péow
Hiag Teploxng Tou TepIEXel U0 dAKTUAOUG weudapyupou (zinc fingers) (Cereghini, 1996). O
HNF4a mepiéxel kal dUo TrEpIOXEC METAYPAQIKAG EvepyoTTOinaNg, Mia apIvoteAikr (activation
function 1, AF1) kai pia kapPoluteAikry (activation function 2, AF2) (Sladek et al., 1990). H
TPWTN OUPBAMEI atnv TAfPnN evepydTnTa TOU pOpiou, XwpPic OMwg va gival TTARPWS
amapaitnTn yia auth, evw n AF2 d¢ ptopei va amokotei améd 10 pdplo Xwpig v TAARPN
avaoToAf TG WeTaypa@iknc dpdaong Tou (Schrem et al., 2002, Hadzopoulou-Kladaras et al.,
1997). H AF2 gival pépog g TePIoKS opodiuepIooU TG TTpwrTeivng. Mapakeipevn g AF2
P0G TO KapPOLUTEAIKS GKpo N TrepioxA F, n omoia @aiveral va éxel KATaoTaATIKA dpdon otV
evepydtnTa TOU TTapdAyovTa, agol otav AEiTEl auTog gival TTEpITOOTEPO EvePYOS O€ TTEIpdaTa
TapodikA¢ diapdAuvang. H epioxr| auth @aivetal va dpa KATAaoTOATIKA 0TV EVEPYOTTOINTIKA
dpaon g meploxns AF2 (lyemere et al., 1998), mapeumodifoviac Tnv alnAemidpaon
ouvevepyotroinTwy pe TNV Tpwreivn (Sladek et al., 1999).

‘Evag peydhog apiBudc TéToiwv auvevepyotrointwv €xel Bpebei va aAAnAemdpd e Tov
HNF4, émwc o CBP (CREB-binding protein) (Yoshida et al., 1997, Dell and Hadzopoulou-
Cladaras, 1999, Soutoglou et al., 2000b), o p300, o GRIP1 (Glucocorticoid receptor-interacting
protein) ka1 o SRC1 (Steroid receptor coactivator) (Wang et al., 1998), kabwg ka1 o1 ADA2,
PC4 kai TFIIB (Green et al., 1998, Malik and Karathanasis, 1996). H aAnAemidpacon tou
HNF4 pe v aketuhotpavo@epdon CBP odnyei otnv aketuhiwon Tou HNF4 og Auaiveg piag
TEPIOKNG TNG TTPWTEIVNG N OTToia €ival amapaitnTn yia Tov Tupnvikd eviomopd ng. H
OKETUAiwON Wopiou odnyei otV KATOKPATNON TOU OTOV TIUPAVa TOU KUTTAPOU, Qugavel Tnv
IkavoTnTa mpdodeonc Tou ato DNA kai Tnv aMnAemidpact) Tou We Tov id1o 1o CBP kai ival
aTrapaiTnTn yia TV evepyotroinan yovidiwv otdxwv Tou HNF4 (Soytoglou et al., 2000).

O HNF4 puBpicetal ekt6¢ Twv GMwv Kai amd ewoeopuliwon. Exel Bpebei 6T n
Qwoopuhiwan ¢ Tpwreivng amd v kivaon PKA (protein kinase A) oTnv Tepioxn
mpoodeong oto DNA peiwvel Tnv IKavotnTa Tou popiou va aMnAemidpd pe TI¢ BEOEIC
TPO0dECNS TOU Kal, WG €K TOUTOU, Kal T WeTaypagikr Tou evepydtnra (Viollet et al., 1997). H
owo@opuhiwan Tou HNF4 o¢ kardhormma Tupocivng, amd Tnv GAn TAcupd, autavel Tn
ouvagela Tou apayovta yia 1o DNA Kai, GUVETIWG, KAl TN PETAYPaQIK Tou evepydtnTa. H
TPOTIOTTOINON AUTA €ival ONUAVTIKI KAl YI0 TOV UTTOKUTTAPIKO TOU EVTOTTIONO, KOBWS N
TapePTOdIon NG Pwogopuliwong Tou HNF4 o¢ katdhoima Tupodivwv 0dnyei oTnv
e€apavion Tou amd Ta XAPOKTNPIOTIKA evdoTupnvika «diauepioparay (nuclear speckles), T

d1GxuaT Tou aTOV TTUPKVA Kal PElwpévn PeTaypa@iki evpyotnta (Ktistaki et al., 1995).
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O HNF4 avike péxpl TPOOQATA OGTNV  OIKOYEVEID TWV OPQAVWV  TTUPNVIKWY
utrodoxéwv, Kabwg dev eixav Ppebei mpoadéteg (ligands) yi” autdv. Mpdogareg ueAETEC OUwG
utroaTnpiCouv 0TI BeloeaTépeg ToU ouUveV(UPOU A Kal TToAuakOpeoTwy Aimapwy ogfwv (fatty
acyl-CoA thioesters) armotehoUv evdoyeveic TpoadEteg yia Tov HNF4, mpoadévovral ato pdpio
oTnv Kevtpikr Tou Teploxh (ligand-binding domain) kai au¢avouv A peiwvouv (avaloya pe Tov
TUTTO TOU PO dETN) TNV IKAVOTNTA BIKEPITUOU TOU Kal T PeTaypa@ikr Tou evepydtnta (Hertz
et al., 1998, Hertz et al., 2001, Rajas et al., 2002). MapoTi autéG oI PEAETEG BEV TUYXAVOUV
TAPOUG ammodoxAg a6 TNV EMOTNUOVIKA KOIVOTNTA TTOU WEAETA TOV TTOpAyovTa, ugicTaral
mAéov n mBavoTtnta o HNF4 va pnv gival ma évag opeavog utrodoxEag.

Ta péAn g oikoyévelag Tou HNF4 (o1 HNF4a, B kail y Kai 01 VOANAKTIKEG HOPPEC TOUG
— splice variants), ekppdadovtal o€ pia TAnBwpa 10TWY, 6TTIWE £ival To ATTap, T0 TTAYKPEAS, TO
ve@po Kai 1o €viepo, (Cereghini, 1996, Schrem et al., 2002). PuBuiCouv Tn petaypa@r| evog
ueydAou apiBuou yovidiwv o€ auToug TouS 1I0TOUG, Ta OTToIa EvEXOVTal OE BIAPOPA HETAROAIKA
HovoTttaTia Kai avamTugiakés diadikaaieg. Mia oeipd ueAeTwv movTikwy ota otoia o HNF4a
Exel eCoheIpBei Exouv dwael anuavTIkES TTANPOPOPIES yia TNV in vivo dpdcon Tou TTapdyovTa
QuToU OTOUG I0TOUC GTOUG OTTOIOUG EKPPACETal.

H amoaAoigr) Tou yovidiou oTov TTOVTIKO TIPOKOAET BAvaTto vwpic otn dIAPKEIA TNG
avamTueng, Kabwg 10 yovidlo ekPpAleTal 01O ECWEUPPUIKO OTTAAXVIKO €vOAdepua, KATI TTOU
gival amapaitnTo yia Tn d10¢popOTIoiNan Tou EUPPUIKOU EKTODEPUATOG KAl TNV OAOKApWwanN TN
yaotpidiwong (Chen et al., 1994). H ékppaon Tou HNF4 oT10 €fweppuikd €vdOdEPUA
onuioupyei éva kardAnho TepIBAMoOV yia T dIAQOPOTIOINGN TwV ECWTEPIKWY EUPBPUIKWY
IOTWV, Ol OTT0I0I PAVNKE OTI HTTOPOUV VO OAOKANPWAOOUV T yaoTpidiwaon, akdun Kal av Toug
Aeitrel 10 yovidlo, apkei o1 e¢wepPpuikoi 10Toi va T0 ekppalouv. H avamrugn tou ATarog o€
TETOIO XIMQIPIKA EpPpua GekIva KavoviKa, KaTl TTou deixvel 61l o HNF4 dev eival amapaittog
yia Tov apxikd kaBopioud kai diagopotroinon Tou fimatog (Duncan et al., 1997). Metémeita
HEAETEC 0TO 1010 XIpalpikd auoTnua duwg £deicav, amouaia Tou HNF4 dev ohokAnpwvetal n
TeAIKR dlagopoTroinon Tou ATTATo¢ Kal KaTaoTEAAETal n ékppaon peyGAou apiBuou yovidiwv
Tou eival amapaitnta yia TN TARPN  AEITOUpyIKOTNTA TOU NTTaATIKOU 10ToU, OTTwG TNg
aABoupivng, d1a@épwv amOAITTOTTPWTEIVWY, TNG UBPOLUAAGNG TNG @aivulalavivng, diagopwv
TOPaAyOVIWY Tou 0poU, KaBw¢ Kal Twv WeTaypa@ikwv tapayoviwv HNF1a kar PXR
(Pregnane-X receptor — Tapdyoviag Tou evéxetal OTnv  puBuion Twv  OIadIKaCIWY
a1modounang oTo ATTap oTEPOEIBWY Kal EEvwy aTtov opyavioud ouaiwv) (Li et al., 2000).

H peAétn Tou poAou Tou HNF4a aTo Amrap d1eukoAUvOnke TpdoPATA e TV TTApaywyr

TIOVTIKWVY OTOUG OTT0ioUG 0 TTapAyovTag £XEl COAEIPOET TUYKEKPIUEVA OTO EVAAIKO fTTOP. XTO
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ATTAP QUTWV TWV TTOVTIKWV TTOPATNPAONKE PEIWMEVN EKPPACN evOg PeyaAou apiBuoU yovidiwy
T0 OTI0ia EvEXOVTAl OTNV OOIGATACN Twv AITTIdiWV Kal TNG XOANOTEPOANG KAl OTO KUKAO TNg
oupiag. To ATap Toug TTAPOUCTIALEl NTTATOPEYOAIQ, UTTEPTPOQIKA NTTATOKUTTOPA PE AUENUEVN
TIEPIEKTIKOTNTA 0€ AITTidIa Kal Pelwpéva eTTITIEdA XOANOTEPOANG, TPIYAUKEPIDIWV KaI oupiag Kal
augnuéva emiteda oMKWV 0&EWv Kal aupwviag atov opd Tou aigatog (Hayhurst et al., 2001,
Inoue et al., 2002). H e&dAeiyn Tou yovidiou cuykekpipéva oTo UPPUIKG ATTap €deIge 0TI 0
HNF4a eival amapaitntog yia v TARPN JOpQOAOYIKA Kal AEITOUPYIKA d1IagopoTToinan Twv
NTTATOKUTTAPWY, TNV OTTOBAKEUCN TOU YAUKOYOVOU Kl TNG YEVEONS EVOS AEITOUPYIKOU NTTATIKOU
emonAiou (Parviz et al., 2003).

O onuavtikdg pdAog Tou HNF4a oe GANoug 10ToUG OTOUG 0TToioUG eKQPACETAl, OTTWS
07O TTAYKPEQG, TTaPATI dev £X0UV BNUOCIEUBET aKOUA PEAETEC TTOVTIKWY WE EIDIKI) OTTAAOIPH TOU
yovidiou g€ GAAOUC 10TOUG TTANV TOU ATTOTOG, GAVNKE OTTO TO GUOXETIONO TOU WE Wia popen
veavikoU d1aBAtn mou ovoudletal MODY (Mature Onset Diabetes of the Young) (Yamagata et
al., 1996b). 'Evac apiBuéc epyaoiwv EkTote éxel deitel T onuacia Tou TTaPAyovTa yia TV
Aeitoupyia Twv B KUTTAPWY TOU TIAyKPEQTOG, KaBWG autds pubpilel éva peydho apiBuod
yovidiwy Tou evéxovtal aTn MeTagopd kal peTABOAITUO TG YAUKOING Kal TV EKKPION TNS
IvoouAivng amd autd (Stoffel and Duncan, 1997, Wang et al., 2000).

O1 mapayovreg COUPTFI (Ear3) kar COUPTFII (Arp1) avikouv kai autoi otnv
OIKOYEVEIQ TWV 0pPAVWY TTUPNVIKWY UTTodoxéwv, TTpoadévovial ato DNA cav opodiyepn Kai
avayvwpicouv idieg BEaeig pdodeong pe Tov HNF4, aAAG karaotéAouv T petaypagr Twv
yovidiwv oTOXwv Toug, avraywviopevol pe tov HNF4 yia mpdodeon oe autég TG BEOEIg
(Kimura et al., 1993, Ktistaki and Talianidis, 1997a). Z¢ avtiBeon, o€ UTTOKIVATEG GTOUG OTT0IOUG
mpoodéveral povo o HNF4 aAd 6x1 ot COUPTF, émwg o utrokivnTiig Tou yovidiou Tou HNF1q,
0l TeAeuTaiol dpouv Gav CUVEVEPYOTTOINTEG TNG pETaypaQrS Tou HNF4, péow Tpwreivikwy

aMnAemdpacewv Pe autov (Ktistaki and Talianidis, 1997a).
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H APAZH TON ENIZXYTQN KAl H METATPA®IKH PYOMIXH AlNO
AMNOZTAXH

Kara 1i¢ diadikaaieg NG ovioyéveang Kal NG avaTtuéng evog opyaviopou, aAd Kal
katd T dIdpKeIa NG CwAG TOU, YIA TNV QVTIPETWTTIOT TWV TIEPIBAANOVTIKWY €peBIOUATWY TTOU
autdg déxetal, €ival aTaPAITNTN N XPOVIKA, TOTTIKA Kal TTOOOTIKA pubuIopévn EKPpacn Twv
yovIdiwy TTOU KWOIKOTTOIOUVTAl OTd TO YEVETIKO TOou UAIKG. TdoO n OWOAr KUTTOPIKA
dlagopotroinan 600 kal n Kar@AnAn amavinan tou opyaviouoU OTIG TTEPIBAANOVTIKEG
ueTaBoAéc kar méaeig emBdAouv Tn akpIBA pUBUION TNG YoVIBIOKAS éKPpaonG £TC1 WAOTE Ta
KatGAANAa yovidia va ekgpdadovtal 6TTou Kai OTTOTE auTO Eival ATTapaiTnTO.

H emiteugn tou KOTGMNAOU XwpO-XPOVIKOU TIPOTUTIOU EKPPACNG Twv YovIdiwy
EMITUYXAVETOI KUPIWG OTO €TTTIEDO TNG pETAYPAQNS. H peTaypa@iky pubuion Twv yovidiwv
givar pia moAUTAokn Gladikacia n otmoia TepIAAUBAVEI TNV CEIPIOKA OTPATOAGYNAN TTOAU-
TTPWTEIVIKWY GUUTTAOKWY OTI pUBUIOTIKES TTEPIOXES TwV YovIdiwv (Lemon and Tjian, 2000), ol
omoie¢ TepIAaupavouv duo T0TTOUG aAAnAouxIwv: EVIOXUTEG (enhancers) Kal UTTOKIVNTEG
(promoters), kaBévag amd Toug oToioug amoTeAeiTal amd TOMATTAEG BEOEIC TTPOTDEONG
TTOPAYOVTWY TNG METAYPAPIKAG UNXavAg. H TeAeutaia «GUMEYE» KaI EVOTTOIET T PUBUICTIKA
mAnpogopia n omoia WeTafifaletar amd kABe oToIXEi0 TWV PUBUIOTIKWY aAAnAouxiwy,
Tpoodidoviag o€ KABE yovidlo TO CEXWPIOTO TPATUTIO PETAYPAQIKAG PUBUIONG TTOU TO
xapaktnpicel (Dynan, 1989).

O umokivnTAG €vog yovidiou TepIAUBAveEl TIG puBUIOTIKEG aAAnAouyieg ekeiveg ol
OTToieC €ival OUYKEVTPWHEVES YUpw ammd 1o onueio évaping g petaypagrg g RNA
ToAupepaong. AtoteAeiTal amd  Aeitoupyik@  SIOKPITA  TpAMATA, uAKoug Tumika  7-20
VOUKA€OTIOIWY, TO OTToia TEPIEXOUV  BECEIC avayvwpIonG HETAYPAPIKWY  TTAPAYOVTWY
(evepyotroinTwv A kataoToAéwv), TepIAaupavel de TouhayioTov Wia BEan ue Asitoupyikr dpdon
TOTT004TNONG GTOV UTTOKIVAT TNG TTOAUEPACNG OTO ONMEIO Evapgng TG HeTaypa@rg. TETOIEG
Béoeic ival o TATA box, T0 OTOIXEIO AVOYVWPIONG TOU YEVIKOU WPETAYPAPIKOU TrapdyovTa
TFIIB (BRE), Tov ekkivnTr (initiator), kai o downstream promoter element (DPE) (Dynan, 1989,
Blackwood and Kadonaga, 1998).

O1 evioyutéc avakaAl@Bnkav apxIkd oav yeveTika aToixeia Ta otoia odnyoloav o€
augnon NG ueTaypagng amé Eva umokivnt oTo idio poplo DNA,  Opw¢ ToTToAOyIKA
amolakpuopévo amd autdv. Eva yovidio pmopei va puBuiCetar amd moAAoUg TETOI0UG

O10QOPETIKOUG EVIOXUTEG, O1 OTTOi0I PTTOpEi va TToIKiAouv o€ péyeBog, TuttikG amd 50 bp péxpl
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kal 1,5 kb, va givai eviomouévor kal atmo TiG U0 TTAEUPES TOU AVTIOTOIXOU UTTOKIVNTA Kal va
améxouv pEYGAES amoaTaoEIC amd autdv (akdua Kai Tng Tatng Twv ekatoviadwy XIAIGdwv
voukAeoTIdiwv). O1 evioxutéG @aivetal va eival axediaouévol va emTeAOUV Pia GUYKEKPIYEVN
AeiToupyia, OTIWG TNV EVEPYOTTOINGN TOU GUGTOIXOU UTTOKIVNTH O€ £VO OUYKEKPIUEVO KUTTOPIKO
TUTTO N O¢ éva OUYKEKPIYEVO OTAdIO TnG avamtuéng, ouxva abpoioTikad (Dynan, 1989,
Blackwood and Kadonaga, 1998).

H Bacik dl0@opd METALU UTTOKIVATWY Kal EVIOXUTWV €ival Asitoupyikh. Evag
evioxutig opileTal gav pia mepiox Tou DNA n otroia ptropei va emayel ) peTaypagr atmo
amoéoTaon. Autd dev eival amapaithto yia évav utmokivnt. A6 v GAAn TTAeupd, ol
UTTOKIVNTEG TTPETTEI VO TTEPIEXOUV éval i) TIEPITCOTEPA CTOIKEIA TA OTTOIO va gival IKava va
kaBopioouv TV Evapn TG oUVBEONS Tou UNvUPATOS Tou yovidiou Tou eAéyxouv amd éva
OUYKEKPIPEVO ONMEIO KOI TIPOG Wil GUYKEKPIMEVN KaTelBuvan — ol evIOXUTEG avTiBeta dev
@aivovtal va Tepiéxouv Tétola aTtoixeia (Dynan, 1989).

O1 evioyutég Kal utroKIvnTéG KOTA Ta GAAA gival oOAOYES Kal TTOPAHOIES PUBHIOTIKEG
TEPIOKES, KaBW¢ emiteAoUV TNV idIa AeiToupyia TG €vepyotroinong NG METAYPAQHS OTO
KOTTAPO KaI ouXva TIEPIEXOUV BETEIC TTPOTOENS YIa TOUG iBI0UC YETAYPAPIKOUG TTAPAYOVTEG,
uE TTOAU Trapépoia paAiota opyavwaon. Or petaypa@ikoi TapAyovTe TTou TTPOCdEVOVTAl O
QUTEG TIG PUBMIOTIKEC AUTEC TTEPIOXEG €ival TTOAD TIBave va aAANAETIOPOUV pE TN KUTTOPIKA
ueTaypa@ikf unxavr ye Tov idio Bepehiwdn tpéto (Blackwood and Kadonaga, 1998).

AMa yevetikd aToixeia eAEyxou TTou, OTTWG O EVIOXUTEG, MTTOPOUV VO ETTNPEACOUV TN
peraypaery amd améatacn eival ta locus control regions (LCR). Ta LCR opiCovtal amé v
IKavOTNTA TOUG va TTPoadidouv g€ dlayovIDIOKEG KATAOKEUEG T duvaTtdtnTa UYnAAG Kal 10T0-
€I0IKNG EKPPATNG TWV YOVIDiWV TTOU TIEPIEXOUV, EAPTWHEVNG ATTO TOV APIBUO Twv avTITUTIWY
NG €vBeang kal avegaptnta amo t 6éon evowparwaong tou diayovidiou aTo yévwua (Bulger
and Groudine, 1999). To kaAutepa peAetnuévo LCR givar autd tou guptrAdkou yovidiwy Tng B-
ogaipivng (b-globin) oTta BnAacTikd, 1O OTOi0 amoTEAEiTaAl OO Eva apIBUd BéoEwv
utrepeuaioBnaiag o€ DNasel (DNasel hypersensitive sites, HS), eviotmiopéveg o€ pia Teploxr
20-30 kb mpiv ammod Ta yovidia Tou oupTTAGKOU, TO OTTOIa €ival BIEUBETNUEVO TUHPWVA E TN
oeIpa ékppacnc Toug atn didpkela Tng avamruéng (Eikéva 1). Or Béoeig umepeuaiodnaiag
TEPIEXOUV  Eva Pey@ho apiBud Béocwv Tpdodeong yia  epubpogldikous  Kal  GAAOUG
uetaypa@ikols Trapdyovtee (Martin et al, 1996, Hardison et al., 1997). H ékopaon
EVOWUOTWHEVWY OTO Yévwua diayovidiwv B-o@aipivng amouaia tou LCR eival xaunAf kai

TolkiAel avéloya e TN Béon evowpdTwong Kal TNV TTapoudia ETePOAOYWY PUBUICTIKWY
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OTOIXEiwV OTIC yUpw TIEPIOXES, UTTOKEITaI dnAadr o€ emdpdoeic ToikIAopoppiag BEang

(position effect variegation, PEV) (Bulger and Groudine, 1999).

S8 | - GAy 5 B
RELLL NN

Embryonic Yolk Sac
[ I

Fetal Liver

Adult Bone Marrow

30 kb =1 el #50 kb

Eikéva 1. H dopn tou gupmAdkou yovidiwv g B-ogaipivng Tou avBpwrou. Ta Tpiywva (€, Gy, Ay, 6, B)
amelkovi{ouv Ta yovidia Tou GUPTTIAGKOU, v Ta BEAN TG KUpIeg BEaeig utepeuaiadnaiag ae DNasel. Or HS1-HS5
Bewpeitar 611 amoteholv 10 LCR, av kai umr@pyouv kai GAAeg Béacig utepeuaiadnaiag, 1600 Tpog 10 5' 600 Kal
mpog 70 3’ AKPO TOU CUPTTAOKOU. TNV €IKGVa Qaivetal Kal To TPOTUTIO EKPPAONG Twv yovidiwv Kard v
avamTugn. To yovidio 5'B1 eival évag oo@penTIKGG UTTOdOXENS — Eva aTTd £va GUMTTAOKO TETOIWV YovIdiwv Péca OTo

0TT0i0 BpioKeTal O YEVETIKAG TOTTOG TNG B-0¢aipivng (Bulger and Groudine, 1999)

Ta LCR, &mwe Kal o1 EVIOYXUTEG EXOUV TNV IKAVOTNTA VO EVEPYOTTOIOUV TN PETAYPAQH,
OoMaG avTiBeTa pe Toug BeUTEPOUG, TO ETTITUYXAVOUV aUTO PETW TOUAdYIaTOV dU0 EEXWPIOTWV
EVEPYOTATWY, e atmeuBeiag aAAnAETTidOpaon pe TOUG QVTIOTOIXOUG UTTOKIVATEG, OTIWG Kl Ol
EVIOXUTEG, Kal Pe Tn dnuioupyia Wiag «avoIxXTAG» XPWHATIVIKAG TEPIOXAG yupw amd Ta
eKQpaloueva yovidia, n oTroia PTTOPET VA AVTIUETWTTIOE! ApVNTIKEG ETTIOPATEIC OTIO YEITOVIKEG
TePIoxES. AuTr) n TeAeuTaia evepydtnTa amoteAei kai 1 diagopd evog LCR amd éva evioyuth,
kaBw¢ o1 TeAeuTaiol, TAPOTI opidovial oav TTEPIOXEG TTOU EVEPYOTTOIOUV TN PETAYPAQN aATO
OUVOEDEPEVOUC UTTOKIVNTEG O TElpduaTa TTapodiknig diaudAuvong, dev €xouv v idia
OpaCTIKOTTA OF EVOWUATWUEVOUS OTO YEVWUA YEVETIKOUG TOTTOUG KOl EVIOTE UTTOKEIVTAI OF
PEV. KaBdr amopovwuéveg HS Tou gupmAdkou g B-o¢aipivng pTTopolv £TTiong va dpouv
oav evIoxuTéG o€ TreipduaTa TTapodikAG diapdAuvang, aAa dev gival ApKETEC yia va dpaoouy
texwpiotd oav LCR (Ellis et al., 1993, Ellis et al., 1996), n mapamdvw diagopd WETatl Twv
LCR kal Twv eVIOXUTWV WTTOPEl va €ival amAd TTOOOTIKA Kal OXI OTrapaithTa TToIOTIKA,
TTOPAWEVEI OUWG PETPROIUN o€ diayovidiakd Teipapara (Bulger and Groudine, 1999).

To LCR Aoimrév tou ouptrAdkou TG B-o@aipivng, oav TpwTo Brua TTou Trponyeital Tng
ueTaypa@nic Twv yovidiwv, dnuioupyei pia avoixti xpwuativik doun, n omoia Bewpeital O

KaBIoTa TNV TIEPIOYT| «IKavA» (competent) yia petaypa@ikr evepyomoinon. H petaBoAn auth
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avixveleTal apxik@ oav auénuévn euaiobnaoia oe DNasel kai guvodevetal amd augnon ota
ETTITTEDN UETA-UETAPPATTIKWY TPOTTOTIOICEWY TwV 10ToVWY, 6w peBuAiwan g Auaivng 4
NG 10TOVNG H3 Kal OKETUAIWON TWV 10TOVWY KOl PEiwWaTN Twv €MTEdWY NG 10TOVNG HA1
(Kamakaka et al., 1990, Hebbes et al., 1994, Litt et al., 2001). O1 YETA-PETOPPACTIKES
TPOTIOTIOINOEIS QUTEG OUMTIITITOUV WE KOI OPIOBETOUV TNV TIEPIOXA N OToid TTAPOUCIALE!
augnuévn euaioBnaia otnv DNasel kai mioTteleTal T 0dnyouv G€ pid TTI0 AvOIXTH XPWHATIVIKA
dopry ouvelo@épovtag aTnV a@éNIgn TNG XPwHaTivg amd 1Mo ouPTrayeiG dOpEG Kal aTnv
augnuévn pdoBaacn TTapayovTwy (TG PeTaypagikwy Tapayoviwy f DNasel) otnv mepioxn
(Blackwood and Kadonaga, 1998).

a1 dnuioupyia autig TG avoIXTAS XPWHATIVIKAS dopng £xouv TTpoTabei diIagopol
mlavoi unxaviouoi, ol otoiol TEPIAAPBAVOUV TN GTPATOAGYNGN TTPWTEIVIKWY OUUTTAOKWY e
evuuikp dpdon Ta OToi0 TPOTTOTTOIOUV TIC QMIVOTEAIKEG OUPEC TWV  I0TOVWY, OTTIWG
OKETUAOTPOVOPEPAOES Kal PEBUAOTPAVOPEPATES, Kal OUUTIAOKA e Bpdon avadiapdpewang
¢ Xpwuartivng (chromatin remodeling complexes) (Lemon and Tjian, 2000, Memedula and
Belmont, 2003). Eva emimAéov JoviéAo TTOU €xel TTPOTOBEI GUYKEKPIUEVA Yia TV TTEPITITWOT
Tou LCR Tou guumAdkou Twv B-o@aipiviv atnpiletal aTnv mapatipnon XounAwy emmédwv
HETaypa@nic o€ TEPIOKES evBIANETES Twv yovidiwy Tou auuttAdkou (intergenic transcription),
ueTaypa@ric dnAadr TG oToiag Ta EVAPKTAPIA Onueia Ppiokovial TPOS 70 5 GKPO Twv
yovIdiwv Tou GUUTTAOKOU Kal 1) OTToid GTOMATA KOVTA OTOUG UTTOKIVATEG TwV YoVIdiwy, yida va
Gekivioel cava peta 1o 3 akpo Twv yovidiwv (Ashe et al., 1997). ZUyewva pe autd 1o PovTéAo,
Ta PETAYPAPIKA autd yeyovota, pe évapgn oto LCR A og dMa onpeia Tou guutAdkou, T
otoia Ba PTropoucav va GUPPAIVOUV Kl YEVIKOTEPA OF HETAYPAPIKA EVEPYOUG YEVETIKOUG
TOTTOUG, EVOEXETAI VA EXOUV AV ATTOTEAETUA TO AVOIYHA TNG XPWHATIVIKAG DOUNS TWV yovIdiwv
KOl TNV TTPOETOINOCIA TOUG YIO TNV KOBEQUTO WETAYPAPr TOUG O€ ETTOPEVA AVATITUSIOKA 1
Qualohoyikd oTadia.

ApkeTa@ TEIpAPATIKG dedopEVA OUYKAIVOUV GTO QUMTIEPACMA OTI TO QAIVOUEVO TOU
avoiyparog ¢ xpwuativng mou emituyxavetal amd 1o LCR, aMda kal amd evioxuté¢ ot
OPKETEC  TTEPQITITWOEIG, QAiveTal va €ival pia 1816TTa dlaxwpIoT amd v IKavoTnTa
ueTaypa@ikig evepyotroinang kabeautd. H amaloigr], yia mapadeiyua, kamolwv amd ta HS
Tou LCR ¢ B-00aipivng £xel oav amoTtéAeopa TV ekundEVION Twv EMTTEdWVY TNG YOVIDIOKS
HeTaypa@nc, TapdTl N XPWUATIVIKA GOUr TOU CUUTTAGKOU TTApapEVEl EuaioBnTn o€ VOUKAEAOES
(Reik et al., 1998). O yeveTikdg TOTIOC ETIONG TWV YOVIBIWV TWV A-0QPAIPIVWV Eival «AVOIXTOCH
o€ OTI aQopPd Tn XPWHATIVIKA Tou dOU o€ Hia TTAEIGdO 10TWV, TTAPOTI N UETAYPAPNH Twv

yovidiwv Tou cuptrAdkou eivar epuBpoeidikn (Vyas et al., 1992). H de0tepn 1816110 Tou LCR, n
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emmiTeutn dnAadr TG PETAYPAPIKAS EVEPYOTTOINONG TwV PUBUICOUEVWY ATTO AUTO UTTOKIVATWY,
OXETICETAI PE TNV YEVIKOTEPN UETAYPAPIKA OPATT TWV EVIKUTWY, TNV IKAVOTNTA TOUG dnAadn va
OMnAemdpoUv pe TOUG UTTOKIVATEG Twv yovIdiwv Kal va emayouv augnuéva emimeda
HeTaypagrg amod autoug.

‘Eva epwtnua ou TTPOKUTITEI APXIKA OXETIKA PE TOV TPOTIO HE TOV OTTOIO Ol EVIOXUTEG
kai 7o LCR aMnAemdpolv Pe TOUG UTTOKIVATEG TOUG OTTOIOUG PUBWICouV Eival TO TTWG
emruyxaveral n €10IKOTTA AUTAS TNG aAnAeTTidpaang, dnAadr) TTolol gival o1 PNXaVIOUOi HE
TOUG OTT0iOUG évag eVIOXUTAG KOTAQEPVEL VA OMNAETIOPA pE €vav UTTOKIVATA TOTTOAOYIKA
OTTOUOKPUCHEVO aTTd AUTOV KAl ETTIONG TTOI0I Eival O UNXavIoWoi EKEivol o1 otroiol kaBopifouv
TOV TPOTIO WE TOV OTI0I0 €VOG EVIOKUTAG €MMIAéyEl va puBpioel évav POvo UTToKIvnTh ammd pia
mAeIGda TTou PTTopei va Ppiokovtal atnv TepIoxr dpdong Tou (Blackwood and Kadonaga,
1998). 'Exouv Tpotabei TOUuAdyIoTOV OUO OIAQOPETIKOI  pNXaviopoi w¢ €gAynon Tng
ETIAEKTIKOTNTAG TWV EVIOXUTWV Y10 TOUG UTTOKIVATES TTOU UTTOKEIVTAI OTN pUBUICT TOUG.

O evioyutic autoregulatory element 1 (AE1) Tn¢ Opocd@ilag amoteAei €va
XAPOKTNPIOTIKO TTAPAdEIYUA TOU TIPWTOU TETOIOU PNXAVIOWOU, O OTT0iog TTPOTEIVEl EIBIKEG
aMnAemdpacei¢ YeTatl TTapaydvTwy TTou TTPOCOEVOVTAI OTOV EVIOXUTA KOl UTTOKIVATH £VOG
yovidiou. O AE1 Bpioketal o€ i0€¢ amoOTACEIS PETAGU TWV UTTOKIVATWY Twv yovidiwv Sex
combs reduced (Scr) kai fushi tarazu (ftz), aMa evepyoTTolgi ETIAEKTIKA TN PETAYPAQY OTIO TOV
fiz. O1 dUo umokivnTéG dla@épouv pETAU Toug aTa aToixeia TPdodeong TTapaydvIwy Tou
TepIExouv, pe Tov ftz va mepiéxel Eva atoixeio TATA, evw o Scr va pnv Tepiéxel atoixeio TATA
aMa va mepihauBavel aAnAouyieg initiator kar downstream promoter element. O AE1 pmopei
VO EVEQYOTIOIEI Tr pETAYPAQY TOU uTToKIVATA TTou dev TrepIéxel TATA amouaia autoU TTou 10
TePIEXEL, OMA TTapouaia kal Twv d0o evepyotrolei Tov utrokivnTr| TTou Trepiéxel TATA (Ohtsuki
et al., 1998). @aiveral Aormdv 611 guaTATIKG TOU UTTOKIVATA KAl 01 TTAPAYOVTES TWV OTTOiWV TV
Tapoudia autd kaBopiouv gival anuavTika@ yia Tnv Tapaywyikh Kal 1dik aMnAemidpaon
EVIOXUTA Kal UTToKIVATA.

O 0elTEPOC PUNXAVIOUOG, O OTT0I0G €VOEXOUEVA VO AsITOUpyEi TauTOXpOVO HE TOV
TpWTo, OTNPieTal 0N dPACN Twv OTOIXEIWV opiou i amouovwTwy (boundary elements A
insulators), O1 insulators xapaktmpiCovtal atmmd v IKavaTnTa Toug va TTapeTodifouv T dpdon
€vO¢ evioXuT Tavw o€ éva uttokivnTh, €av TomoBeTnBouv avauead toug. ‘Exouv emiong v
IKOVOTNTO VO OTTOMOVWVOUV VEVIKA YOVIDIOKES TTEPIOXEG TTOU OPIOBETOUV O BETIKEG Kal
apvnTikéG emdpdoelc pubuioTIKwY oTolxeiwv Tou TI¢ TepIBAAMouv (Dillon and Sabbattini,

2000). Ta oToixeia aut@ OnAadr| Wmopei va XpnaihoTToloUvTal yIa TV TTAPEPTTOdIoN [N
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emOuunTWV aAANAETIOPACEWY PETAEU eVIOXUTWV I GAAWV OTOIXEIWV pETAYPAPIKOU EAEYXOU
KOl UTTOKIVATWV.

XapakTnpIoTIKA TTapadeiyuata TETOIWV OTOIXEIWV OTTOTEAOUV Ta SCS/SCS’, TA OTToia
eviomrioBnkav atov yevetikd 10110 87A7 heat shock NG dpoaO@IAAG, Kal TO PETABETO OTOIKEIO
gypsy, Tautotroinuévo etmiong ot dpoad@iAa. To TeAeutaio Trepihappavel TTOMATTAEG BEOEIG
mpoodeang yia Tnv mpwreivn Suppressor of Hairy-wing [Su(Hw)] kai autéc o1 BEOeIg €ival
emapkeic amd udveg Toug yia  dpdaon opiou (Gerasimova and Corces, 1996). H Tommo6étnan
TOU OTOIXEIOU PETAEU EVOG EVIOXUTI KaI VOGS UTTOKIVATA 08nyei 0Tnv eKundEVION TNG IKAVOTNTAG
TOU EVIOXUTA VO evepyoTTolEi petaypa@ikd tov utokivntr. O gypsy insulator dpwg de @aivetal
va ETNPEACEl TNV EYYEV METOYPOQIKI EVEQYOTNTA TOU EVIOXUTH, KABWG QAUTOS TTAPAMEVEI
evepydc mpog v GAAn kareuBuvon (Cai and Levine, 1995). EmimAéov, diayovidia Tmou
TepIBAANOvTal amd aToIxEia gypsy amopovwvovtal amd BeTikég (eGaitiag évBeang kovid ot
evioxuty) R apvnrikéS (eCautiag évBeang KovTad O€ ETEPOXPWHATIVIKEG TTEPIOXEC) ETTIOPATEIC
TTpokaAoupeves amd 1o TepIBAAAov TG BEang £évBeang Tou diayovidiou (Roseman et al., 1993)
O1 insulators Aoimdv @aiveral va Asitoupyouv oav oudETepa aToIxEIa TTOU TTaPEUTTOdICouV TNV
eCamAWON BETIKWV KaI ApvNTIKWV PETAYPAPIKWY ETIOPATEWY GTNV TTEPIOXN TTOU TTEPIKAEIOUV.
Avegpnta amd Tov unxaviouo f pnxaviopoug Tmou KaBopilouv kal TrEpIOpICouv TV
oMnAeTTidpaon evog EvIOXUTH ME TOV QVTIOTOIXO UTTOKIVATA Tou puBpiel, éva améd Ta
ONPAvTIKOTEPA EPWTANATA TOU TTEBIOU TNG PETAYPAPIKNS PUBUIONG €ival 0 TPOTTOC E TOV OTTOI0
Ta OUO aUTA PUBUIOTIKA aToIXEia AAANAETTIOPOUV Kal N @uan authg TNG aAAnAettidpaong. O
MNXOVIOUOi WE TOUG OTI0IOUG O TTAPAYOVTEG TTOU TTPOCDEVOVTAI OTOUG EVIOXUTEG, OTTWG
HETAYPAQIKOi  TTOPAYOVTEG,  GUVEVEPYOTIOINTEG, KAl  GUUTTAOKO  QvadIanOpewong g
Xpwpartivng, aAANAETTIOPOUV TTapaywyIka e TIC QVTIOTOIXEG TTPWTEIVEG TTOU EVTOTTIOVTAl OTOV
PUBICOPEVO UTTOKIVNTI) £XOUV YiVEI QVTIKEIJEVA EKTETOPEVWV EPEUVIIV Ta TEAEUTAIA Xpovia. To
KUpI0 WovTéEAo TTou €xel TipoTaBei yia v diacagrvion Tou TpéTou dpdong 1600 Twv LCR, 600
KQI Twv EVIOXUTWV YeVIKOTEPQ, €ival To eTovopadduevo “looping model” (Ptashne and Gann,
1997, Bulger and Groudine, 1999). ZUpgwva e QuTd, N HETAYPAPIKA EVEQYOTTOINON
emruyxaveral pEow ameuBeiag aAMnAemdpdoewy PETALU TWV TTOPAYOVTWY TTOU TTPOTOEVOVTAI
OTOUG EVIOXUTEG Kal TOUG UTTOKIVATEG, e TO DNA €vIGUETO OTOV EVIOXUTA KaI TOV UTTOKIVATA
va oxnuarider «BnAid» (“looping out’) (Eikéva 2). To povtého autd amoteAei eméktaon Tng
apXNS Twv TTPWTEIVIKWY aMnAemdpaoewy tou €xouv deixBei OTI €ival uTrelBuveG yia Tn
HETAYPAQIKA €EVEPYOTTOINGT OTO €yyUC UTTOKIVATEC KOI TOUG OUOXETICOPEVOUG ME auToUg
TTOPAYOVTEG, TOOO OE TTPOKAPUWTIKOUC OG0 KaI EUKAPUWTIKOUG opyaviopoUs (Ptashne and

Gann, 1997). O petaypa@Ikoi TTOPAYOVTEC TTOU TTPOCGEVOVTAIl OE EUKAPUWTIKOUG UTTOKIVATES
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OMNAEmMOpOUV PE TTAPAYOVTEG TTOU TPOTTOTTIOIOUV TN XpwHaTivn, OTTWS AKETUNOTPAVOPEPATES
Kal gUMTTAOKA avadIaudp@waong TNG XPWHATIVAG Kal €TINS OTPATOAOYOUV GUCTATIKA TNG
BaoikAG WeTaypa@ikAg Wnxaviag, odnywvtag €101 OTO OXNUATIOUG EVEPYWV HETAYPAPIKWY
ouutAdkwv. H dpdaon Tou umokivnt Tou yovidiou INFB, yia mapadeiyua, €xel deixbei 61
eaptaral amd pia oAU ouykekpipévn diEuBETNON AMNAETIOPWVTWY TTPWTEIVWV O€ Hia dopn
Tou ovouddletal enhanceosome Kal TN OTPATOAOYNON MECW AUTOU pE KABOPIOWEVO XPOVIKO
TPOTUTIO €VOG aPIBUOU GUVEVEPYOTTOINTWY KAl TNG PACIKAG PETAYPAPIKAS pnxavhs (Thanos
and Maniatis, 1995, Agalioti et al., 2000).

_ looping =
=

tracking

e
_ - linking
R pape— and looping

linking

BOB CRIMI

Eikéva 2. Aidgopa mBavda ovTEAa yia TOV PNxaVIO6 ETTIKOIVWVIOG JETAEU EVIOXUTWV KAl UTTOKIVATWV. TNV TTIO
atAr) ekdoxr TG N QUOIKA AR YEow looping WETAEU Twv dUO OTOIXEIWY ETITUYXAVETAI PECW TUXQAIWY KIVATEWV.
Orav emreuyBei n ema@n, o1 Tpwreiveg Tou eival TTpoodepéveg aTa puBUIGTIKA aToixeia axnuati(ouv aTabepd
OUCOWUATWHATA KOl EVEPYOTTOIOUV T METAypaQr Tou yovidiou. EvOAAGKTIKG n €ma@h auth pmopel va
EMITUYXAVETAl PEOW LETOKIVNONG TOU GUUTTAOKOU TOU EVIOXUTH TTPOG TOV UTTOKIVATA TTvw 0To evdidpueco DNA
(tracking). H emkovwvia pETagy Twv PUBHICTIKWV GTOIXEIWY MTTOPEI VO ETITUYXAVETAI KAl PECW TTPWTEIVIKWV
aAugidwy TToU guVdEOUV TOV EVIOXUT KaI TOov UTTOKIVATA WETagu Toug (linking) kai ummopei kai va odnyolv aTn

QUOIKN| TTOQN YETALU Twv dUO puBpioTIKWY aTolxeiwv (looping and linking) (Bulger and Groudine, 2002).

To looping model Tporteivel 611 n dpaon Twv evioxutwv Kal Twv LCR amoteAei pia
TTPOEKTACT AUTAG TNG BaTIKAG apxng. Aedouéva TTou va 1o utrooTnPiCouv auTéd TTPOEpXOVTAl
yio TTapAdeIyua atmd TEIPAUATA UIKPOEVETEWY OE WOKUTTAPA Xenopus, 0Tou éxel OeIxOei OTI
€VOG EVIOXUTAG WTTOPEI va evepyotrolei évav utrokivnTr in trans, O01av Kai 1a dUO aToIxEid
Bpiokovtal o€ dlagopeTik@ concatenated mAaopidia (Dunaway and Droge, 1989).

MeTaypagIKr EVePYOTTOINGT ATTO EVIOXUTEG £XEI €TTIONG TTapaTnEnBei dTav 0 EVIGKUTAS Kal 0
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UTTOKIVNTAG OuvdEovTal TEXVNTA PECW €VOG TTPWTEIVIKA OuvdeEduEVOU TUUTTAGKOU BloTivng-
otperrapidivng (Muller et al., 1989).

Mepaitépw Oedopéva Tou va utroaTnpiCouv 10 looping model Tpoékuyav atmd
TIEIPAPATA OTOV GOKXOPOUUKNTA. 2€ QUTO TOV OpYaVIOUO, HETAYPAPIKOI EVEPYOTTOINTEG, OTTWG
ol Gal4 kar Gal4-VP16, dpouv ouvBw¢ mpoadevouevol ae BEaeIg avayvwpiong (upstream
activating sequence, UAS), o1 omoie¢ evromidovrar Tutrik@ 250 Baoeig 5 Tou onpeiou Evapéng
NG METAaypa@ng, Kai avtibeta amd ot guppaivel o BnAacTikG kUTTOpA, dEv UTTopouv va
EVEPYOTTOINOOUV TN WeTaypa@n o¢ amooTdoelg peyahiTepeg amd 600-700 Baoeig 5 amd 10
onpeio évapeng, R amé omoladrmote BEon aTo 3’ Tou yovidiou. Meipduata duwg, aTa OToIa
éva yovidio Tou @épel Eva UAS 1-2 kihoBaoeig 3’ Tou yovidiou auvdéetal e éva TEAOUEPES —
Kal OxI pE Mia EOWTEPIKA XPWHOOWUIKY BEoN — €deIgav OTI 0 EVIOXUTAG PTTOPEI OE AUTA TV
TIEPITITWON VA EVEPYOTTOIRCEI TO Yovidio. AuTd egnyeital amd 10 eUpnua 0TI Ta TEAOUEPR OTOV
oakyapopUknTa oxnuati(ouv avadiAoupeve douég (dopéG TTou Bupilouv «BnAid» - loop),
moavoTara GéPVovTag £T01 OE ETTOQPK TOUG TTAPAYOVTES TTOU TTIPOTOEVOVTAI OTOV EVIOXUTY| HE
QuTOUG TOU UTTOKIVATH TOU Yovidiou (de Bruin et al., 2001).

Mo 10%upég vOEICEIC yia TV 10XV Tou looping model TTpoékuyav amo TeIpauaTa TTou
€deikav Tnv ameubeiag Quaikn emagn Kal aAnAemTidpaon evioXuTwyY Kal uTrokKIiviTwy. Mo
OUYKEKPIEVQ, oI Shang et al., £deiéav 0TI n ETaYPAQIKI EvepyoTToinan Tou yovidiou prostate-
specific antigen (PSA) amd avdpoydva obnyei otn oTparoAdynon Tou uTTOdOXED TWwV
avdpoyovwy (androgen receptor, AR), ouvevepyotrointwyv kal NG RNA moAupepdong 1600
OTOV €VIOYXUTH) 600 Kal OTOV UTTOKIVATA TOU Yovidiou, evw KATAOTOA Tou yovidiou amo
avTaywvioTIkoUg TTpoadétec Tou AR odnyei otn oTpatoAdynon KataoToAéwv POvo OTov
utrokivnt Tou PSA (Shang et al., 2002). Ta amoteAéopara autd £dgiEav 0TI N ETTIKOIVWVIa
METOCU TWV PUBMICTIKWY CTOIXEIWY TOU yovIdiou ETITUYXAVETAI WE T QUOIKY €AY Twv d00
TIEPIOXWY PECW TWV TTPWTEIVWY TToU aTparohoyouvtal amd autég (Eikéva 3). H ameubeiag
QUOIKNA ETTAQNA YETALU TOTTOAOYIKA ATTOUOKPUOMEVWY PUBUIOTIKWY TTEPIOXWYV OEiXOnKE KAl otV
mepimmwon Tou LCR Tou gupmAdkou yovidiwv TG B-oaipivng. AUo dIaQOPETIKEG OUADES
amédeicav Ot TpApara tou LCR aAAnAemmdpouv pe PeTaypa@dpeva yovidia, pe 1o vOIANETO
DNA va dnpioupyei BnAid (Carter et al., 2002, Tolhuis et al., 2002). Z¢ 10T00g, avTiBeTa, OTOUG
oTToioug Ta yovidia Tou oUPTTAOKOU dev ekppalovTtal, n yoviBIOK auTrh TEPIOXT UIOBETEl pia

Qaivouevika ypapuikn diaragn (Tolhuis et al., 2002).
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1D

Enha
ncer

Promoter

Eikova 3. O AR mpoagdévetal Kai aTov EVIGXUTH Kal GTOV UTTOKIVATH Tou yovidiou PSA. Autd akohouBeital améd
oTparoAdynaon guvevepyoroinTwv (p160, CBP/p300) kai Tou cuptmAdkou Trpwreiviov NG RNA TroAupepaong-Il e
TeNIKO aTTOTEAETA TO OXNMATIONO €va¢ aTaBepoU GUUTTAGKOU TToU oUVOEE! TIG BUO TTEPIOXES KAl EVEPYOTIOINGN
NG peTaypa@ng (Shang et al., 2002).

H Bewpia TG €mKOIVWVIAG TOTTOAOYIKA QTTOMAKPUOUEVWY PUBUIOTIKWY TTEPIOXWV
MEOW looping 10XUPOTTOIEITAI OTTO TA TTAPATIAVW ATTOTEAECHATA. ‘Eva epwTnua TTOU TTAPOPEVEI
avoIXTO gival 0 TPOTIOG PE TO OTI0IO ETTITUYXAVETAI QUTA N QUOIKN €TaQr, Twg dnAadn ol
HETAYPAPIKOI TTAPAYOVTEG KOl OI GUOXETICOUEVOI e aUTOUG OUVEVEPYOTTOINTESG POAVOUV OE pia
TTOPAYWYIKA AANAETTIdpaGN e TOV UTTOKIVATA TOV 0TT0i0 pUBMiCouV. ZUU@wva pE pia Bewpia
Tou €Xel TTPOTaBE], N oUVOEDN HETAGU PUBUIOTIKWY TTEPIOXWV PECW evOg TUApaTog DNA 10
otroio KIveiTal eAeUBepa augavel v mBavoThTa NG AAANAETTIOPACTC TOUC PECW TUXAiWV
Kiviioewv. Opwg 600 autavel n amdoTaon WeTacl evioXUTH KOl UTTOKIVATA, PEIWVETAI KAl TO
TTAEOVEKTNHA TNG OUVOEONG Twv dUO PUBUICTIKWY OTOIXEIWV in cis Kal n meavoTnTa QUOIKAS
ETAQNS Toug Péow TUXaiwv KivAoewv ( Blackwood and Kadonaga, 1998) kai, kaBwg ToAoi
EVIOYUTEG ETTEXOUV OEKADES EwG eKOTOVTADES XINABES aTTd TOUG ETTNPEACOUEVOUC UTTOKIVNTES, N
Bewpia  autp dUokoha egnyei  aMnAemidpdoeic  puBICTIKWY  TTEPIOXWY  aTTd  TETOIES

OTOOTACEIG.
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‘Evag evaAakTIKGG unxaviouds o otmoiog €xel TTPOTaBE yia va egnynoel T0 WG
EMTUYXAVETaI QUTA N €TAQA — 0 Unxaviopog Tou “facilitated tracking” (Eikéva 2)- utrobérel ot
TO OUUTIAOKO TTPWTEIVWV, KETAYPAQIKWY dnAadr TTapaydvIwy KOl GUVEVEPYOTTOINTWY, TTOU
OMNAETTIOPA pE TOV EVIOXUTH METAKIVEITAI PEOW HIKPWY «BnudTtwv» Katd PAKOG Tng
XpwpaTivng PEXP! VO GUVAVTACEI TOV AVTIOTOIXO UTTOKIVATH., OTTOTE KAl oXNUaTiCel éva oTabBepd
OUpTTIAOKO e TIG TIPWTETVEG TTOU AAANAETTIOPOUV e TOV TEAEUTAIO, HE TO EVOIAPECO OTIC BUO
meploxég DNA va oxnuaricel BnAid, kai pe TeAikd amotéAeapa g dnpioupyiag Tou GUPTTAGOKOU
va €ival n evepyotroinon g pETaypagng. Eva onuavtikdé cuaTariké Tou Pnxaviogou autou
amoTeAel KaI N XPWHATIVIKA OOUr TOU UTTOOTPWUATOG QUTAG TG METOKivAONG, n oToia
evdexOpeva va BIEUKOAUVEI Tnv Kivnon Tou OUPTTAOKOU. O1 aKETUAOTPAVOQEPATES Kal Ol
TTOPAYOVTEG avadIaudPPWaNg TS XPWHATIivng TToU AMNAETIOPOUV [E TOV EVIOXUTY| EVOEXETAI
Va TPOTTOTTOIOUV TN Xpwiativn Kal va aAAGlouv v KaTaoTaATIKA diaudpewaon TS Kal va
BonBouv TaUTOXPOVA TNV Kivnan Tou OUPTIAGKOU TIpo¢ Tov uTokivnth (Blackwood and
Kadonaga, 1998).

O pnxaviopds autdg eival ouppards pe TTOAG @aivoueva TToU XapaKTNPICouv TN
dpaan Twv EVIOXUTWY, OTTIWG TV IKAvOTNTa TS dPAcNS TOUG OTTd OTTAaTACT KAl avegdptnta
amé Tov Tpooavatolioud Toug o€ oxéon pe Tov utokivnTh, KaBwg kai T dpdon Twv
OTOIXEiWV Opiou OTNV TTOPEUTTOBION TNG ETTIKOIVWVIAS WETAED EVIOXUTWY KAl UTTOKIVATWY Kal
TNV IKAVOTNTA EVICXUTWY VO EVEPYOTTOIOUV UTTOKIVATEG in trans. Ta Wikpd Bripara We Ta omoia
T0 OUUTTAOKO TOU EVIOXUTH HETOKIVEITQI TTPOG TOV UToKIivAth Ba  pmopoucav va
TTOPEUTTOdICOVTAl OTIO TIG VOUKAEOTTPWTEIVIKEG QOMEG TTOU aXnuaridovial améd Ta OToIxEia
opiou, aAa Ba ptropoloav va TpaypaToTrolouvTal o€ yeItovika TuARuara DNA, apkei autd va
Bpiokovtav atnv Kat@AAnAn améaTaon petacu Toug (Blackwood and Kadonaga, 1998).

Mia evaAakTiKi Bewpia n otroia TPOTEIVEI £va INXavIOUO TTOU UTTOPET va EEnYNOEl HE
dla@opeTikd TPOTIO TN 6pACT TWV ATTOUOKPUCHEVWY PUBUICTIKWY OTOIXEIWV £XOUV TTPOTEIVEI N
Bulger and Groudine. 20pgwva pe auth, n Opdon Twv EVIOXUTWV PTTOPEI va guvioTatal OTn
METAOOOT CUYKEKPIUEVWY VOUKAEOTTPWTEIVIKWY dOPWY HETOEU ATTOPAKPUCHEVWY PUBUICTIKWY
meploxwv (Bulger and Groudine, 1999). H Bewpia autr mpoteivel YAAIOTA GUYKEKPIUEVEG
TpwTEiveG TToU Ba PTTOPOUCAV VA EVEXOVTAI OTN HETABOCT AUTH KAl VA CUMHETEXOUV OTIC
Oopég ekeiveg TTou gival uTTEUBUVEC yia TNV EmIKOIVWVia PETAEU puBuioTIKwv TrepioXwy. Ol
mpwrteiveg autég ival n Chip ¢ dpoad@iag kai opdAoyd TG oTa oTTOVOUAWTA, TTPWTEIVEG
TTou €Xouv Tn duvatdtnTa WeyaAou apiBuoU TTPWTEIVIKWY OAANAETTIOPACEWY Kal EVEXOVTAI OTN
puUBuIon peyGhou apiBuol yovidiwv. e 611 agopd v idia v Chip pdhioTa, auth

OMNAETIOPA VEVETIKA e €VBETEIC TOU OTOIKEIOU Opiou gypsy METALU TOU EVIOXUTH Kal TOU
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UTTOKIVNTA TTOU PUBUICEl GTOV YEVETIKO TOTTO cut TNG OpoaOQPIAAG. ZUpPwva We auTh Tn Bewpia
AoITTOV, n WETAdOON TNG VOUKAEOTTPWTEIVIKAG OOPAG ATTO TOV EVIOXUTA OTOV UTTOKIVATA TTOU
yiveral péow Tpwreivwv 6mwe n Chip — n omoia diadikaagia utopei va €xel kal oav TEAIKO
QTOTEAEOUA TNV QUOIKA €TTAPN METALU evioxuTh) Kal utrokivnt péow looping (Bulger and
Groudine, 2002) (Eikéva 2)- mapeutodiletal amd éva aToIKEIO Opiou PE ToV idI0 TPOTIO TTOU
autd pmopei va Tapeptodilel v eCamAwaon TG avevepyng (silenced) xpwyarivng otnv

TIEPIOXT| TNV OTTOi OPIOBETEI.
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H Tapouca epyacia amoteAei pEPOG piag TPOOTABEIAg KATavonang Twv UNXaviouwy
EKEIVWV TTOU EAEYXOUV TN WETAYPOAQIKR €veEPyoTToinan Tou yovidiou Tou avBpwtivou HNF4q,
€vO¢ yovidiou onupavtikoUu TOOO yia TV avamtuén 600 Kal yia T dlathpnon Tou
d10QOPOTIOINUEVOU GAIVOTUTIOU TWV I0TWV OTOUG OTTOIoUG EKpAdleTal. H epyaaia Exel xwploTei
o€ 000 WépN, Bepartikd dIaKpITA, €K Twv OTTOIWV TO BEUTEPO UTTOPET Va 1I0WOET Tav OUVEXEID TOU
TpwTou. Mo cuykekpIpéva:

1. 270 TTPWTO KEQAAQIO TTEPIYPAQETAI N KAWVOTTOINGTN Kol av@Auan evog JeyaAou THAUATOS TNG
5 Tmeploxng Tou yovidiou Tou avBpwmivou HNF4a. H avdluon auti otéxeue otnv
TAUTOTTOINGN TWV KUPIWV PUBUICTIKWY TUNUATWY AUTAG TNG TTEPIOXAGC, OTOV KABOPIOWO Tng
EAAXIOTNG TTEPIOXNS ME WETAYPAPIKA evepydTnTa o€ nmmaTiké KOTTAPA, OTOV KABOPIOUO Twv
KOpIwv BEoewv TPOOdEONC PETAYPAPIKWY TTapayOVTWY OTOV TIPOCdIOPICONEVO UTTOKIVATA,
OTNV TAUTOTIOINGN TWwV KUPIWV TTOPAYOVTIWY TTIOU TTPOCdEvovTal OTIC BECEIC AUTEC Kal OTN
MEAETN TNG ETTIOPACNG TOUG GTNV EVEPYOTNTA TOU UTTOKIVATH.

2. To deUTepO KEQAAQIO TTPOXWPA OTN PEAETN TOU UNXAVIGUOU WE TOV OTTOI0 £VAG EVIOYUTAG TOU
yovidiou 6,5 kb 5’ Tou onpeiou évapéng TG PETAYPAYPRG, O OTIOIOG CUMTTITITEI JE pia BEon
utrepeuaioBnaiag oe DNasel, aMnAemdpa pe Tov uttokIvnTA Tou yovidiou aTn SIGPKEIQ TNG
dladikaaiag NG apxIKNAG evepyoTroinong Tou yovidiou, KAtd T dIAQopOTIoinaTn EVIEPIKWY
Kuttdpwyv. To TuAPa autd Tng epyaciag otoxeue oTn PEAETN NG CEIPAg OTPaATOAGYNONG
TTOPAYOVTWY OTIC dUO PUBUICTIKEC TTEPIOXES TOU YOVIDIOU KAl TOU PNXAVIOHOU WE TOV OTI0IO0 TO
OUOCWHATWHA TTOU OXNUATICETAl GTOV EVIGXUTI) TOU YOVIDIOU ETTIKOIVWVET JE TOV UTTOKIVATA YIa
TNV €MITEUEN TNG TENIKAG ETAYPAQIKAG EvepyoTToinang Tou yovidiou. H epyaaia Aoimdv auth
€ixe W¢ OKOTIO TNG TN GUUTTAPWON TNG EIKOVAS TNG WETAYPAPIKAG PUBUIONG TOU GNUAVTIKOU
yovidiou Tou avBpwivou HNF4a, aAAa kai Tnv Tlavr| eCaywyr YeVIKOTEPWY CUUTIEPATUATWY
OXETIKA HE TOUG PNXAVIOWOUG WE TOUG OTTOioug emmTUyXAveTal PeTaypa@iky pubuion amé

améaTaon.
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KEQAAAIO 1

NPOAOIOz

O nmarikdg upnvikdg rapdyovtag 4a (HNF4a) sival évag UETaypagikog mapayoviag
0 0TI0i0¢ KQPACETal GTO (TP Kal €ival TTOAU onuavTikdg yia TV 10TO-EIDIKY EKQPATT EVOC
peyGhou apiBuou mpwreivwv (Sladek et al., 1990). Zupuetéxel 0¢ padi pe GMoug
HeTaypa@ikoUg TTapdyovteg o€ Eva TTOAUTTAOKO WETAYPAPIKG SiKTUO, OTO OTT0IO 01 JETAEU TOUG
aMnAemdpaoeic kal  aAnAopubuiceig diatnpolv Wia 100ppoTTia OTNV  EKQPACH  TwV
TTOPAYOVTWY AUTWY, TTOU €XEI OOV OTTOTEAETUA TNV I00PPOTTIA OTNV EKPPACT Twv YovIdiwv
OTOXWV TOUG TTOU €ival armapaitnta yia Ti¢ e¢e1dikeupéves Asitoupyieg Tou opydvou. O HNF4a
QaiveTal va eivalr amd Toug OnUAvTIKOTEPOUG Trapdyovteg o€ autd 1o dikTuo, KaBWS N
TTAPOUCia TOU OUCXETICETAI APECT HE TO DIAPOPOTIOINUEVO NTTATIKG GAIVOTUTIO — ATTWAEIA TS
ékppaang Tou HNF4a in vitro odnyei o€ amwAeia Tou TTARPwG dIagopoTroINuéVoU QaivoTUTiou
Kal €TavéKPPact Tou odnyei otV AvAKTNON Tou NTaTikou xapaktipa (Spath and Weiss,
1997, Spath and Weiss, 1998). O HNF4a, atnv kopu@r) Tou diktlou, pubuiler BeTikG Tnv
ékppaon Tou HNF1a, evdg GAou anuavtikou pubuioTh Tou NITaTIkoU QaIvoTutou. AuTo £xEl
OeixBei kal o€ meipapara mapodikng diaudAuvong (Miura and Tanaka, 1993), aMd kat in vivo,
KaBWS n €kPpacn Tou TEAEUTAIOU PEIWVETAI OPANATIKA OF TIOVTIKOUG OTOUG OTIOIOUG EXEl
amaAeipBei 0 HNF4a aTo Atrap (Traparnproeig Tou EpyaaTnpiou).

MNa v mARpen diaAelkavan Tou WG KaBiepwveral Kal guvtnpeital autd 1o dikTuo,
givalr amapaitntn n yvwon Tou T1pdTou puBuiong Tou idlou Tou yovidiou Tou HNF4a.
lMponyoupeveg peAéteg otov utokivnt Tou HNF4a Ttou tovTikou gixav Ogicel 6T UTTApXEl
aueidpopn puBuion TG ékppacng Tou HNF4a amd Tov HNF1a (Taraviras et al., 1994, Zhong
et al., 1994), e v TauTtotoinan €vo¢ piag Acitoupyikng Béong pocdeong yia HNF1 oty
TepIoxr Tou eyyUg utokivntr Tou HNF4a (Zhong et al., 1994). BéBaia, katd v euppuikn
avamru¢n, otn didpkela Tou dlagopotroinong Tou KolAiakou evdodépuarog, o HNF4a
evepyotolgital vwpitepa amd tov HNF1a, kaTi ou dgixvel 011 0 TeAeuTaiog JAANOV Bev EVEXETAI
oTnv apxIKr evepyotroinan tou pwrou (Cereghini et al., 1992, Duncan et al., 1994, Duncan,
2000). EmmAéov, o€ movTikoug aToug otroious 0 HNF1a eixe amaAeipbei, Ta emimeda Tou
HNF4a oto Amap Atav kavovikd (Pontoglio, 1996). Mo mpoc@ate peAéTeg g€ TTOVTIKOUG
oTou¢ otoioug eixav amoheipBei o GATAG 4 HNF1B £deitav 6T o1 Trapdyovteg autoi
puBpidouv éuueca n apeoa 1o yovidio Tou HNF4a, kaBwg n ékepaat| Tou ATav OUCIOCTIKA
undevikA kal ata dUo povtéha (Barbacci et al., 1999, Coffinier et al., 1999, Morrisey et al.,
1998). H guppetoxn d0o GAwv Trapaydviwv atnv puBuion Tou HNF4a eivar emriong mlavi,
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kaBwg o1 HNF6 kai CPF/FTF éxouv deixBei 611 TTpoadEvovTal Kal EVEPYOTTOIOUV TOV UTTOKIVATH
Tou yovidiou (Landry et al., 1997, Pare et al., 2001).

O oKomd¢ NG TAPAKATW Epyaaiag ATaV n AETITOPEPEDTEPN HEAETN TNG PETAYPAPIKIS
puBuiong Tou yovidiou Tou avBpwtivou HNF4a. Mpog 10 01OX0 AUTO KAWVOTIOIRBNKE KOl
XOPOKTNPIOTNKE N PUBUIOTIKY TIEPIOX) TOU avBpwtTivou yovidiou kai deixBnke OTI 0 €yyug
UTTOKIVNTAG ETTAPKED YIO TNV ETTAYWYA UWNAWY ETITTIEOWY PETAYPAQPNS O NTTATIKI KUTTAPIKY
oelpd. TautomoiBnkav BEaeIg TTPOTDEONG YIa TOUG peTaypa@ikoug Trapdayovteg HNF1a kai B,
Sp1, HNF6 kar GATAG kai xapaktnpioTnkav dUo eVAAANAKTIKOI Unxaviouoi yia Tov 1pdTro JE
TOV 0TT0i0 auToi oI TTapdyovteg puBuiouv v ékppacon Tou HNF4a. TautomoifBnke emiong
éva AeIToupyikG aTolxeio amokpiong o€ oppoves (hormone response element), 1o otoio dev
givalr guvtnpenuévo OTOV UTTOKIVATA TOU yovIdiou Tou TrovTikoU. To aToIxEio autd deixBnke oI
mpoodével Tov apayovia COUPTFII, yeyovog TTou kataaTéAAEN TRV EvEpYOTNTA TOU UTTOKIVATH.
H emidpaon peTivoikoU offwg o€ KOTTApa, 0w, odnyei otV TTPACBEDN ETEPODINEPWY TWV

mapayoviwv RXRa-RARa a1o aToixgio autéd kai o€ emaywyn Twv emmédwv Tou HNF4a.
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AMNOTEAEZMATA

1) KAwvotroinon Kai AEITOUPYIKA XOPTOYpPA®NoN TwV 5° pUBMIOTIKWY TTEPIOXWV TOU

avBpwivou HNF4a yovidiov.

Zav TPWTO BAUA yia Tn YEAETN TNG pUBMIoNS Tou avBpwivou HNF4a yovidiou capwenke pia
avBpwivn yevwpikh AEMBL4  BiBAI0BAKn e avixveuti éva  auivOTEAIKO THAMA  TOU
avBpwmivou cDNA tou HNF4a, 10 omoio mepIAauBave tnv 5 un petagpalduevn mepioxr (5’
UTR) kai v Tepioxr A/B Tou yovidiou. Ad T adpwan tng BIBAI0BRAKNG TTpoékuyav 4 BeTIKoi
KAWvOI o1 otroiol avaAubnkav pe xaptoypdenon pe Eviupa TepIopIooU Kal avaAuan kard
Southern, o1 omoie¢ amokGAuyav 6T évag amé Toug KAWVOUG TTEPIEIXE MEPOG TOU TTPWTOU
e¢oviou kal Tepitou 12,1 kb g Tepioxng 5 amd 10 onueio Evapgng TG WeTaypagng. H
ouaTNEaTIKA XapToypaenan Tou kKAwvou pe €vCuUa TIEPIOPIOUOU, O TTPOCDIOPICHOS NG
aMnhouyiag TunudTwy Tou KAWVOU Kal n oUyKPIOT TG We Tnv aAAnAouyia Tou avBpwrivou
xpwpoowparog 20 (6mou evromiletal 1o HNF4a yovidio), n otoia €ixe Tpokuyel améd Tnv
aMnhouyion Tou avBpwtivou yovidiwuatog (apiBudg mpdopaong Gen-Bank NT_011382),
empepaiwaoe 0TI 0 KAWVOG TTOU €ixe aTTOUOVWOE TTEPIEiXE Un avadiaTaypévn TNV S puBuICTIKA
mepioxr) Tou HNF4a.

Zav €mopevo PBAMA TG avaAuong TrpoadiopioTnke n Béon évaping g METaYPAQRS TOU
yovidiou. AuTO EyIve e DOKIUI ETTIUAKUVONG PE EKKIVATA (primer extension analysis) ue éva oTo
GKkpo Tou padievepyd anUacPéVo ekKIVATA PAKOUS 26 VOUKAEOTIDiWY, 0 0TT0iog UBpIdoTToiEi 73
voukAeoTidla 3 amd 10 Tpwto KwdIKOVIO ATG Tou Yyovidiou. XpnolgoTrolwvTag oav
umréoTpwpa poly(A) RNA amouovwuévo amé kuttapa HepG2, pia avBpwrrivn nTmaTIkn
KUTTAPIKF O€Ipd Ta KOTTApA TNG omoiag ekppalouv HNF4a , avixveluBnke pe autd Tov TpoTO
oav KUplo Tpoidv NG avtidpaong pia dwvn ueyéBoug 188 voukAcomidiwy, amotéAeoua 10
otroio 6étel T BEan évapéng Tng petaypa@rg 89 voukAeoTidia 5’ amé 1o TTPWTo Kwdikdvio ATG
(Drewes et al., 1996) (Eik6va 1).
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HepG2
A C G T mRNA

& <« 188 nt

= ATG.....ATG.......
+1 <

Probe

89 nt

188 nt

Eikéva 1. Acitoupyiki xaptoypaenon Twv 5’ Asitoupyikwv mepioxwv Tou avépwirivou HNF4a. KaBopioudg
¢ Béong Evapéng T peTaypagrs We dokiur emuikuvang e ekkivnt ae poly(A) RNA amé kitrapa HepG2. To
BEhog oupPOAiCEl TO OAIyOVOUKAEOTIBIO TTOU XPNOIUOTIOINBNKE Yia TV VTIGTPOPN UETAYPAPR Kal TV avTidpaan
ahnAoUyiong Tou DNA. To utroypaupiopévo kwdikdvio ATG avTirpocwTeUel T0 anyeio Evaping Tng petdepaons

ou éxel Tpotabei (Drewes et al., 1996).

Karomv, yia tov kaBopioud, oto emimedo ¢ arnlouyiag twv 12,1 kb, Tepioxwv Tou
aMnAemdpolv pe Tpwreiveg o1 omoieg mpoodévovial ae DNA, éyive avaluon Béocwv
utrepeuaioBnaiag oto év{ugo DNasel (Dnasel-hypersensitive site analysis). Me Tov avixveutry
1 (probe 1) kaBopiaTnkav dUO KUPIES TTEPIOXEC UTTEPEUQIOBNTiag, pia Trepitrou =300 bp amd 1o
onpeio évapéng TG HETAYPOQPNS KAl Wia GTNV IVIPOVIKY TTEPIOXN METAEU Twv £¢oviwv 1b kal 2,
Tepitou 1,6 kb 3" amd 1o onpeio évapgng Tng petaypagns (Eikéva 2). O aviyveutig 2 (probe 2)
amekGAUWE TPEIG KUPIES TTIEPIOKES UTTEPEUaIOBNaiag, TrepiTou —6,6, -8,0 kal —8,8 kb amo 10
onpeio évapgng g petaypagns (Eikéva 2).

AkohoUBnoe pia pooTaBeia TauToToinong TNG EAAxIOTNG pubuIoTIKAS TTeploxns Tou HNF4a,
dnAadn Tou kabBopiopou TG eAAxIOTNS aAnAouyiag TTou TTPoadidel IOTOEIBIKS HETAYPAPIKA
evepydtnTa o€ yovidio paptupa. MNa autd 10 okoTTO KAWvOTTOINBNKE N TrEpIoxr| MeyEBoug 12,1
kb TOoU UTTOKIVATA PTTPOCTA ATTO TO YOVidIO PAPTUPA TNG AOUCIPEPATNS KAl 5’-eAAEiWeIC auTAG
NG KATAOKEUNG XpnoldomoiBnkav oe meipduata mapodikig diaudAuvang aTnv KUTTOPIKA

oelpd HepG2. Omrwg @aivetal atnv Eikdva 3, 5-eMeipeig péxpr 1o anueio —0,56 kb g
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HindIIl/Probe 1 Kpnl/Probe 2
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kB 23 -12.1 ff f -4.6 4.1 f +1 f +11 kB
88 kb 6.6 kb -0.3 kb +1.6 kb
-8.0 kb e
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Eikéva 2. Asitoupyiki xaptoypdenon Twv 5’ Asitoupyikwv mepioxwv Tou avBpwirivou HNF4a. AvaAuon
Béaewv umepeuaiodnaiag o DNasel. Mupriveg HepG2 emwacotnkav e 0, 5, 10, 15, 17, kan 20 U DNasel, kai 10
yevwpiké DNA tou amopovwlnke utméatn méwn e Hindlll (apiotepd) R Kpnl (de§d). MNa ™ padiochuavon Tou
DNA xpnaigotroinfnkav o1 avixveutég probel kai probe2. H oxnuatikh TapdoTtacn Tng TePIOXAS EVIOTICEN TIg
KUpieg Béoeig uTrepeuaiabnaiag ae axéan We We T Béan Evapéng e petaypagng (HeyaAa BEAN). Ta pikpa BEAN

evromicouv deutepelouaeg BEeig utrepeuaiobnaiag -2,1, -2,7, kai -5,6 kb amd 1o onpeio Evapgng NG HETAYPARHC.

TIEPIOXNG €ixav eAAXIOTO aATTOTEAECUATA OTn MHETAYPOAQIKY EVEQYOTNTA TNG KATAOKEUNS (Ta
HIKPOTEPA TTAPAYWYA ixav TTEPITTOU TNV idI1a EvePyOTNTA WE TNV KATAOKEUR OTTOU OAOKANPN N
PUBMIOTIKA TTEPIOXT VO EAEyXEl TN peTaypaQr TG Aouaipepdong). Kabwg peyaluTtepeg
EMEIYeIC BeV gixav PETAYPAPIKT EVEQYOTNTA KaI KABWG OAEC O KATAOKEUES ATAV PETAYPAPIKA
QVEVEPYEC OTNV KUTTOPIKA 0€1pd Hela, n otoia dev gival nTrariki Kai dev TpogpxeTal amo 1076
o otoiog ek@pdalel HNF4a, kataAfgape aTo ouptépaca 011 n proximal TTepIoxr Tou UTTOKIVATA
Tou HNF4a yovidiou TepiExel OAa ta onuavTikd pubuIOTIKA OTOIXEi TTOU aTTaiTouvTal yid

uwnAa etmiteda NTTATOEIBIKAG YETAYPAPAG O€ TTEIpApaTa TapwdIKAG dIaPoAuvang.
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Eikéva 3. Asitoupyikfy xoproypdgnon Twv 5 AfiToupylkwv TeploXwv Tou avBpwivou HNF4a. H
peTaypa@Ikr evepydmTa Twv 5 eMeiywewv e pubuioTikAg Tepioxns Tou HNF4a e kuttapa HepG2. Or paBdol
QVTITIPOCWTTEUOUV TNV evepydTnTa AOUTIPEPATNS TTOPODIKG BIOUOAUCUEVWY KATOOKEUWY TTOU TTEPIEIXAV TNV
meploxh amo -12,1 kb péxpr +67 bp Tou yovidiou Tou HNF4a fi Tapaywya authg e eMeipelg The 5 meploxig (Tou
umrodeikvuovtal amd 1 Béon Tou 5 voukAeoTidiou) — oI TIUEG TNG EvepyOTNTOG TNG AouciPepdong eival

KOVOVIKOTTOINWEVEG O TNV EVEPYOTNTA TNG B-yahakToa1ddong aav EawTepIkd Treipapa eAEyxou.

2) Metaypa@ikoi Troapdyovieg Tou TPoodEvovTal OTnV proximal TepIoXn Tou

UTTOKIVNTH.

MNa tov eviomopd Twv Béocwv TPAOBECNC TWV UETAYPAPIKWY TTOPAYOVTIWY ToU Eival
uTTEUBUVOI yia TNV UYnAR PeTaypa@ikh evepyotnTa NG EAAXIOTNG PUBUIOTIKAG TTEPIOXAS TTOU
TautoTroIRBnke TTapamdvw, xpnaoipotoinenke avaiuon in vitro DNasel footprinting (avdAuon
OTTOTUTTWHATWY pETAYPAQPIKWY TTapaydviwyv Tavw oe Tufua DNA pe T PonBeia DNasel).
Mévte KUpleg TePIOXEC TpooTareupéveg amd tnv memmik dpdon Ttou evlupou DNasel
TAUTOTTOIRBNKAV PE AUTOV TOV TPOTTO WETA ATTO ETTWACT) TWV POBIOCNHACUEVWY AVIXVEUTWVY HE
TupnVIKA ekxuAiouata kuttdpwv HepG2. H mpwrtn mpoaTareupévn TepIoXr (T0 TTPWTO
amotUTwpa-footprint 1), ekteivetal amod  6éon =97 péxpr —117 bp, 10 amorimwya 2 amd 1
Béon —135 péxpr -164 bp, 10 amotumwpa 3 amd T 6éon -256 péxpr -304 kai Ta
amotuttwpara 4 kai 5 amd 1 B€on =377 uéxpl —442 bp (Eikova 4, A péxpi IN). H avaiuon twv
OMnAouUXIWY TWV TIPOCTOTEUPEVWY TTEPIOXWY ATIEKAAUWE OTI Ta amotutwyara 1, 4 kar 5
TIEPIEXOUV KAVOVIKEG BECEIC TTPOGDEONG YIa TOUG nTraro-eutrAouTiopévoug (liver-enriched)

peraypagikoug mapdyovreg HNF1a kai -B, HNF6 kar GATAG avtigToixa kai 611 o1 BEoeig
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TPOCdEONG  QUTEG  ATAV

TAUTOONMES  JE

TIC avTioToixe¢ Béoeic Tpocdeong  aTOV

A. Extract B. Extract I, Extract
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Eikéva 4. Tautomoinon 6éocwv TPOOdEONG HETAYPAPIKWY TTAPAYOVIWV OTHV TEPIOXA TOU €yyUg
utrokivnTi) Tou yovidiou Tou avBpwirivou HNF4a. H avéAuon in vitro DNasel footprinting mpaypartomoii@nke
ME 5’-aKpOONUACPEVOUS QVIXVEUTEG TIOU TTEPIEXAV TIG TTEPIOXEG amrd nt -45 uéxpl nt -450 (A), amé nt -503 péxpr nt
+67 (B), kai amd nt -194 péxpr nt -595 () Tou umokivnt Tou avBpwmivou HNF4a kai TI¢ UTTOBEIKVUOUEVES
moodtnTeg amd Tupnvikd ekxuliopata kuttdpwv HepG2. G/A, xnuikf aMnholxion kard Maxam-Gilbert Twv

QVTIOTOIXWY QVIXVEUTWV.

UTTOKIVNTA Tou TTovTIKOU (Eikdva 5). Eival evdiagépov 6Ti n Tepioxr n omoia mepidapBdver Ta
VOUKAE0TIOIO —165 péxpl =176 dev eival TTpoaTaTeupévn, TapOTI WOIALEl e TV Kavovikh BEan
TPOGOEGNG YIA TOV NTTOTO-EUTTAOUTIONEVO pETAypa@ikd tapayovia HNF3. H oUykpion twv
aMnlouxiwv Twy TIEPIOXWY Twv €yyug umokivnTwy Tou HNF4a Tou TrovtikoU kai Tou
avBpwtrou (bp -453 péxpr +1, apiBuoi mpooPaong GenBank S77762 kai NT_011382) pe 10
mpoypauua ToAAaTARG oToixiong aMnlouxiwv Clustal W-1.5 amek@Auwe 611 n OUVOAIKA
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TauTion Twv aAnAouxiwv Arav 68% pe €& keva oTnv oToiXIoN, v OI aAAnAouyieg Twv
TIPOCTATEUPEVWV TTEPIOXWV ATAV TAUTOONMES KATA 72%. H TAUTION £VTOE TWV TTIPOCTATEUPEVWV
TIEPIOXWVY TWV BACIKWY HOTIBWY TTPOGOETNS TWV LETAYPAPIKWY TTAPAYOVTWY, TTOU QaivovTal

otnv Eikéva 5 firav 85%.

FP-4 FP-3 FP-2 FP-1
. I— I .
442 377 304 256 -164  -135 -119-97
COUP-TF
GATA-6 HNF-6 RXRao/RARq HNF-1o0.
\ HNF-4 @ne3)  Spl HNF-18
[ 7 8
-12kb \ |\
_43?1‘TATCTC- human -295 283 -118 -107
TTATCTC mouse — >

ATTAACCATTAA human

SRk GAGTCAAGGGTCA human ATTAACCATTAA mouse
AGGCAAGGGGTCC mouse ok e ks ok ok o o ok kK

* * kkkdk
_154 T -139

GCAGCCCCGCCCAGCC human

-411 -400 GTGGCTCCACCCAGCC mouse
GAAGTCAATGAT human % %k Rk kERkkAE

GAAGTCAATGAT mouse
R R R R

-176 -165
ACCAACAAACAG human
ACCAACAAACAG mouse
s 3k ok ok skookoskokosk sk ok ok

Eikova 5. Tautomoinon Béoewv mPOGdEGNG HETAYPAPIKWY TAPAYOVIWV OTNV TEPIOX Tou €yyUg
utrokivnTi Tou yovidiou Tou avBpwirivou HNF4a. ZxnuaTikh ameikévion Twy TTPOCTATEUUEVWY TTEPIOKWV Kal

poTiBwv TToU TTEPIEXOUV [E TIG QVTIOTOIXEG TIEPIOXES aTOV UTTOKIVNTA Tou HNF4a Tou TrovTikou.

H aAAnAouyia Tou aTTOTUTIWUAOTOG 2, TO OTTOI0 TIEPIEXE! Wia Kavovikh Béon TTpOadETNS TOU
ueTaypa@ikoU Tapdyovra Sp1, dev ival guvinpnuévn oTnv avTioTolxn TTEPIOXT| TOU UTTOKIVATH
ToU TTOVTIKOU. To amotUTwua 3 TepIéxel Wia aMnAouyia Tutrou DR1 (direct repeat 1), n omoia
givar pia ev duvapel Béon PAGdETNG YIa PEAN TNG OIKOYEVEIAS TWV TTUPNVIKWY UTTOQOXEWV
oppovwy. Kar auth n aMnlouyia givar SIaQOpETIKA GTNV avTiOTOIXN TIEPIOXN TOU UTTOKIVATA
Tou HNF4a tou TrovTiKoU. AUTEG 01 d1apopég avadelkvuouy T TBavaTnTa UTraping d1apopwv
METAEU Twv OUO €1dWV 0€ OTI APOPA OTN CUUUETOXN BIOQOPETIKWY TTAPAYOVTWY OTNV pUBuIoN
Tou yovidiou Tou HNF4a.

Na v empPePaiwon TNG TAUTOTNTOC TWV WETAYPAPIKWY TTAPAYOVTWY TTOU TTPOadEvovTal OTIG
TTOPATIAVW TTPOCTATEUPEVEG TTEPIOXEG, Eyivav Treipduata EMSA (electorphoretic mobility shift
assay-Teipapa PeTaBoArg kivntikétnTag Tou DNA Adyw aAAnAETTiIdpacnC Tou [e TTPWTEIVEC), HE
TaPAAANAN xPAON avTICWUATWY KATA CUYKEKPINEVWV PETAYPAPIKWY TTapaydviwy (antibody-

mediated supershift assays).
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Probe: FP
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Eikéva 6. Tautotroinon Twv KUPIWV HETAYPAPIKWY TTAPAYOVTWY ToU AAANAETIBPOUV PE TNV TEPIOXT TOU
gyy0¢ utrokivnTAi Tou yovidiou Tou avBpwirivou HNF4a. MpayuaromoifBnkav meipdpara EMSA pe nmatikd
TupNVIKA  ekxUAiopaTta apoupaiou kal onuoopéva dikAwva OMYyoVOUKAEOTIOIO TToU avTigTolYoUugav GOTIG
UTTOOEIKVUOUEVEG TTPOCTATEUMEVEG TTEPIOXES. OI eMWACEIS e T AVTICWHATA Kal 01 QvTIOPATEIS TTPAadEaNC
TTpayparoToIfenkav oe TAyo €KTO¢ TIC eMwdoelg Ye Ta avriowpata anti-RXRa kai anti-HNF4a, o omoieg
TpayuarotoIRenkav o€ Bepuokpaaia dwuatiou.

Onw¢ oaivetal otnv Eikéva 6, 1a dikhwva, padioonuacpéva oAyovoukAeoTidia TTou
avTigToixoUv ata amotutwyata 1, 2, 4 kai 5 (FP-1, -2, -4, kai -5) dnuioupyolv GUUTIAOKO g
TPWTEIVES Ta OTTOIa €iTe gagaviovTal, £ite PETABAANETAI N KIVATIKOTNTA TOUG TTEPAITEPW META
a6 aMnAeTTidpaon pe avriowpara yia toug petaypagikoug rapdyovreg HNF1, Sp1, HNF6
kai GATAG avrioToia. H KivnTIKOTNTO Twv GUUTIAOKWY TIOU OXNUOTIOTNKOV TTAVW OTO
oAyovoukAeotidlo FP-3 (mou avtigToixei oto amotUmwua 3) uetafAndnke Uotepa aTmo

emwaon pe avriowpara yia toug mapayovieg COUPTF, RXRa kar HNF4a, kari mou deixvel o1
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autd 10 amotUTwua TepiExel v duvdapel éva HRE (hormone response element-gToiyeio
amoKpIonNG o€ opuoveg). Ta va eleyxBei n duvatdtnra mpdodeonc kar GAMwv yvwoTwv
TTUPNVIKWY UTTOd0XEWV OPUOVWV LE auTo TO aToIxEio éyivav Teipdpata EMSA pe ekxuhiopara
amo kotTapa Cos-1 mou umrepegEppadav toug mapdyovreg RXRa-RARa, PPARa, VDR, LXRaq,
T3RB, CPF/FTF, COUPTFII ka1 HNF4a. Movo o mapayoviag COUPTFII €deixve anuavtikg
mpoodeon oto aToixeio, evw ol Tapdyovie¢ RXRa-RARa kar HNF4a mpoodévovrav e

HIKPOTEPN AAANG onuavTiKi ouvageia (Eikéva 7).

RXRa/RARa
RXRa/PPARa

S «a
m py
s % & 2
Protein > = = n
Extract: é § § é
= EE S
@)

T3Rp
CPF/FTF
ERa

e o B G D E—

Eikéva 7. Tautotroinon Twv KUpIwV HETAYPAPIKWY TTAPAYOVTWY TTou aAANAEmIBPOUV PE TNV TEPIOXT TOU
gyy0¢ utrokivnti Tou yovidiou Tou avBpwmivou HNF4a. Mpayparorroif@nkav meipdpara EMSA pe
ekXUAiopara amd kOTTOpa Cos-1 SlapoAuCpéva PE TOUG UTTOBEIKVUOUEVOUG (QOPEIS EKPPAONG KAl

onpacuévo aviyveutn FP-3.
3) AsiToupyikn avaAuon Tng TEPIOXAG TOUG £YYUS UTTOKIVATH

2¢ pia mpoomdbeia va emBefaiwbei N AEITOUPYIKY ONnpaACia Twv TTAPOTIAVW OTOIXEIWVY
TPOCOEONG KAl TV AVTIOTOIXWY TTOPAYOVTWY OTNV AEITOUpYia TOU UTTOKIVATH, £YIVE EI0AYWYA
ueTaMaywv  OTIC OANAOUXiEC TWwWV TTIPOCTOTEUPEVWY TTEPIOXWY, Ol OTOiEC HETAAAQYES

KOTApyoUV TNV TTPOCOEDT TWV QVTIOTOIXWY PETAYPAQIKWY TTAPAYOVTWY OTA OUVAQPK GTOIXEIC.
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O1 yeTaAaypéveS KATAOKEUES XpnoldoTroinBnkav o€ Teipaupara TapodikAg diaudAuvang o€
HepG2 kUtTapa, 6mou @Aavnke 0TI o1 PeTalayEG OTIC BEOEIC TTPOODEONS TwV TTAPAYOVTWY
HNF1 (amotumwya 1), Sp1 (amotUmwpa 2) kar HNF6 (amotumwya 4) peiwoav v evepydtnra
Tou utrokivntA a1o 17, 70 ka1 10% avrigToixa TG EVEPYOTNTAG TOU UTTOKIVNTH Qypiou TUTTOU
(Eixova 8).

Fold activation

- N
Promoter  wt mFP1 wt  mFP3 wt mFP5 wt mFP4 ° E
o o E
3 3 = & e ¢ ¢ 9
. | | i e .
Expression B = a 2, ﬁ I ﬁ 1 E 1 E
vector Z Z 1S 1S I < < == =
= = © 0o 3 O ¥ ¥

Eikéva 8. Agitoupyiki) avaAuon Twv cis aToixgiwv Tou utrokivnTi Tou avBpwirivou HNF4a. Kutrapa HepG2
dlapohivBnkav Tapodikd e kataokeun ou TepIAapBavel Ty mepioxn nt -560 uéxpr nt +67 Tou utToKIvnTA TOU
HNF4a kai 1o yovidio Tng Aouaigepdong (wt) kai TTapaywya Trou €epav PETAAAYEG OTIG UTTODEIKVUOUEVEG
mepioxég (mFP1, mFP3, mFP5, mFP4 ka1 mFP2). Omou anpeiwveral, Ta KOTTapa guvoiapoAlvenkav pe 500 ng

TWwv avTiaToIXwv Qopéwv EKPPAOT.

Ze avtibeon, n peraAayr tou HRE odrynoe og oxedov dITTAACIOONO NG EVEPYOTNTAG TOU
uTrokivnT, evw n petarayr g Béong mpdodeong tou GATAG (amotUTwua 5) €ixe povo
eNayioTa amoteAéopata atnv evepydtnta. AvrioToixa, n umepékgpaon Twv HNF1a, HNF6 R
GATAG auénoe Ta emimeda PeTaypagng amd tov utokivnT aypiou T0TTOU KOTA 2,9, 2,6 KOl 2,4
@opég avtiaToixa (Eikéva 8), evw n utrepékppaon tou COUPTFII peiwae v evepydtnta Tou
uTToKIvnTr 010 38% TTEPITTOU Twv EMITEdWV TOU Aypiou TUTTOU. Kavévag amé Toug TTapaTavw
TTOPAYOVTEG OEV €TTNPEACE TNV EVEPYOTNTA TWV QVTIOTOIXWY METAANAYPEVWY KATAOKEUWV
(Eikdéva 8). Ta mapam@vw amoteAégpata TPoTeivouy éva poviéAo oUP@wva E TO OTI0IO Ol
mrapayovteg HNF1a, Sp1 kar HNF6 ptropei va dpouv w¢ amapaitntol BeTIKoi puBUIOTES yia TN
uetaypagr o€ uynAd emrimeda Tou yovidiou Tou HNF4a ota kUtTapa HepG2, eviw o COUPTFII,

HEow TnNS TTPGodeaT|C Tou aTo HRE, pmmopei va puBpidel Tov utrokivnTA apvntikd. Ze 4TI agopd

40



KEQAAAIO 1

Tov GATAG, TTapOTI PTTOpEi va EvepyoTTolEi Tov uTToKIvnTH, @aiveral 6T n dpaaon Tou dev €ival
QTTapPaiTTN Yia TNV EvepydTNTa TOU UTTOKIVATH, KOBWG N petaAAayr TnG BEaong Tpoadeang Tou
Trapayovrta dev PETEROAAE Ta eTTiTTESA PETAYPAPAG TOU yovidiou pdpTupa.

Ta kOtTapa HepG2 Trepi€xouv vdoyevig uwnAd eTTiTeda ammd Toug TTApATTAvW UETAYPAPIKOUG
TOPAYOVTEG, TO OTI0I0 KaBIOTA dUOKOAN TOGO TN CUYKPICT TWV DUVAMIKWY EVEPYOTTOINGNS
TOUg, 600 Kai v digpelvnan yia TOAvEG CUVEPYATIKEG OPACEIS OTOV UTIOKIVNTY HETALU
Ceuywv autwv Twv Trapayoviwy. MNa va &emepaatei autd 10 TPOPAnpa Eyivav Treipduara
ouvdlagdluvong oe kuttapa Hela, 1a omoia dev  ekPPACOUV  EVOOYEVWS  NTTATO-
euTTAOUTIOUEVOUG pETaypa@IkoUg Trapdyovtes. Maparnprenke Aoimév oe autd Ta meipdyara
om n utmepékppaon Twv HNF1a, HNF6 kai GATAG evioyuoe onuavtikd (kara 73, 70 kal 62
QOPEG, VTIOTOIKA) Ta ETTITIEDA EVEPYOTNTAG TOU —C€ AUTA T KUTTAPA OTTO WOVO TOU OUCIACTIKA
avevepyou- utokivth (Eikéva 9A). H evepyotroinon amé tou¢ HNF1B, HNF3a kai HNF4a
Atav Aiyotepo €vrovn (4, 6 kai 19 @opég, avrtioToixa), evw n utepékepaan tou COUPTFII,
OTwG ATav avapevopevo, dev evepyottoinae Tov utrokiviTh (Eikéva 9A).

Omwg eival avepd ae autd 1o anpeio, TTOMoI peTaypa@ikoi TTapdyovteg Exouv Tn duvardtnTa
va evepyotroijoouv Tov utrokivnth Tou HNF4a. Mia epwrnon tou yevvdralr amé autd 1o
yeyovog eival €dv, OTWG ouppaivel OTIC TIEPIOTOTEPES TTOMUTIAOKEC PUBUIOTIKEG TTEPIOXEC
yovidiwy, givar amapaitntn n Tautdéxpovn dpaon TEPICOOTEPWY TOU EVOG TTAPAYOVTWY YId TN
ueraypagry o€ uynAa emimeda Tou yovidiou Tou HNF4a. Autq n mBavétnra egetdoTnke o¢
TeEIpapara  ouvdlauoAluvong Tapaydviwy Ta OToid aTrogkotTroucav OTn dlEpEUVNON TG
duvaToTNTAG CUVEPYATIKAG EvEpyoTTOinaNG amd autoug Tou utrokivnTr. OTw¢ gaiverar otnv
Eikéva 9B, n ouvékppaon twv HNF1B kai GATAG 0drjynoe ot emimeda ékppaong Tou
yovidiou pdapTupa oAU peyalutepa amd 1o ABpoIoua Twv ETTITTEdWY TTOU TTPOKOAOUCE O KOBE
Trapayovtag xwploTd (390 opég, ae aUykpIon We 4 Kal 62 gopég, avtiaTolxa). H ouvékppaon
Twv GAwv Tapayoviwy e Tov HNF1B dev 0dAiynoe o€ ouvepyartikr| evepyotroinan. AvTibera,
n ouvékepaon Tou HNF4a mpokaAeoe 1 peiwon g ouvepyatikig dpdong Twv HNF1B kai
GATAG, kaBwg kai n ouvékppaon Tou COUPTFII, n omoia, émwg fAtav avapevouevo odrynoe

o€ KaraoToAq TNG HeTaypa@ng (Eikova 9B).
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Eikéva 9. AvdAuon Tng ouvepyatikng dpAaong HETOYPAPIKWY TOPAYOVIWY OTOV UTTOKIVNTA TOU
avBpwmivou HNF4a. (A) Kittapa Hela guvdiapoAlvbnkav pe 2 pg Tng kaTaokeung Trou TrepihauPaver tnv
mepIoxn nt -560 péxpi nt +67 Tou utrokivnTr Tou HNF4a kai 1o yovidio-pdptupa g Aouaiepaong kai 250 ng Twv
uTtodeIkvUOEVWVY Popéwy Ekppaang. (B kai M) Ta kOTTapa ouvAiauoAUVOnKav e Toug UTTOBEIKVUBUEVOUS POPEIC

ékppaong padi e 250 ng Twv gopéwv Ekppaacng yia HNF1B 4 HNF1a (+), avtioToixa.

O HNF1a, amd v aMn mAeupd, dev ummopouoe va dpdoel auvepyatikG ue tov GATAG,
utropouce dpwg pe Toug HNF6 kair HNF4a (475 @opéc oe alykpion e 73 kai 70 Qopég, Kal
417 @opéc ae auykpion pe 73 kai 19 gopég, avtiaToixa) (Eikdva 9I). H umepékppaan Kai Twv
TPIWV TTapaydvTwy dev 0dnyoloe o€ TEpAITEPW AUENON TNG PETAYPAPAS, EVW N UTIEPEKPPADT
Tou COUPTFII karéoTeile autég TIC OUVeEPYATIKEG evepyottoinoels (Eikdva 9r). Autd ta
amoteAéopara  avadelkvoouv TNV mBAvOTTA va  UTTAPXOUV  dIOQOPETIKOI  GUVOUACOI
HETOYPAPIKWY TTAPAYOVTWY TTOU VA £XOUV T duvaTdTNTA OXNUATIONOU EVEPYWY UETAYPAPIKWY

OUMTIAOKWV aToV uTToKIvTh Tou avBpwivou HNF4a.

4) ZTpaToAdynon pETAYPAPIKWY Trapaydviwy atov utrokivnTi Tou HNF4a yovidiou

o¢ HepG2 kotTapa.
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MNa v empBefaiwon Twv Tapamavw armoteAeopdrtwy, Ta omoia eixav TPOKOWel atmod
TIEIpApaTa utrepéKPpacng, o€ TEPIBAAoV evdoyevoug Xpwparivig in vivo, £yivav TreipdaTa
QVOOOKATAKPAKVIONG XPWHATIVAG, XPNOIMOTIOIWVTAG TNV AvBPWTTIVN NTIATIKF KUTTAPIK O€Ipd
HepG2, n omoia ekppdlel HNF4a oe uynAd emmiteda. AvTIOWUATA EVAVTIOV TWV TTAPAYOVTWY
HNF1a, HNF6, COUPTFIl kai Sp1 TmpokaAoucav Tnv €DK Kal  OTTOTEAECHATIKN
avoookatakpriuvion DNA Tou utokivt Tou HNF4a, yeyovog TTou amodeikvugl Tnv oTabepn

oMnAemidpaon autwv  Twv  TTapayéviwv in vivo pe Tov umokivty  (Eikéva  10).
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Eikéva 10. ZTpatoAdynon HETAYPUPIKWY TTAPAYOVTWY oToV £vBoyevi utrokivnTi) Tou avBpwrivou HNF4a.
H diahuh xpwparivn amd kutrapa HepG2 povigotroinuéva e gopuardelion uméatn avogokarakpAuvian (IP) pe
avTiowyata yia TI¢ utodeikvuopeveg Tpwreiveg. To DNA Twv avoookatakpnuvioewyv TOMOTTAACIACTNKE g
ekKIVNTEG yia Tov eyyUg umokivtr) Tou HNF4a 1 yia mv 3 UTR Ttou yovidiou tou avBpwmivou HFN4a.

AkoAoUBnaoe diaxwpIopos Twv TTPOIGVTWY O€ TIAKTWHA TTOAUaKPUAAidNg 5% Kai autopadioypagia.

AvTiBéTwg, Ta TrEIPAUATA AUTA OEv €QEIEAV GUOYETION ME TOV TEAEUTQIO TWV TTOPAYOVTWV
HNF1B, HNF4a, HNF3a kai GATAG, mapd 10 yeyovog 6ti, ekto¢ amd tov HNF1B, 6Aoi ol
utréAoiTrol ekppadovtal o€ uynAd emimeda ota KUTTOpa HepG2. Zav oupTépacia amo autd
Ta TeIpapara egayerar 611, TouAdyioTov ota KutTapa HepG2, n yetaypa@n tou yovidiou Tou
HNF4a pubuicetar Betika amd tn ouvduaopévn dpdon Twv HNF1a, HNF6 kai Sp1, evw

eMéyxetar amd v Tautéxpovn mapoucia tou COUPTFIIl, o omoio¢ dpa cav apvnTikog

PUBUIOTAC.
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5) To onNpATOdOTIKO HOVOTIATI TOU PETIVOIKOU 08E0g pubuilel BETIKA TV ék@paon

Tou avBpwivou yovidiou Tou HNF4a.

Onwg avagépbnke kal Tmapamavw, n aAnhouyia HRE Ttou amotumwyarog 3 pmopei va
mpoodEveral kal amd etepodipepy Twv Tapayoviwv RXRa-RARa. Ta mv etEraon g
AeIToupyIKAG anuaadiag authg TN aAANAETTiIdpacng eAEyXBnke n emidpaan NG UTTEPEKPPATTNS

RXRa-RARa atnv evepyotnta tou utrokivnTr) Tou HNF4a oe kUtTapa HepG2.
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Eikéva 11. Evepyomoinon eSaptwpevn amd mpoodét tou yovidiou Tou avBpwmivou HNF4a amé RXRo-
RARa o¢ kOtTapa HepG2. Kuttapa HepG2 kahhiepyriBnkav oe DMEM trou Trepieixe 10% eufpuikd Boeio opd
katepyaouévo e dextran-coated charcoal kai diapgoAUvOnkav pe 2 pg amod TIG UTTODEIKVUOHEVEG KOTOAOKEUEG-
péptupes kar 500 ng amd Toug UTTOdEIKVUOEVOUG Qopeic ékppaong. Mera tn SiaudAuvon Ta KUTTOPA

emwaoTtkav pe 1 uM 9-cis-peTivoikd ofl A Epeivav Xwpic ewaacn yia 36 Wpeg Péxp! T TUAAOYH TOUG.

H Eikéva 11 deixver 611 o1 RXRa-RARa pmmopoucav va augicouv v evepydtnta, Tapouaia
9cis-peTIvoikoU 0gEwg, T00 0AOKANPNS TNG PUBUIOTIKAG TTEPIOXAG 600 Kal Tou £yyUS UTTOKIVATA
(Twv kKaraokeuwv dnAadn mou TrepIAapBavouv aAnAouyieg Twv 5’ repioxwv Tou yovidiou 12,1
kb f} 560 bp amd 10 onueio Evapéng TG PETAYPAYPNS UTTPOCTA aTI6 TO YoVidlo PapTupa g
Aouaigepdaong, avriotoixa). MaparnpAdnke TOPOHOI EVEPYOTTOINGN KAl WE Wia XIMAIPIKA
kataokeun) ou TepIAapBavel £¢ avtiturta g aAAnhouyiag HRE Ttou yovidiou HNF4a

kKAwvoTToinuéva pmrpoatd amo Tov eAdyiaTo utrokivnt AdML. O COUPTFII dpa avraywviaTiké
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WG TTPOG aUTEC TIG evepyoTroINaElg, a€ OAeg TIC TepImTwaels (Eikéva 11). H petahAayr) Tou HRE
odnyouoe OtV ATTWAEIO TNG EvepyoTToinangG ammd TOUG TTAPAYoVTEG We Tnv €mmidpaan 9cis-
PETIVOIKOU OEEWCG.

O popIakOS Pnxaviopog miow amo v aviaywvioTikh dpaon petact COUPTFIl kai RXRo-
RARa Ba ptropouce va mepIAapBAvel aviaywvioud aTny TTPOCOE QUTWY TWV TTAPAYOVTWY
yia 10 HRE tou HNF40. ¢ pia mpoomdbeia emBefaiwong autig tng moavotntag
dlepeuviBnke n in vivo TTPOCBECN AUTWV TWV TTOPAYOVTWY GTOV UTTOKIVATA TOU avBpwITivou
HNF4a o¢ kOtTapa HepG2 pe i xwpic emidpaon petivoikoU otog. Ta Tmeipauara
avoookatakpripviong autd £deicav diagopeTikr) Tpoadean Twv COUPTFII kair RXRa f; RARa
OTOV UTTOKIVNT 0TV TTAEIOWPN@ia Twv KUTTApWY, KaBwg n 1ocotnTa NG XPWUATIVAG TTOU
avoookarakpnuviotnke e avriowpa yia COUPTFII yeiwdnke Wetd v emidpacn ota KUTTapa
PETIVOIKOU 0C0C yio 2 WPESG, ME QvTioTolXn au¢non TG TTOCOTNTOC XPWWATIVRG TTOU

QvOoOKaTaKENUVIOTNKE e avTiowuaTa yia RXRa )} RARa (Eikéva 12).

1P:

INPUT
COUP-TFII
No antibody

RXRa
RARa

HNF-4
Untreated (D soe s “ promoter

+9cis-RA Sl —— il ale -« pg)l;lnli)_ér

Eikéva 12. Evepyomroinon eSaptwpevn amd mpoodétn tou yovidiou Tou avBpwmivou HNF4a amé RXRo-
RARa o¢ kitTapa HepG2. Kuttapa HepG2 kahhiepyriBnkav oe DMEM trou Trepieixe 10% eufpuikd Boeio opd
kaTepyaopévo pe dextran-coated charcoal kai emwaotnkav pe 1 UM 9-cis-peTivoikd ogu i ueivav xwpig emwaan
yia 2 wpeg péxp!l TN guMoyn Toug. Ta KOTTapa Katomv povigotoiBnkav e @opuUaAdeldn kal n dIoAUTH
xpwyartivn Tou mapdyOnke amd autd avogokarakpnuviotnke (IP) pe avriowpata yia TIG UTTOBEIKVUOUEVES
mpwreiveg. To DNA Twv avoooKaToKpNUVioEwv TTOAATTAQCIAOTNKE PE EKKIVATEG yIa TV €yyUg UTTOKIVATA TOU

HNF4a. Akohoubnoe diaxwpIopog Twv TTPoidvTwy o€ TMKTwa TToAuakpuAapiong 5% kar autopadioypagia.

Ta mmapamdvw amoteAéapara deixvouv 611 To HRE Tou HNF4a gival mBavov éva Kavoviko
oTolxeio amdkpiong o€ peTivoikd ofu (retinoic acid response element) kai 611 n ékppacn Tou
HNF4a pmopei va autdveralr péow autol Tou ONUATOBOTIKOU povoTraTIiol KATw atmod

OUYKEKPIPEVES QUaIONOYIKEC ouvenkes. Ma Tv emBeBaiwon autig Tng mOavoTnTaS in Vivo,
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KOTTapa HepG2 emwdotnkav pe 9cis-peTivoikd of0 kai n ékgpaon 1ou HNF4a eAéyxBnke
katdémyv pe nuimoootikd RT-PCR kai avéluon kard Western. Mpdyuar, mapatnperdnke
auvgnon Twv emmédwv Tou MRNA tou HNF4a katd 2,5 @opé¢- ta emimeda Tou HNF4a
KOPUQWONKAV PETA OTTO ETTWAON 2 WPWV, KAI PETA OTAdIOKA HEIWBNKAV yIa TIG ETTOEVES 6
wpeg (Eikéva 13A kai ). Ze pia avtiBeon pe 1010iTEPO EVOIOPEPOV, TA KUTTAPIKA ETTITTEDA TNG
mpwrteivng Tou HNF4a ouvéxioav va augdvovtal uéxpl Kai Weta amé 8 wpeg emwaong (Eikéva
13B kai T), yeyovdg mou odnyei 010 ouutépacua Ot 10 Jcis-peTivoikd ofu, TEpa amo
dpdan Tou OTNV PETAYPAPIKR EVEQYOTTOINGN TOU UTTOKIVAT Tou yovidiou, TiBavdv dpa Kal o€

éva emopevo atddio g Ekepaong Tou HNF4a, mBavédv emnpedloviag v aTtabepdtnra mng

TPWIEIVNG.
A L ] B [ ] r L]
9-cis RA 9cis-RA

Hours: 0 1 2 4 6 8 Hours: 02468 Protein

w

HNF-4 e et St st et
- wn == — HNF-4

Fold increase
~

mRNA

-

ety B Sp-l Hours

Eikéva 13. Evepyomoinon e§aptwpevn amd mpoodétn Tou yovidiou Tou avBpwmivou HNF4a amé RXRo-
RARa ot kutTapa HepG2. (I kai A) Kuttapa HepG2 kaMhigpyriBnkav ae DMEM tou mepieixe 10% epppuikd
Boeio opd katepyaouévo e dextran-coated charcoal kai emwdotnkav pe 1 UM 9-cis-peTivoikd ofu yia Ta
uttodeIkvudpeva Xpovika dlaoTiuata. Katdmv mapdyonke ohikd RNA kal TTupnvik@ ekxuAiouara amd autd Kal
avahiBnke n ékppacn Tou HNF4a pe RT-PCR  yxpnoigotmoiwviag v avBpwiivn 6givn  pIBoCwWHIKA
ewaogompwreivn aav deiktn eAéyxou (A), i pe avaiuan kard Western xpnaigotoiwvrag avriowua yia HNF4a 1
avriowpa yia Sp-1 gav deikn eAéyxou (B). () Mpdenua twv oxetikwv emmédwy Tou mRNA kai g mpwreivng

Tou HNF4a og oxéon pe Tov xpdvo Wetd Ty Tpoabrikn Tou 9-cis-peTivoikoU o&Ewg.
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2YZHTHZH

O HNF4a civar éva a6 1a KOpia péAn tou TOAUTTAOKOU puBuIoTIKOU BIKTUOU TTOU
kaBopilel Tov nraTikd @aivétuto (Duncan et al., 1998, Holewa et al., 1996, Kritis et al., 1993,
Ktistaki and Talianidis, 1997b, Kuo et al., 1992, Tian and Schibler, 1991). Exel deixbei 611 n
dpaoTnpiéTnTa TOoU puBuileTal pe dIAPOPOUS TPOTTOUG, oI oTroiol TepIAauBAvouy  peETa-
HETAYPAQIKEG TPOTTOTIOIRCEIS, OTTWS PwaPopuliwan (Jiang et al., 1997, Ktistaki et al., 1995,
Viollet et al., 1997) /4 akeTuhiwon (Soutoglou et al., 2000), kOBWG Kal pE TTPWTEIVIKES
aMnAemdpaoeig e dMoug rapayovreg (Dell and Hadzopoulou-Cladaras, 1999, Sladek et al.,
1999, Soutoglou et al., 2000, Yoshida et al., 1997). H Umapén 1copopewv Tou HNF4a tou
Trapayovrtal uEow evaAhakTikoU partioparog (Chartier et al., 1994, Drewes et al., 1996, Kritis et
al., 1996) mpoodidel mepaitépw TOAUTTAOKOTNTA OTOV peTaypa@ikd EAeyxo HNF4-eheyxouevwv
yovidiwv. H ékppaan Tou HNF4a epiopiletal ato ATIap, OTO VEPPO, OTO EVIEPO Kal OTA
TTAYKPEQTIKA B-KUTTAPA, Kal autd 1O TIPOTUTIO €KPPAONG Eival OUVINPENPEVO OE DIAQPOPETIKA
€idn (Duncan et al., 1994, Duncan et al., 1998). Ek16¢ amd autd 1o mepiopiopévo TPATUTIO
EKQPaONG, 1600 N CEIPA EVEPYOTTOINONG TWV NTTOTIKWY UETAYPAPIKWY TTAPAYOVTWY OTN
d1apKeIa TNG TTPWIKNG EPPpuoyEveang, 600 Kal TO PUBUICTIKA JOVOTTATIO TTOU AEITOUPYOUV OTO
evhihiko fTTap kal odnyolv oTov KaBopioud Kal diaripnon Tou NTATIKOU QAIVOTUTIOU
avadelkvuouv Tn anuacia g pubuiong Tou HNF4a oto petaypagikd emimedo (Duncan et al.,
1998, Hayhurst et al., 2001, Holewa et al., 1996, Kritis et al., 1993, Ktistaki and Talianidis,
1997b, Kuo et al., 1992, Tian and Schibler, 1991).

ZE QUTA TNV €pyaaia, o€ pia TTPoaTTABEIN va eCETA00ET ASTITOUEPETTEPA N LETAYPAPIKA
puBuion Tou avBpwtivou HNF4a, kAwvotroiiBnke n puBupIoTIKA TTEPIOXA TOU yovidiou Kal
avaAuBnke n dpdon TG o€ pia avBpwivn NIATIK KUTTOPIKA o€ipd. To Kupidtepo iowg
amotéAeopa TG TTPoCTIABEIOg AUTAG, TO OTTOI0 Kal UTTOOTNPICETal aTTd dIAQOPa TTEIPAMATIKA
dedopéva eivar 611, oe HepG2 kuttapa, 1o avBpwivo yovidio Tou HNF4a puBuicetal kupiwg
amé TN guvepyarikh dpaon dUo GAAWV NTTATO-EUTTAOUTIOPEVWY TTapayoviwy, Twv HNF1a kai
HNF6. To mpwto dedopévo Tou aTnpilel autd 10 oupmépacua eivar 01 n PerdAhagn Twv
Béoewv TTPOAOETNC AUTWY TWV TTOPAYOVTWY aToV avBpwTivo utrokivTh Tou HNF4a pelwvel
Opapartika v evepyotntd tou. Asutepov, n auvdiagoluvan Twv HNF1a kar HNF6 odnyei o€
UYPNAG ETTiITIEdA  GUVEPYATIKAG METOYPOQPIKNAG EVEPYOTTOINONG TOU UTIOKIVATH. Tpitov, n

QVOOOKATAKPAPVION XPWHATIVNG N oTToia £xel TIpokUWe!l ammd kuTTapa HepG2 amekaAuye 0TI n
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ol dUo Trapdyovteg Bpiokovtal g€ aTabepr) ouoXETIoN WE Tov yyug utrokivnTr Tou HNF4a in
vivo.

KaBdti o HNF4a givar évag yvwaTo¢ amapaitntog pubuioTAg Tou yovidiou Tou HNF1aq,
n emidpaaon Tou TeAeuTaiou atov utrokivnTr) Tou HNF4a Tapouaiader 1810itepo evOIOpEPOV Kal
yiati otnpidel v Omapgn evog pnxaviopou BeTIKAG auTOPUBMIONG MKETACU QUTWV TWwv
mapayoviwy. [ponyoUueveg peAéteg Tou umokivnt Tou HNF4a Ttou TrovTiKOU gixav
OTOKOAUWE! Evav TTapduoIo Unxavioud, n UTrapgn Tou OTToiou Eixe TTEPAITEPW I0XUPOTTOINBE
aT6 PEAETEC O€ TTAPAYWYA NTTATIKWY KUTTAPIKWV oelpwy (Bailly et al., 1998, Bulla, 1997, Spath
and Weiss, 1997, Spath and Weiss, 1998). Mapdt dpws o HNF1a ¢aiverar va eival
amapaitrog yia 1 ékepacn Tou HNF4a, d¢ Ba mpémel v GUUWETEXEI OTNV aPXIKA
evepyotroinan Tou yovidiou Tou HNF4a otn dIGpkeIa TNG TTPWIKNG EUPPUIKAS avamTugng,
kaBwg n ékppaon Tou HNF4a mponyeital autig Tou HNF1a (Cereghini et al., 1992, Duncan et
al., 1994, Duncan, 2000).

FevvaTal AoImmév T0 EPWTNUA TOU TTOIOG Eival O UNXAVIOUOS 0 0TToi0¢ €ival uTTeUBuvog
yia v evepyotroinan Tou yovidiou Tou HNF4a. MponyoUueveg peAETEG TTAVW O€ TTOVTIKOUG
oToug otroioug n ékppaacn Tou HNF1B eixe e€aheipBei (HNF1B knock-out mice) eixav deitel ot
o HNF1B, Tou omoiou n ékppaan Trponyeital xpovika autrg Tou HNF4aq, eivar amapaitntog yia
mn dlagopotoinan Tou KolAiakoU evdodépuartog (Barbacci et al., 1999, Coffinier et al., 1999).
O1 movtikoi HNF1B-/- dev ekppalouv HNF4a kai HNF1a, kémi mou deixvel 611 0 HNF1B pmropei
va vEXETOI AUETO ) EUUETT OTNV apXIKN evepyotroinan Tou yovidiou Tou HNF4a (Barbacci et
al., 1999, Coffinier et al., 1999). ¢ auti v epyacia Ppébnke 611 o HNF1B, o omoiog
mpoodéveral aTny idia aAnAouyia pe Tov HNF1a, eAdyioTa evepyoTrolouae TOV UTTOKIVNTH TOU
avBpwmivou HNF4a oe meipduara mapodikng diapdAuvong. Ouwg, e ouvduaoud We tov
GATAG pokaAoUaoe pia dpauaTiki emaywyn g peraypagrg. Kador n egdAsiyn Tou yovidiou
Tou GATAG GTOV TTOVTIKO £XEI OAV ATTOTEAETUA €va QAIVOTUTIO TTOAU TTOPONOIO E AUTOV Twv
movTikwv HNF1B-/- (Morrisey et al., 1998), @aivetal miBavd yia v apxIKf evepyotroinon Tou
HNF4a va cival amapaitntn n ouvduacopévn dpdon twv GATAG kai HNF1B. H mapouca
avdAuon Tou uttokivnTh deixvel 0TI kal ol dUo TTapdyovTeg Ba umopoloav va evEXovTal OTnv
evepyoroinon tou HNF4a, emmuyxdvoviag uywnAa emimeda  petaypa@ig MHEOW  EVOC
ouvepyaTikou unxaviauou.

To oUVOAO QUTWY TwV ATTOTEAETHATWY €VEXEI TIOAMATTAOUG UnXavIoUoUg oTn puBuion
ToU yovidiou Tou avBpwivou HNF4a. H ouvepyarikh dpdon Twv HNF1B kar GATAG evdéxetal
va gival uTeUBuvn yia TV apxIKr TOU EVEPYOTTOINGT), EVW O€ £TOUEVA 0TABIA DIAPOPOTIOINGNS

TWV NTTaTIKWY KutTdpwy, otav ta emimeda tou HNF1a gemepdoouv €va kpioiuo 6pio Kai n
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ékppaon tou HNF1B otadiokG peiwbei, n evepydtnTa Tou UTTOKIVATH €EapTaTOlI ATTO TN
ouvepyartikh 6pdon Twv HNF1a kai HNF6. Ao auth v amoyn Ta kuttapa HepG2 poidlouv
e diagopotroinuéva nmarikd kutrapa, kabwg ekgpalouv HNF1a og uwnAd, evio HNF1B o€
XOMNAG €TTiTTEdA. ZUPQWVA PE AUTO TO POVTEAO, 1) I00PPOTTIC PETAGU TWV ETITIEOWV AUTWV TWV
TapaydvIwy OTo KUTTAPO JTTopei va Taitel Tov kaBopioTikd pdAo ot ouvBeon Tou
EVOPKTAPIOU peTaypa@IkoU auptrhdkou 10 otroio axnuartietar atov utrokivnt Tou HNF4a.
Autd ptropei va e¢nyei kai yiati o€ evhAika tovTikia ota omoia n ékgpacn Tou HNF1a éxel
eCahe1pBei dev empeddeTal anuavtika n ékepacn Tou HNF4a, kaBwg ta {wa autd ekppadouv
augnuéva emimeda HNF1B, 1o omoio umopei kar va avrikaBiotd tov HNF1a o€ kamoloug
TouhdyiaTov uttokivnTég (Pontoglio et al., 1996).

H Omapgn evdg unxaviouoU pe tov otoio o HNF4a kar HNF1a puBuiouv BeTika o
évag Tov Ao oTa nrmaTik@ KUTTOpa eyeipel pwTApaTa oXeTIKG pe 10 TWS Ba eAéyyovTal Ta
EMTedd QUTWV Twv TTOPAYOVTWY OTO KUTTOPO. ATO TN OTIyu TOU €vag  TETOIOC
«avTaTodoTIKGS KUKAoG» (reciprocal loop) kaBiepwBei, Ba Pmopouce va autoguvtnpeital Kal
auToevioxUeTal, KATl Tou TEAIKG Ba odnyouce o€ utEPPOAIKGA UWNAEG eVOOKUTTOPIKES
oodTNTEG TWV dUO TTapayoviwy. Ouwg, auTr n Kardotaon utmmopei va amotparei amd dAAa
HOVOTTATIO 0TO PUBWIOTIKG auTd KUKAWpA, Ta oTroia axnuaTiké Tapouaidlovral otnv Eikova
14. Omwg deixBnke oe auty v epyacia, o COUPTFII, éva onuavtikd WéAOG autou Tou
PUBIOTIKOU KUKAWWaTOG, pubilel apvnTikd v ékppaan Tou HNF4a. A6 tnv GAAn TAeupd, o
COUPTFII pmopei va augaver 1 petaypaeri Tou HNF1a evioxuovtag 1 dpdon tou HNF4a
otov utrokivnT Tou HNF1a péow mpwreivikés aAnAemdpaceig pe v mepioxr LBD (ligand-
binding domain) Tou HNF4a (Ktistaki and Talianidis, 1997a). Ta au¢gnuéva emimeda Tou HNF1a
AAI 0dnyoUv 0TV TTOPEUTIOBION TNG iBIOG TOU TNG HETAYPAQNG, {ava DIAUETOU TTPWTEIVIKWY
aMnAemdpacewv pe Tov HNF4a (Ktistaki and Talianidis, 1997b), kam mou Ba amérpeme v
TIEPAITEPW EvepPyOTTOINGT TOU . EmITAéoV, N atToTEAEOUATIKE EVEPYOTTOINGN TOU UTTOKIVATY TOU
HNF4a amd tov HNF1a amairei tnv mapouaia tou HNF6, kdm mou amoteAei dAo éva
O1akaTTn eAéyyou. ETol, oUMQwva pe auté 1o Jovtého, n ékppaon Twv HNF1a kai HNF4a
eMéyxetar auatnpd amd ToAMaTAG aAAnAoetapTwueva pubpIaTIKA povoTTaTia, e§ao@aAidoviag
I00PPOTINKEVA ETTITTERA TWV BUO TTOPAYOVTWY GTO KUTTAPO.

MapéT, émwe €xel oulnnBei o Tavw, pmopei va amodobei Kamolog BioAoyikdg
pdAog¢ atn ouvepyartikr dpdon uetatl Twv HNF1a-HNF6 kai HNF1B-GATA6, Ta utdpyovta
oTolxeia dev eTapKoUV yia Tnv €giynan Tou ev duvapel BioAoyikou pdAou TG Aueang BETIKAS
emidpaong Tou idiou Tou HNF4a aTtov 61k6 Tou utrokivnT. OTIwe TApouaIAoTnKe TTIo TAvw, 0

HNF4a pmopouoe va dpacel auvepyatikd pe Tov HNF1a aAAd oxi e tov HNF1B, evw

49



KEDQAAAIO 1

TTOPEUTTOBICE TN GUVEPYATIKY EvepyoTroinan Tou utrokivnT Tou diapéoou Twv HNF1B-GATAG.
Oa utmopouoe Kaveig va utoBéoel 6T aut n TTOPEUTIOdIOT OXETICETAI e TO OAUA TO OTTOIO
givar utreBuvo e v avtikatdoTaon Tou guputthdkou HNF1B-GATAG pe 1o guumhoko HNF1a-
HNF6 atov utokivnt Tou HNF4a étav n ékgpaon Tou HNF4a kai ouvertwg kai tou HNF1a
Exouv emmepdoel kamolo kpiolgo emimedo. H mOavotnta maviwg o HNF4a va pmopei va
autopuBpilel Gueoa Tnv idla Tou TV éKPpaAcn o€ KUTTOpa Tou ekppatouv HNF1a xpridel
amodeitewg. 21a KUTTapa HepG2 TouAdyIaTov, TO OTToia EKPPACOUV UYNAA eTTiTTEdA KAl OTTO
TOUG dUO TTapAyovTeg, dev gival eppavig pia Tétola autopuBuion. O HNF4a dev Bpébnke va
OUOXETICETAI e TOV UTTOKIVATI) TOU in Vivo, Kal n HETGANaln Tng Béang TTpOadeEDniG Tou Eixe oav
amotéAeopa TV augnan kai Ox1 T Peiwan TG evepyodtnTag Tou utokivnTh. Eival mlavdv ot
€vag TETOI0G UNXAVIOHOG AEITOUpYET HOVO O€ KUTTAPIKOUG TUTTOUG OI 0TT0i0l EKPPACoUV XaunAd
emimeda Tou HNF6.

H ouykpion Twv aAAnAouxiwy Twv eyyeiwv utrokivatwy Tou HNF4a tou avBpwtrou Kai
TOU TTOVTIKOU atreKAAUWE KATToIEG ouaiwdel§ diagopés. MapdTi o1 BEaeIc TTPOTDEONG IO TOUG
mapayovieg HNF1a kar HNF1B, HNF6 kai GATA6 Atav Tautdonueg, 0 avBpwITIvog
UTTOKIVNTAG TIEPIEIXE DUO ETITTAEOV CiS OTOIXEIO AEITOUPYIKAG ONnuacdiag. To TTPWTO OTTOTEAE
Béon mpdadeang yia Tov Tapdayovia Sp1, o omoiog cuoxeTiCeTal pe autr| T Béan TPOCdEONG
in vivo, kai 1o &euTepo eival Eva DR-1, éva koivd yotifo poadeang yia PEAN TG OIKOYEVEIDS
TWV TTUPNVIKWY UTTOB0XEWV OpHovwy. To oToixeio autd urmopei va Tpoadebei améd Toug
HNF4a, COUPTFIl kai toug utrodoxei¢ petivoikoU otéw¢ RXRa-RARa. Ta amoteAéopara
autig TG epyaaiag deixvouv 011 10 DR-1 amoteAsi éva apvnrikd pubuioTikd oToIxEio O
kOTTapa HepG2 kai 6t n mpdodeon tou COUPTFIl og autd eivar umelBuvn yia Tnv
KOTAOTAATIKA TNG PETaypagr¢ dpdaon tou. Amd v GAAn mAeupd, n mpdodeon Twv RXRa-
RARa o€ auth T Béon odnyei 0€ PETAYPAPIKT) EVEQYOTTOINGT TOU UTTOKIVATH EEAPTWHEVN ATTO
Tov TTPoadéTn Twv utrodoxEwv. Omwe deixBnke o€ auth v epyaaia, n Yopiakh BAcn autou
TOU QVTAYWVIOUOU EVEXEI TNV OTTO TO PETIVOIKG 0&U TTpokaAoUuEVn avialayr| TNG CUOXETIONS
autwv Twv Tapayoviwv pe 10 HRE (hormone response element) Tou umokivnt). H
QUOI0AOYIKH onpacia autol TOU EUPRUATOG AVODEIKVUETAI ATTO TNV aUENON TNS EKPPAONG Tou
HNF4a o¢ kOtTapa HepG2 peta amd Ppayeia emwaaon We peTivoikd ofu. Mia evdiagépouca
Taparpnon €dw eivar 611 n KivTIKA TG amd peTIVOiKG 0 eTayduevng avénang frav
dla@opetikf| o€ 611 agopd ota emimeda MRNA kai o€ 611 agopd oTa emimeda TPwWIEivNG TOU
HNF4a. Ta emimeda tou mRNA Tou HNF4a apyikd au€honkav uéxpl Kal 2 WPEG WETA ThV

£TTWAaT, IO va JelwBouv Péxpl oxedOV Ta apxikd emimeda petd ammoé peyaAlTepeg ETWACEIS.
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Eikéva 14. Zynuatiki ameikdvion Twv BeTikwv (BEAN) kai apvnrikwv (ypauués pe pdpdoug) emdpdacwv oT1o

TPOTEIVOpEVO puBUIaTIKG dikTuO. Ta dlakekoppéva BEAN atmoteAoUv eVAAAAKTIKS pnxaviouo evepyotroinang.

AvtiBéTwg, Ta emimeda ¢ mpwreivng Tou HNF4a augiBnkav otaBepd péxpr kai Tig 8 wpeg
emwaong. Ta aToixeia autd odnyouv OTO GUUTIEPOCUA OTI TO GNUATODOTIKG LOVOTIATI TOU
PETIVOIKOU 0&Ewg¢ eivar mBavdv va emmpeddel Kai T otaBepotnTa TG Tpwreivng Tou HNF4q,
€KTOC amd Ta OmoTeAéouaTa TTOU EXEI OTN METAYPAQIKA €vepyotroinon Tou yovidiou. O
MNXOVIOUOG TTou 0dnyei o€ Wia TéTola aTaBepotroinon eival Tpog 10 Tapdv ayvwaoTog. Kabwg
Ta petovoidry dev givar mpoodéteg Tou HNF4a, utmopei va amokAsiotei n mBavétnta n
oTaBepotroinon va TTpokaAsital amd arm eubeiag TTPOGOECN TOU PETOVOIKOU O&EwWS OTnv
mpwrteivn. Mio mBavo gival va evéxoval o€ autd T0 QaIvVOUEVO anpaTodoTIKA JovoTTdTia TTou
emayovtal amd peTivoikd ofu kal repIAapBavouv Kivaoeg ol otroieg pwoopuliwvouv HNF4q,
Hia yvwoTh ewogotpwreivn (Jiang et al., 1997, Ktistaki et al., 1995, Viollet et al., 1997). Ta
amoteAéopata autd Tou diacanvifouv 10 pdAo NG anuaToddTNoNg amod PeTIvoikd oy aTnv
ékppaan Tou HNF4a utroatnpicovral kal atré Tpdo@ara amoteAéopara oUUQwva e Ta oTToia
N MEYAAn emwaon (72 wpeg) pe PETIVOIKG 0fU KutTdpwy Hep3B, n otoia odnyei otn peiwon
Twv emmédwy Tou RXRa, ueiwvel kai ta emimeda tou mRNA tou HNF4a (Magee et al., 1998,
Qian et al., 2000). H BeTikA €midpaon evog KAAG XAPAKTNPIOPEVOU GNUATODOTIKOU JOVOTTATIOU

otnv ékepaaon tou HNF4a utopei va amoteAéael T poplakh BAon yia 10 OXEDIAOUO VEWV
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BepatmeuTikwy A ETEURATIKWY TTPWTOKOAMWY yia TV pubuion Twv emmédwy Tou HNF4a, 6trou
autd Ba frav emOuunTo.

Avake@ahaiwvovtag, Ta OmoTEAEOHATA TNG TTApoUdag epyaciag dgixvouv OTI
puBuion Tou avBpwmivou HNF4a o¢ pia nmatik Kuttapiky oeipd efapraral amd Tnv
OMNAETTIOpaon PETACU BETIKWY Kal apvVNTIKWVY PETOYPOPIKWY TTapayovIwy. H UETaypagikn
EvepyoTToinaTn EMITEAEITAI QTG TN OUVEPYATIKI) OpAon METALU OIOPOPETIKWY  (EUywWV
mapayoviwv (HNF1B-GATAG 1} HNF1a-HNF6), ta omoia ptopei va dpouv d10d0xIKG TN
OldpKeIad TOU TTPWIMOU KaBopiouoU Kal WETETTEITA OIOPOPOTTOINGN TOU QAIVOTUTIOU Twv
NTTATIKWY KUTTApWV. 2Ta KUTTapa HepG2 n tautdypovn dpdon Betikwv puBuioTwy (HNF1a kai
HNF6) kai Tou COUPTFII, o omoiog dpa oav kataoToAéag, kaBopidel Tov pubud petaypagnri
ToU yovidiou. Tnv karaoTaATikr) dpdon Tou COUPTFII umropei va avTimapépyovtal Tepodiueph
RXRa-RARa poodedepéva e peTovoikd ogU, Ta oTroia Opouv PECW avTaywviopou yia Thv

id1a Béan mpdodeanc aTov utrokivntA Tou HNF4a kai auédvouv tnv €k@paat) Tou.
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NPOAOIOz

Omwe oulntBnke eKTEVEOTEPA TTAPATIAVW, TO XWPEO-XPOVIKA TIPOTUTTA EKGPACNG TWV
yovidiwv Katd Tn dIdpKela TS KUTTAPIKAG B10QopoTToinang eAEyxovTal Kupiwg aTo ETTITTEDOD TG
petaypagnc. H peTaypa@iki pUBUION Twv EUKOPUWTIKWY YovIdiwv gival ia ToAudidoTtam
diadikacia Tou TepIAauBAvel TNV oTpatoAdynon Me auotnpd kabBopiopévn aAAnAouyia
TTPWTEIVIKWY CUCOWUOTWHATWY OTIC puBuIoTIKEG TrEpIoxEC Twv yovidiwv (Cosma, 2002). O1
TEPIOKES auTéG amoteholvTal améd dUo TUTTOU aMAnAouyieg, utTokivnTéG Kal evioxutég. Ol
TTPWTOI £X0UV, 0LV T0IG AANOIG, TRV 1816TNTA VA KaBOopIfouv TO aNuEio Evapéng TG PETAYPAPS
Tou yovidiou. O1 deutepol opifovial Oav Cis YEVETIKA OTOIXEIO TTOU WTTOPOUV  va
EVEPYOTIOINOOUV TN LETAYPAPH OTT6 OTTOOTACT KOl avegdptnta amé ToV TTPOCavVATOMOUO WG
TPO¢ A TV amdoTacn Toug amd 10 anueio évaping g petaypaers (Dillon and Sabbattini,
2000). ANa TéTo100 pUBUIOTIKG OTOIXEION TTOU MTTOPOUV VO ETTNPEACOUV TN PETAYPAQ OTIO
améaTacn eivar Ta locus control regions (LCR) kai ta oToixeia opiou (boundary elements)
(Sun and Elgin, 1999).

H karavonon Twv JOPIaKWY UNXAVIOPWY TTOU EVEXOVTAI GTNV HETAYPAPIKA pUBUION
amo améoTaon eival Bepehiwdoug anuaaciag, kabwg n auotnpd Kabopiopévn GTO XWPO Kal
070 XPdOvo evepyoTroinan Twv yovidiwv ecaptaral g€ TApa TTOANEG TTEQITITWAOEIG aTTO T dpAon
TETOIWV, ATTO TO GNUEIO EVapPENG TG METAYPAPAS ATTOPOKPUCHEVWY, PUBMIGTIKWY OTOIXEIWV (Li
et al., 1999). Ta kUpia povtéAa TTou €xouv TTpoTabEi yia Tnv diacagrivion Tou TpdTTou dpdong
TWV EVICXUTWY, KaI T oTroia oulntiBnkav pe PeyaAuTepn AETITopépeia TTapammavw, TPoTEivouv
TNV EMKOIVWVIa PETAEU EVIOXUTWV KOl UTTOKIVATWV EITE PE QUOTIKI ETTAQH HETW TTPWTEIVIKWY
OMNAETIOPACEWY TWV CUCOWPATWHATWY TTOU GTPATOAOYOUVTAl OTT6 AUTOUG, HE TO EVOIANETO
DNA va axnuariCel BnAia (looping) — e TN QUOIKRA ETTOQN VO ETTITUYXAVETAI LE TUXAIEC KIVATEIS
Twv 000 TEPIOXWV N WE TIC TTPWTEIVEG TOU EVIOKUTA VO METOKIVOUVTAI EVEPYA TTAVW OTO
evdidueoo DNA mpog tov utrokivnTh (tracking) — €ite pe T oUleugn Twv BUO TTEPIOKWY PECW
mpwrteivwy facilitator, Tou dnuioupyolv dialeukTikG oUPTIAOKA KOTA PAKOS TNG EVOIANETNS
Xpwparivng MeTagu Tou evioxutr| kai utrokivnTA (Ptashne, 1986, Martin et al., 1996, Blackwood
and Kadonaga, 1998, Dorsett, 1999, Dillon and Sabbattini, 2000, Engel and Tanimoto, 2000,
Bulger and Groudine, 1999). Ta mapamavw povtéAa éxouv dwael BewpnTikr kGAuyn yia éva
HeyGAo apiBud avakaAuwewv Ta TeAeutaia xpdvia, OwS TEIpapaTiKG Oedopéva Tou va

MTTOPOUV Va JIAKPIVOUV LETAEU TWV HOVTEAWV aUTWV Oev UTTAPXAV PEXPI TTpdO@aTa.

54



KEQAAAIO 2

2¢ Jia mpoomdbela va dlacagnvioTel 0 HOPIKAS WNXAVIOHOS TG WETOYPAPIKAS
gvepyotroinong amd amdoTaon, PEAETABNKE O TPOTTIOC pE TOV OTT0I0 N Ol TTAPAYOVTEC TTOU
mpoodévovtal atov evioxut Tou yovidiou Tou HNF4a Ttou avBpwrou emmpedlouv TN
oTpatoAdynon Kar ouykpdTnon Twv TTapaydviwy TToU TPoodEvovTal GTOV UTTOKIVATH TOU
yovidiou kal TEAIKG Tnv evepyoTtroinan Tou yovidiou. 210 1° KeQAAQIO QUTAG TNG Epyaaiag
TEPIYPAPNKE N pUBUIoN Tou avBpwtrivou yovidiou Tou HNF4a amod 1 guvepyartiki dpdon Twv
mapayoviwv HNF1a kar HNF6 3 HNF1B kai GATAG péow mpdodeong Toug aTov €yyug
uTToKIvnT Tou yovidiou. Mpdc@aTa TAUTOTTIOIRBNKE pia vEa puBUIOTIKA TTEpIoXN TrepiTTou 6,5 kb
5’ Tou onpeiou Evapéng NG petaypagrg Tou yovidiou Tou HNF4a Tou TovTIKOU, N oToia
AeITOUpPYEI oAV EVIOKUTAG, ETAYOVTAG AugnpEVa ETTITTEDA PETAYPAPNS OTTO TOV £yYUG UTTOKIVATA
ToU yovidiou (Bailly et al., 2001). H onuacia autig TNG TTEPIOXAG YIO TV EVEPYOTTOINGTN TOU
yovidiou in vivo €ixe @avei g€ TrponyoUuevn WEAETN, oTnv omroia eixe OeixBei OT ival
amapaithTn yia v 10To-€EI8IKA evepyotnTa Tou uTrokivnTr Tou HNF4a oe diayovidiakoug
movTIkoUG (Zhong et al., 1994). H oxetikA B¢an Tou evioxuth Kai n voukAeoTidikry aAAnAouyia
NG TEPIOXAS €ival ouvtnpnuévn otnv 5 mepioxh Tou yovidiou Tou HNF4a tou avBpwrou.
Meipduara Tou epyacTnpiou eixav emiong Oeifel o1 dUo TEPIOXES NATAV Kal AEITOUPYIKA
opdAoyeg, kal pia Tapouoia ouada petaypagikwy mapaydviwv (HNF1a, HNF3, C/EBP),
TTPOCOEVETAI KAl OTOV AVEPWTTIVO EVITXUTH.

2TV TIOPOKATW €pyacia  HEAETABNKE n XPOVIKR Oelpd  OTPATOAOYNONG Twv
TTOPAYOVTWY TToU AAANAETTIOPOUV e Tov evioxuTh Kal utrokivntr Tou HNF4a kard v apxiki
gvepyotroinan Tou yovidiou atn didpkeia g diagopotroinang kuttdpwv CaCo-2. Ta kutTapa
NG KUTTAPIKAG O€IpAG AUTAG €ival EVTEPIKAG TTPOEAEUONG Kal dlagopoTTolouvtal amd crypt-like
o¢ villous-like petd v emiteutn oupporig (confluence) (Perimutter et al., 1989, Peterson et al.,
1993). Ta CaCo-2 amotehoUv TOAU KOAO TIEIPOUATIKO CUCTNPA YIa TETOIOU €idOUG UENETEG
eCaITiog TOU GUYXPOVIOUOU TTOU UTTOPED va €TITEUXBEI OTNV evepyotToinan Twv UTTO PEAETN
yovidiwy, kaBwg kal ggaitiag NG apyAg «wpipavangy Twv TPWTEIVIKWY GUUTTAGKWY TTou
oxnuaricovral oTIG PUBMIOTIKEG TIEPIOKES TWV YOVIDiwV, KATI TTOU ETMITPETTEI TO BIOXWPIOUO
auTWV Twv dI0BIKACIWY Ot dIaKPITA oTadIa Kai Tn AeTrTopepn PEAETN Toug (Soutoglou and
Talianidis, 2002). Ta amoteAéouarta Tou Ba TTOPOUCIOCTOUV TTOPAKATW, €KTOS OO TOV
TIEPAITEPW XOPAKTNPIOTUO Twv dIadIKATIWY TTOU 00NyoUV OTN UETAYPAPIKRA EVEQPYOTIOINON TOU
yovidiou Tou avBpwtrivou HNF4a - o1 omoie¢ amoteAoUcav Kal QVTIKEIUEVO WEAETNG TOU
ke@aAaiou 1 TnG epyaadiag autig — utrooTnPiCouv £va duvauikd PnXaviouo yia Ty ETTIKOIVwVia

TOU EVIOXUTI| Kal UTTOKIVATA, £VO UNXOVIOU6 TTou TrepIAauBAVEl UETAKIVNOT TOU TIPWTEIVIKOU
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OUCOWUATWHATOS TOU EVIOXUTH TTPOS TOV UTTOKIVATF TOU YOVIBIOU KAl TV TEAIKA QUOTIKI ETTOPN

TWV OUO TTEPIOXWV Kal ETTAYWYNA TG HETAYPAPAS TOU YovIdiou.
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AMNOTEAEZMATA

1) Aoun TG XpWHATIVIG OTIG PUBLIOTIKES TTEPIOXES TOU avBPWTTIVOU Yyovidiou Tou

HNF4a o€ kO1Tapa CaCo-2 katd tn Sia@opoTroinon Toug.

Me okomd Tov kaBopiopd TNG XPOVIKAG TTEPIGdOU EvepyOTToinang Tou yovidiou Tou
HNF4a katd 1 &iGpkeia ¢ in  vitro diagopotoinong Ttwv  kuttdpwy  CaCo-2,
mpayuatotoinenkav meipapara RT-PCR pe pAtpeg RNA amd kutrapa g€ didpopa xpovikd
onueia petd v etmiteudn auppong (confluency) (n otoia opileTal wg xpovikh aTiyur 0 WPEQ).
Me autd Ta Teipduata avixvelbnke Wia auyxpoviopévn kal padikr emaywyn Tou HNF4a amo
pndevikd emimeda oTig 80 wpeg Tou TTpoypappaTog diagopotroinang (Eikéva 1).

Time
hours: 0 20 60 70 80 110

ARP PO s i il S sl s

HNF-40 —
Enh.-3’
Int.1

Relative

HNF-40 mRNA:1 13 08 0.7 68 79

Eikéva 1. Evepyomoinon tou yoviSiou Tou HNF4a katd Tn Siagopomroinon kuttdpwv CaCo-2 kai
xaproypagenan tng 5’ pubpiaTiking mwepioxng. OAikd RNA ta omoia mapdydnkav amé kutrapa CaCo-2 petd my
emiteuén ouppong avahubnkav ue RT-PCR xpnaoiomoiwvtag ekkivnTtég yia Tov HNF4a, i epioxéc Enh-3', Int.1
kai ARP PO gav deiktn ehéyxou. H mogotikomoinan twv emmédwv mRNA tou HNF4a éyive pe avaiuon oe

phosphoimager kai emaAnBeuTnke e real-time PCR.

Meipauara eAéyxou TTou Eyivav XpnaoigotrolwvTag elyn ekkivnTwy €1I0IKA yia aAAnAouyieg
kovtd otov evioxuth (Enh.3’) A v evdidueon Tepioxn 3’ Tou evioxut) (Int.1) dev Edwaoav

mpoidvra cDNA (Eikova 1), kam tou deixvel OTI oI ATTw QUTEG TTEPIOXEG TOu yovidiou dev
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epgavifouv dpaatnpiotnta utrokivnth, RNA dnAadn dev mapdayetar amd Ti¢ mepIoxES autég. H

onuacia autwy Twv TTapaTtneRcewy Ba gavei TApaKATw.

Hind-I11/Probe 1 EcoR-1/Probe 2

DNaseI: - + + + + -+ -+ + 4+ + +
Time hours: 0 0 20 60 80 110 0 0 20 60 80 110

Kb e e e e e ————
HS-A

~~3s5- = =

_~l4-
HS-B

Probe 2 Probel

Ecom& HindIll
— —
-19kb -5.2 -3.8kb +1 +11 kb
-6.6 kb -0.3 kb
HS-B HS-A

Eikéva 2. Evepyomoinon tou yovidiou Tou HNF4a katd T Siagopotroinon kuttdpwv CaCo-2 kai
xaproypagenon g 5 pubpIoTIKAG TEPIOXAS. AvaAuan Béocwv utrepeuaiabnaiag ae DNasel. Muprveg amod
kOTTapa CaCo-2 aTIG UTTOBEIKVUOUEVES XPOVIKEG OTIVHES WETA T auppor| uTéaTnoav Téwn e 0 éwg 20 U DNasel
kai 1o yevwpikd DNA rou apdyBnke améd autoug uméatn méwn We Hindlll i EcoRI. Ta mpoiévra g méwng amo
10 U DNasel amé kabe xpovikd onueio diaxwpioTnkav oe TnkTwuara ayapddng 1% kar xpnoiyomoinénkav yia
ava@Auon kard@ Southern e TOUG UTTOBEIKVUOUEVOUG QVIXVEUTEG. TO OXEDIAYPOUUA EVIOTTICEI TIG KUPIOTEPES BETEIS

utrepeuaIoBnaiag oe oxEon e To ONpEio Evapegng TNG METAYPAPAC.

Karoémiv payuaromoiénkav Teipduara avaAuong BEcewv utepeuaiobnaiag aTo
¢vCupo DNasel, pe aT10x0 TNV XOPTOYPAPNAN TWV TTEPIOXWY TTOU AMNAETTIOPOUV pE TTIPWTETVES
mou Tpoodévovial o¢ DNA. Zra meipduata autd avixveubnkav duo KUpleg Béoeig
utTepeUaIaBnaiag, eviomapéveg aTov eyyug utrokivnTr, Trepitou -300 bp (HS-A) kar otnv ammw
pUBMICTIKA TTEPIOYX, TTEPITTOU -6,6 Kb amd TO Onueio évaping TG WETAYPAPRAG, avTioToIxa

(Eixéva 2). O1 Béoeig utepeuaioBnaiag autég ATav TAUTOGNUES WE QUTEC TTOU €iXav KaBopIOTE
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otV NTankn Kutrapikr oeipd HepG2 (Hatzis and Talianidis, 2001), Ta kUtTapa NG omoiag
ek@palouv HNF4a guaTarikd (constitutively). Mpémel edw va onueiwbei duwg 611 oTa KUTTAPA
CaCo-2 1600 n HS-A 600 Kkai n HS-B avixveuovtav le TIC iDIEC EVIATEIC KAl VWPIC KATA TN
diapkela Tou mpoypapparog diagopotroinang (0-60 hr), étav Ta kuTTapa dev ekPpAlouv akoua
HNF4aq, kar mou deixvel 0TI n TPOCOEON TwV HPETAYPAPIKWY TTOPAYOVTWY TTOU TPOTTOTTOIOUV
TNV EUAICONCIia TWV TTEPIOXWV AUTWV OTN VOUKAEAoN €xel OAOKANPpwOEi TTOAD TTpIv TV Evapén
NG METAYPAPAG TOU yovidiou.

Mia o AemrropepAc  avaAuon TG  VOUKASOOWWIKNAG OOUAG OTNG  TTEPIOXES
utrepeuaioBnaoiag o€ DNasel rpaypatotroenke e EUuean TEAIKA padIooravan XpwHaTivig
TOU €iXe UTTOOTEI TTEWN ME MIKPOKOKKIKY VOukAedon (indirect end labeling of micrococcal
nuclease-digested chromatin). H av@Auon auth amek@Auye 611 1 TIEPIOXT TOU £yYUG UTTOKIVATA
Atav KaAuppévn amo pia ouaTolxia VOUKAEOOWUATWY TOTTOBETNUEVWY OE TOKTA dlaoThUaTa
(positioned nucleosome array), didtagn n omoia eupaviletal oty Eikdva 3A oav aeipd {wvwv
pe kavovika Olaothuata 150 bp petagl Toug. Ze avriBeon, oV TIEPIOXA TOU EVIOXUTA
maparneRdnkav pdvo dU0 TETOIEC (WVEC-TTPOIGVTA TTEWNG aTTO WIKPOKOKKIKA VOUKAEAON,
Oedopévo Tou deixvel OTI PEPOG TNG TTEPIOXAG QUTAG OEV KAAUTITETAI ATTO VOUKAEOGWHATA
(Eixéva 3B). Kar oAU onuavTikd Tou @avnke emiong amd autd Ta meipapara Atav OTi ol
OXETIKEC BETEIC KAl OTTOOTACEIS TWV VOUKAEOTWHATWY TTOU KAAUTITAV KAl TIG dUO TTEPIOXEC Oev
dMagav otnv diapkeia Tng diadikaaiag diagopotoinang, avetapTnTa a6 TG TPOTIOTIOINTEIS
TWV 10TOVWV i T d1adikaagia TG YETaypa@ngs Tou yovidiou (BAETTE TTapakdaTw). Z1a KUTTOPA
A2780, yia avBpwrrivn KUTTAPIKY OEIpA TTOU TTPOEPXETAI ATTO KAPKIVWUA woBrKNG Kal n otroia
Oev ek@palel HNF4a, meipapara éuueong TeAIKAG padioopavong e avixveutég 101KoUG €iTe
ylo TOvV UTTOKIVATH €iTe yia Tov evioxuti Tou yovidiou Tou HNF4a €dwoav ohuara
uppidotroinong ToU eV AVTIOTOIXOUV O€ KAVOVIKEG (WVeS (Smeary), XAPOKTNPIOTIKA
VOUKAEOOWUATWYV pE TUXaia TotroBéTnan oTIg TTEPIoXEC auTéS (Eikva 3A kai B).

MapoTi o1 BECEIC TwV VOUKAEOTWUATWY OTIC pUBUIOTIKEG TTEPIOXEC TOU yovIdiou Tou
HNF4a dev petaBaMovtav katd T dIApKEIO TOU TTPOYPANKATOS dIaPopoTToinang, Telpduara
utrepeuaiobnaiag oe éviupa Treplopiopou £deicav petaBoAn otn diapBpwaon (conformation)
TOU VOUKAEOGWWATOG TTOU KAAUTITEI TO onueio Evapéng TnG YeTaypagnc. ZTa TrEipduaTa autd
@avnke umepeuaiodnaia g Béong Tepiopioyolu Tou evlUpou Bglll povo o€ TTuprveg
Trapackevaopévous amd kuttapa 80 kai 110 wpeg YeTd T oUPPON| Kal OXI O€ TTPONYOUUEVES
xpovikég TepI6douc (Eikdva 3A). Auth n umepeuaiobnoia cupmitTel ye v évapén g
pETAYPAQNS TOU yovidiou, yeyovas tou avadelkviel Tov Kaipio pdAo g didipbpwang Tou

TTPWTOU VOUKAEOTWATOG TOU UTTOKIVNT TNV ETTAYWYN TS LETAYPAPIS TOU YoVIdiou.
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Time < CaCo-2 cells > A2780
(hours): 0 20 60 80 110 0 20 60 80 110 cells

890 - i
0

630- 0

480- 0 Nue3

330

O Nuc.2

‘5

180-
A O Nuc.1
Acc-1/Probel EtBr Acc-I EtBr
Probel
B.
Time CaCo-2 cells > A2780
(hours): 0 20 60 80 110 0 20 60 80 110 cells
1350 - ¥ Y N i
300 - |
150- :
Msc-1/Probe2 EtBr Msc-1I EtBr
Probe2
Fo Probel Probe2
Ace-I Bgl-1T Acc-1 Mse-I Pvu-II Mse-1
-780 40 +110 -7584 -6409 -6236
! ! | !
Nuc3 Nue2 Nuel Nuc.2 Nued.
PROMOTER ENHANCER
A.

(hours): 0 0 20 60 80 110

190 - e —————

150- Rt

Eikova 3. AvaAuan tng voukAeoowpikAg Sopfg Twv pubuiaTikwy Trepioxwyv Tou HNF4a og kiTtTapa CaCo-2

Katd Tn diapkeia Tng diagopomoinang. (A kai B) Muprveg amd kitTapa CaCo-2 aTIg UTTODEIKVUOUEVEG XPOVIKEG
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aTIypéG uetd T auppony Kai amd kutrapa A2780 uméatnoav Téwn pe 0 €wg 170 U pIKPOKOKKIKAG VOUKAEGONG.
Katomv mrapaydnke DNA 1o omoio uméotn méwn pe Accl (A) 1 Mscl (B). Ta mpoidvra g mewng e 50 U
MIKPOKOKKIKAG VOuKAediong OlaxwpioTnkav oe TmkTwuara ayapddng 1,5%, kai perd amé xpwon e EtBr kau
ewroypdonan, UeTagépbnkav o€ @IATpa VITPOKUTTAPIVNG Kal UBPIBOTTOIRBNKAV HE TOUG UTTOSEIKVUOUEVOUG
avixveuTe. (M) ZXNUATIKA aTmeEIKOVION Twv BETEWV TwV VOUKAEOTWHATWY GTOV £yyUG UTTOKIVATY KOl EVIOXUT TOU
HNF4a. (A) Muprveg 6mwg Tou (A) uméatnoav méwn pe 50 U Bglll kai 1o yevwpikd DNA tou amopovmnke

utréatn AN TéWn pe Accl kai avaluBnke katd Southern pe Tov aviyveutr 1.

2) ITpaToAdynon HETAYPAPIKWY TTAPAYOVTIWY OTOV EVIOXUTA KOI UTTOKIVNTA TOU

HNF4a o€ diagopotroloupeva kKUTTapa CaCo-2.

Me oT6x0 TN dlgpEUVNON TOU TPOTIOU WE TOV OTIOIO O EVIOXUTAG KAl O UTTOKIVNTAS
Opyavwvouv TNV OpxIKR evepyotroinon Tou yovidiou Tou HNF4a €yivav meipduara
AVOOOKATAKPAPVIONG  XpwHaTivig  yia  Tov  KaBopIoUO Twv  TTapayoviwv ol OTroiol
aMnAemidpolv e Tig dU0 puBuIaTIKEG TTEPIOXEC in vivo. Ta Teipduata autd mepIAdupavav T
povigotroinon kuttdpwv CaCo-2 pe @opuaAdeldn, T didotaon g crosslinked xpwparivng
e sonication yia v mapaywyn Tunuatwv DNA 200-1000 bp, avoookatakpruvion Tng
OI0AUTAG XpwuaTivng We dIdpopa avTiIowUaTa Kal TV Xpnaoipotoinan Tou egayopévou DNA
oav uATpa og avridpaoeig PCR yia tnv avixveuon TunudTwy g TepIoxrs amoé -9,9 uéxpl +3,9
kb Tou avBpwivou yovidiou Tou HNF4a. Or ekkivntéG TTOU XpnoidoTroIBnkav o€ auth v
avdiuon frav oxediaopévol yia Tov TOAATAACI0oN6 TG TrEPIoXAS 5° Tou evioxuth (Upst.),
ToU evioxuth (Enh.), TnG TrepIoxAG PETACD TOU EVIOKUTA Kail Tou utrokivnth (Int.1 kai Int.2), Tou
€yyug utrokivnTr (Prom.) kai Tng KwdIkng Tepioxng Tou yovidiou (Cod.) (Eikova 4A).

Apxikd eAéyxBnke n otpatoAdynon Tapayoviwv Tou Tpoadévovial ae DNA kai ol
omoiol gixav Tautotoindei o€ ponyoUueva Treipduata mpdodeong in vitro. O Tapdyovrag
HNF1a Bpébnke o ouoxéTian 1600 WE TOV UTTOKIVATH OO Kal JE TOV EVIOXUTH OTTO TNV apx!
TOU TIpoypauparog diagopotoinang (Eikdva 4B). Ze auth 1 xpovikh mepiodo (0 hr) o
mrapayovteg C/EBPa kar HNF3B avixvetovrav ydvo atnv Tepioxr| tou evioxutr], evw o HNF6
povo atnv Tepioxn Tou utokivnTA (Eikéva 4B). Ta amoteAéopata autd ouu@wvouv pe Tov
EVIOTTIOUO Twv BECEwv TTPOCOEONG TWV TIOPAYOVIWV Ol OTIOIEG Eixav TIEPIYPAPE OF
Tponyoupeves PeAETeg (Hatzis and Talianidis, 2001, Bailly et al., 2001). Zuykekpiuéva, yia Tov
HNF1 eixav Tautotroinei dUo BEaeIc TTPOGdEDNC, Hia OTOV EVIOXUTH Kal Wia oTov
utrokivntA Tou yovidiou Tou HNF4a. ¢ 611 agopd Toug C/EBP kai HNF3, o1 Béoeic Tpdadeatic
TOUG evTOTTICOVTal OTOV EVIOXUTH, evw Béon Tpdodeong yia Tov HNF6 Bpioketal pdvo atov

€yyUg uttokivnTh. ETriong, kai mponyoUpeveg avahioelg in vitro DNasel footprinting, EMSA ka
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meipduata mapodikA¢ diapdAuvong eixav amokaAuwel 6t oUte o1 C/EBPa kai HNF3B
mpoadévovtal o€ aAnAouyiec Tou uttokivnTr), oUTe 0 HNF6 o€ aAAnAouyies Tou evioyuth
(Hatzis and Talianidis, 2001). O mapdayovrag GATAG, o omoiog €ival évag OnUAVTIKOS
gvepyotroinAg Tou yovidiou Tou HNF4a kard tn didpkela TNG TTPWIKNG EUPPUIKAG avaTTuéng
(Morrisey et al., 1998) dev BpéBnke va cuayeTiCetal Pe Tov utrokivnTA. To dedopévo autd dev
gival Tepiepyo, kaBwg aTo TEIpapaTikd oUOTNUA TTOU XPNOIJoTIoINBNKE o€ auTr| TN PEAETN T
kUttapa CaCo-2 diépyovral amod pia diadikaaia TEAIKAS dIagopoTroinang, KATd TNV OTroid N
Opdon Tou GATAG pTropei va pnv gival atrapaitn.

‘Eva oAU evdiagépov 0edOUEVO TTOU TTPOEKUWE ATTO Ta TTEIpAPATA ATAV N TTAPOUTia
onfparog mou avtiaTolxouoe o DNA Tng TEPIOKS TOU UTTOKIVATA OTA XPOVIKA onpeia amd 60
pEXp! 110 wpe¢ aTa deiypata Xpwparivng Tou €ixav TTPOKUWE! atmd avooOoKATOKPAPVION HE
avriowyarta yia C/EBPa kai HNF3, pe o éviova ta ofuara ota deiyuara Twv 80 kai 110
wpwyv. Emiong, og autd ta xpovikd onueia TapatnerBnke Kal GAUA TToU avTioToIXoUOE O€
DNA Tn¢ TIEPIOXAG TOU EVIOKUTA OTA OEiyuaTa TTOU EiXaV TTPOKUWEI ATTO AVOGOKATAKPAKVION
pe avriowya yia HNF6. Auth n ouvitrapgn aAAnAouxiwy Tou UTTOKIVATA KOl TOU EVIOXUTA OTa
id1a deiypara atnpiel v ueBean 611 01 dUO TEPIOXES BpiokovTal TTANaiov N pia TG GAANG,
o€ yerrviaan dnAadh aTo XWwpo, atmd To XPOVIKO aNuEio TNG Evapgng TS METAYPAPAG KAl PETA .
AKOUN peyaAUTEPO EVOIAQPEPOV £XOUV T ATTOTEAETUATA TTOU TTPOEKUYAY aTTd TNV e¢ETaon NG
OUOXETIONG TWV TTAPAYOVTWY WE TIG TIEPIOXES €KTOC TOU EVIOXUTA Kal Tou uttokivnTh. Omwg
ATOV AVAUEVOUEVO, KAVEVAS OTTO TOUG TTOPAYOVTEG OEV ATAV EVTIOTTIOWEVOS OTNV TIEPIOXT & TOU
evioxuthj (Upst.) f atnv 3" kwdikr mepioxr Tou yovidiou (Cod.). Opwg, avixvelbnke Tapouaia
Twv Tapayoviwy Tou Tpoadévovral atov evioxuty (HNF1a, C/EBPa kar HNF3B) oTig
TEPIOKEG WETACU Tou evioxuth kal Tou utokivt (Int.1 kar Int.2), aA\G 6x1 Tou HNFG,
TOPAYOVTa YO TOV OToi0 UTTapyel Béon mpoadeong pdvo OTOV UTTOKIVATA TOU Yovidiou
(Eixéva 4B). Ta onuata oTig evOIAUETES TEPIOXES eugavidovtav apyika ota deiypara 40
wpwv. H évtaon Toug peiwvotav kai egagavi{otav ata deiypara 80 kar 110 wpwv, avrigToiya.
[dwpéva ouvolikd, autd Ta amoteAéguata oTnpidouv v utdBean 611 10 ouptmAoko DNA kai
TTPWTEIVWV TOU EVIOXUTA PPICKETAI OE ETTAQN A YEITViaon We TIC EVOIANETES TTEPIOXEG YIA Eval

MIKPG XpoVIKO d1aoTnua TIPIV POACEI OTOV UTTOKIVATH.
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A' HNF-3
C/EBP HNF-6
HNF-1 HNF-1
Upst. Enh. Int.1 Int.2 Prom. Cod.
l->
- - - - = =
/N N\ a3 A / \
4411 -4145 444 97
-9899 9584 -6756 -6393 -2617 -2390 +3731 +3963
IP: HNF-1a IP: C/EBPa IP: HNF-33
Time
hours:“«?b?@a?(,s %$§@§.§ Q«?v?@o?QQ
Upst. Upst. Upst.

Enh. b b b b

Enh, o wa on co c e

Enh, S ok s

Int.1 -—e———  Intl e Int.1 pa—
Int.2 ——— s Int.2 sl Int.2 e
Prom. s e ssemtegt® Prom. i bt wd Prom. B
Cod. Cod. Cod.

IP: HNF-6 IP: GATA-6
E(l;llllll?szgﬁ?b?@a?,bg Q«?§§§.§
Enh. ——wssiws Enh.
Int.1 Prom.

Prom. s e s e st s

Eikéva 4. Zeiph oTpaToAdynong HETAYPAPIKWY TAPAyOVIWY oToV evioXUTA Kai utrokivnTti) Tou HNF4a o€
Olagpopotroiolpeva  KOTTapa CaCo-2. (A) Zynuamiki amEIKOVION Twv BECEWvV Twv EKKIVITWY TIOU
xpnaoiygotoinenkav atnv avaAuon Twv TPOIGVTWY TNG vVOTOKATAKPAPVIONG Xpwuativng. Ta vouuepa deixvouv Tn

Béan tou 5 voukAeoTidiou Tou eKKIVATA O€ Oxéon e To anueio évapéng e petaypagng. (B) Meipduata
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OVOOOKATOKPAWVIONG  Xpwpartivng. H  diahuty  xpwparivn amd  KOTTapa  emwacuéva  pe  QopHaAdelon
QVOTOKATOKPNUVIOTNKE e Ta UTTOdEIKVUSPEVA avTiowpaTa kal 1o DNA tou mpoékuye TToAamAaaidoTnke (19-25
KOKAOI) pE TOUG UTTODEIKVUOHEVOUG EKKIVNTEC. AKOAOUBNOE SiaxwpIoueS Twv TIPOIGVIWY OF TIKTWUOTA

TOAUOKPUAAi®NG 5% kal autopadioypagia.

3) ZTpaToAdynon YEVIKWV METAYPOPIKWY TTapayoviwy Kai TG RNA moAupepaong-Il

otov utrokivnti Tou HNF4a o€ kUtTapa CaCo-2 otn didpkeia Tng diagopotroinong.

To emduevo Prua TG epyaciag autic ATav n peAETn TG O€IpAg OTPATOAGYNONG
d1a@opwv pehwv Tou PIC (preinitiation complex, mpoevapktipio UUTTAOKO peTaypagnrg) oTig
puBuioTikég Trepioxé¢ Tou HNF4a. Or mapdyovreg TFIIA, TFIIB kai TBP Bpiokovrav ot
ouoxétian pe Tov gyyug utrokivnt amd v wpa 0 (Eikéva 5). AvriBeta, or TAF1 kai TAF10
(mponyoupévwg yvwaotoi oav TAFII250 kar TAFII30) (Tora, 2002) evromioviav qTov
UTTOKIVNTA HOVO petd amé 10 Xpovikd anueio 20 hr, yeyovdg tou deixvel 61t o TBP Tou
KoTaAapBavel Tov UTTOKIVAT OTO Xpovikd onueio 0 hr dev eival pédog Tou KAAOGIKOU
ouptAokou TFIID. O mrapdyovtag TFIIH, 10 pého¢ Tou cuumAdkou Tou diapecoAapnTi
(mediator) TRAP-220 ka1 n RNA troAupepdon-Il aTparohoyouviav GTov UTTOKIVATH £TTIONG O€
KOTTapa 20 wpeg peT@ Tn ouppor, TOAUD Tpiv TV évapén TG petaypagng. H xpAon
QVTIOWUATWY ~ OTO  TIEIPAPATA  OVOOOKATOKPAWVIONG T omoia  avayvwpi{ouv
PWOQOPUAIWUEVES HOPPEC TNG KapRotuTeAikng Trepioxnc (CTD, carboxyterminal domain) Tng
RNA moAupepdong-Il €dige 611 10 évlupo fTav @wo@opuliwpévo oTto umdAelppa aepivn 5
(Ser5) n¢ CTD amd v aTiyunR S oTpartoAdynaor¢ TG, eviw Gwa@opuliwan oTtn aepivn 2
(Ser2) avixvetovtav pévo kata v mepiodo ¢ évapéng e MeTaypa@ic Tou yovidiou (80 hr).
H owogopuliwpévn atnv oepivn 5 ToAupepdaon TTapatneouvTay ETTIAEKTIKA GTOV UTTOKIVATA,
EVW N TTapouaia Tou aTn aepivn 2 QaPopUAIwpEVOU evUUOU ATAV QVIXVEUTIUN KAl TV
KWOIKA TTEPIOX) TOU yovidiou, TTAPATAPNON TIOU €ival Of CUPQWvIa JE TTPONyoUlEva
eupfpara, Ta omoia éxouv amodeifel 6T auth N TeAeuTaia Yop@r TNG TTOAUPEPATNG €ival TTOU
emunkUvel 1o veoouvTiBEpevo privupa (elongating form) (Komarnitsky et al., 2000).

Kavévag amméd autolg Toug TTOPAYOVTEG BEV QIVOTAV VA CUCXETICETAI PE TNV EVOIAUEDN
mepioxn (Int.1) og ommoladATIOTE XPOVIKI TTEPiIOdO TOU TTPOYPApHATOS dlagopotroinang. Opwg,
TTapatnEnenke onua Tou avtiotoixoloe ae DNA Tou evioyuth o€ 0Aa Ta deiydata TTou gixav
TpoKUWel amod kUTTapa 60 wpeg kal Petd tn ouppor| (Eikéva 5). Ta eviovotepa ofuara DNA
ToU evVIoXUTA avixvetovtav ata deiypara Twv 80 kal 110 wpwv, TTwg Kal yia Ta amoteAéouara

TTOU €iXav TTPOKUWEI KOl YIa TOV CUOXETICOPEVO pE Tov uTTokivnTr TTapdyovia HNF6. Auta Ta
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eupfpara amoteAolv TepaITépw amddeign g dnuioupyiag evog aTabBepol GUPTTAOKOU HETOEU

TOU EVIOXUTA KAl TOU UTTOKIVNTH Tr XPOVIKI TTEPIOS0 TNG EVEPYOUS WETAYPAPNC.

IP: TAF1
IP: TFIIA IP: TFIIB IP: TBP (TAFII1250)
Time S S S S
hours:°$§§§¢ °§§@§Q Q«?b?@a?q Qa?b?@o?,q
Enh. i s Enh. sesumwwe Enh. et e Enh. e et et
Int.1 Int.1 Int.1 Int.1
Prom. wwi bt o Prom. swesswesaeye Prom. . o ooy Prom. e prew

IP: TAF10

. TAFII30 IP: TFIIH (p89) IP: TRAP-220
Time Q N S s S S S
hours:Q“?V@@Q Q“?“‘@@Q TSV ELY
Enh. —— e Fnh. ~——tmites  Enh. —
Int.1 Int.1 Int.1
Prom. wewiageses Prom. esssissies Prom. Webubew eb

IP: RNA pol-I1 IP: CTD-Ser5P IP: CTD-Ser2P

Time S o S Q Q Q
hours: © ¥ ¥ &S SV SHVELY
Enh. v e Prom. miendwisie Prom. s
Int.1 Cod. Cod. — —
Prom. ‘stesasesas
Cod. o —

Eikéva 5. Zeipd oTpatoAdynong yevikwv peTaypa@ikwv mapayoviwv ko Tng RNA moAupepdong-ll otov
utrokiviTi} Tou HNF4a o diagopomoloUpeva kiTTapa CaCo-2. Meipduata avoooKaTakprpviong XpwiaTivng
TTPOYHATOTIOINBNKAV e TA UTTOBEIKVUSHEVA QVTIOWWATA, e TOV TPOTIO TToU avagéperal atnv Eikéva 4B. To
avricwpa Tou anuelwvetal RNA pol-ll avridpd pe 1o apivotedikd Gkpo TnG TTPWTEIVNG Kal avayvwpilel 1660 Un
QWOPopUAIwEVEG BT0 Kal UTTEPPUOPOPUAIWHEVEG HOPPES TOU Hopiou, v Ta avTiowpata CTD-Ser5P kai CTD-
Ser2P avayvwpifouv €181kG TNV KapBoCuteAikr TEPIOXT TG TTOAUPEPATNS QWA POPUAIWKEVNG TN aEpivn 5 Kal 2,

avtioToIXa.

Mo TNV TEAIKRA €MBERAiWGT TOU OXNUATIGHOU TOU GUUTTAOKOU EVIOXUTA-UTTOKIVNTHA GTO
id10 KUTTOPO, TTpayuaroTrolRBnkav TeipduaTa oeIpIoKAg avoookarakpuviong (re-ChiP). e

QUTEG TIG DOKIMEG XPWHATIVN N OTTOI TTPWTA EiXE UTTOOTEI AVOTOKATAKPAUVICT) E QVTIOCWHATA
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gite yia mapayovteg mpoodedepévoug atov eviaxuth (C/EBPa kar HNF3p) €ite yia mapdayovteg
mpocdedepévoug atov utrokivnt (TBP, TFIIB, HNF6) ameAeuBepwBnke katdmv améd Tnv
koAwva G-0e@apdlng kal UTEOTN OeUTEPN  QAVOCOKATAKPAMVION WE  AVTICWUATA  Yid
TTOPAYOVTEG TTPOCTDEDEPEVOUG ] E TOV UTTOKIVATI| A WE TOV EVIOXUTA avTigToixa. Omwg gaiveral
omv Eikéva 6, oe kuttapa 80 wpwv Taparnpnonkav €idikd orjuara re-ChiP pe dAoug Toug

OUVOUOOHOUG GEIPIOKWY AVOCOKOTAKPNHUVIOEWV.

1st TP ° IstIP & &
S 1 1
= ° = A
B = Z z =
mdIp\ - & T mdIp\ = ©
[ Sttasds Prom. ( wswtms Prom.
HNF-3p { - Enh. TBP < "= Enh.
Cod. Cod.
\ \.
( deadesd Prom. [ —— Prom.
C/EBPo { wss%sdses T nh. TFIIB X “=*= Enh.
Cod. Cod.
\ \
Prom. Prom.
Pre- Pre-
immune immune
Enh. Enh.

Eikova 6. Zxnpamiopog o1afepwyv CUPTTAOKWY UTTOKIVNTA-EVIOXUTH o€ KUTTapa 80 wpeg peTd TN Guppon.
Ta gUutTAoKka TTOU AVOGOKATAKPNUVIOTNKAV e Ta UTTODEIKVUOEVA TTPWTA AVTICWHATA EKXUAIOTNKAV OTTO Ta
ogaipidia protein-G-sepharose kai, YETA a6 apaiwan, AvoGoKATAKPNUVIOTNKAV e Ta UTTOBEIKVUOEVa BEUTEPA
avricwpara. Or avridpdoeig PCR mpayparotoidnkav ye Cedyn ekkivtwy mou ToMamAacidlouv Tov eVIoXUTA
(Enh), Tov eyyUg utrokivnTA (Prom), kai Tnv kwdikn mepioxn (Cod) Tou HNF4a.

4) TpotrotroInoei§ 1I0TOVWY OTIS PUBMIOTIKEG TrEpIoXEG Tou HNF4a.

To emouevo Pra auTtrig NG HEAETNG fTav N e&éTaon TG akETUAiwoNg Twv IoTovwy (H3
kai H4) kai g ueBuAiwang g Auaivng 4 ¢ H3 oTi puBuioTikéC Trepioxéc Tou HNF4a. Me Tn

XpNolpotoinon  avTiowpdTtwy  EI0IKWY IO OKETUMIWUEVEG  10TOVEG O TTEIpApaTa
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QVOOOKATAKPAPVIONG XPWHATIVNG, AVIXVEUBNKE UTTEPAKETUAIWGT Twv IoToVWY atmd TI¢ 20 WPeS
TOU TTPOYPAMKATOC dIAPOPOTTIOINONG. 2€ AUTO TO XPOVIKO ONUEIO N UTTEPAKETUAIWGT TOGO NG
H3 600 kai Tn¢ H4 TrepiopioTav atnv mepioxA Tou evioxuth pévo (Eikdva 7). Ze emOEVES
XPOVIKEG TTEPIGdOUG TTapatnpoUvTav augnuévn akeTuAiwan Kail OTIG EVOIANETES TTEPIOXES KOl
TEAIKA, OTA XPOVIKA anueia evepyoug petaypa@r Tou yovidiou (80 kar 110 wpeg), kai atnv
TIEPIOXT) TOU €yyUG UTTOKIVATH. AUTA N €COTTAWON TNG UTTEPAKETUAIWONG QaIVOTAV VO GUUBAIVEI
MOVO TTPOG Wia KateUBuvan, amod ToV EVIOXUTA TIPOG TOV UTTOKIVNTH, KOBWG Ogv avixvelbnke
augnuévn okeTuiwon otnv Trepioxn S Tou evioxut) (Upst.) (Eikéva 7). H avdiuon twv
emMMEdWV WEBUAIWONG Twv 10TOVWY €DEIEE OTI TA VOUKAEOOWHATA OTNV TIEPIOXT| TOU €YYUG
uttokivnTA ATav  ouoTanka peBuhiwpéva otv Auaivn 4 ¢ H3 amd v apx Tou
mpoypduuatog diagopotroinang (Eikéva 7). Metd ) xpovikr oTiyur} 60 hr apartnpribnke
ofua yia H3 pebuhiwpévn atn Auaivn 4 oTnv TTEPIOXA TOU EVIOXUTH, YEYOVOG TTOU ETTIRERAIWVEI
NV QUOIKI) AAANAETTIOPAGT) TOU EVIOKUTH PE TOV UTTOKIVATH.

Ma 1 dloocagAvion Tou unxaviopol dnuioupyiag autol Tou TTPOTUTIOU AKETUAIWGNG
TWV 10TOVWY, EEETAOTNKE N aTpaTtoAdynan dUo aketoAotpavaepacwy, Twv CBP kai P/CAF,
oTIG puBuioTIKEC TrEpIoxEC Tou HNF4a. Kai o1 dUo rapdyovreg eviomidoviav apxikd pévo otnv
TEPIOX Tou evioxut oTi¢ 20 wpeg. ZTIC emoueveg Tepiodoug (40 péxpr 80 hr), kai o1 dUo
TpwTeiveg auayeTifovtav We TIG evOIANETES TTEPIOXEG, VIO va @BAcouv TeAikd, apyiovrag amo
TI¢ 80 wpeg va aAnAemidpolv kai We Tov utrokivnTr (Eikéva 7). Omwe mapatnperiBnke kai Je
GMoug TTapdyovTeg TTou aTpaToAoyoUvTav OTOV EVIOXUTH, TA OHPATA TWV TTOPAYOVTWY AUTWV
oTov utrokivnTh Atav o éviova ota deiypara amd kuttapa 80 kar 110 wpwv, evw dev
avixveulnke aAnAettidpact| Toug We TIg TrEpIoxr 5 Tou eviaxutr| (Upst.) i Tnv kwdiknA trepioxn
(Cod.) Tou yovidiou (Eikéva 7). Auté 10 XpovikO TTpoTuto ouoxéTiong Twv CBP kal P/CAF e
TIC PUBMIOTIKEG TIEPIOXEG OXI MOVO CUUQWVEN WE TNV OTAdIAKNA Kivnorn TOU OUUTTAGKOU
TTPWTEIVWV TTOU OXNUATICETAI OTOV EVIOKUTH TIPOG TOV UTTOKIVATA TOU YovIdiou, AAAG TTpoTEivel
Kai  éva  pnxavioTikG poviého Tou  va gényei v Tapampoluevn  §amAwon TG
UTTEPAKETUAIWONG TWV IGTOVWV.

Ze TIEPAITEPW TIEIPAMATA AVOAUBNKE N CUOXETION ME TIC PUOUIOTIKEG TTEPIOXEG TOU
yovidiou Tou Brgl, evo¢ ouoTaTikoU OUMPTIAOKWY avadiaudp@waong  Xpwuativng, e
armoreAéopara TTOAU TTapouola We autd Trou eixav TpokUel yia Toug CBP kai P/CAF (Eikéva
7), yeyovog Trou amodelkvUel 0TI Kal 0 Brg1 aTpatoloyeital apyikd aTov eVIOXUTH Kal OTadIaKA
METAKIVEITAI TTPOC TIG EVOIAUETES TIEPIOKES, VI VO POACEI, GTO XPOVIKO aNuEio TNG évapgng T

HETAYPAPAG, TNV TIEPIOXN TOU €YYUGC UTTOKIVATH TOU YovIdiou.
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IP: acetyl-H3

IP: acetyl-H4

IP: Methyl-K4-H3

Time Q Q S
hours: & ¥ &Y SAPESY SN ESY
Upst. Upst. Enh. e tmbind
Enh. st bt et st hed DD, - e i Int.1
Int.1 b e I e e i P01, S e e e e b
Int.2 — i s o ING2 s o e i e
Prom. «. . wdew Prom. - e N

IP: CBP IP: P/CAF IP: Brg-1
Time S S N Q
hours: © S PSS SRR SN ESY
Upst. Upst. Upst.
Enh. ol bl o bt E ], W b el v et E ], et Ve St ot S
Int.1 — et Int.1 e Int.1 ——
Int.2 —_—— Int.2 S ) Int.2 — i e
Prom. weu o Prom. i Prom. bt
Cod. Cod. Cod.

Eikéva 7. TpomomoINCEI TwV ICTOVWY KOl GTPATOAOYNON OKETUAOTPAVOQEPUGWY KAl TOU TrapAyovTa
avadiopdppwong TG xpwyativng Brgl omig pubpioTikég Tepioxég Tou yovidiou Tou HNF4a of
Slagpopotololpeva KUTTOpa CaCo-2. [elpauaTa avOoOKATOKPANUVIONG XPWUATIVAG TTPAYUATOTTONBNKAV 6TTWG
meplypagetal oty Eikéva 4B, pe avriowyara mou avtidpolv pe TETTIOIO IGTOVIKWY OUPWV TTOU GEPOUV TIG

UTTOOEIKVUOHEVEG TPOTTOTTOINTEIS A WE avTIGWaTa TTou avTidpolv pe CBP, P/CAF kai Brg1.
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2YZHTHZH

H JeTaypa@iky €vepyotroinon Twv €EUKOPUWTIKWY Yyovidiwv ouvToviletal oTIg
TIEPICCOTEPEG TIEPITITWOEIC OTTO OTOIXEIO EAEyXOU Ta oTToia eviomidovTal € PeYAAEC Kal
TTOAUTTAOKEG TTEPIOXEG EAEYXOU TNG WETAYPa@AG Kal dpouv O€ PeYAAEC OTTOOTACEIS Yia TV
ETITEUEN €VOC XpwHaTIVIKOU TEPIBANOVTOG TTOU €MITPETTEI TNV OUVAPKOON €vOG eveEPyoU
TTPOEVAPKTNPIOU OUPTIAGKOU. Ta OuyKekpigéva PoviéAa TTou TTpooTraBouv va amaviioouy
OTNV €pWTNCN TOU TTWG PUBUIOTIKA OTOIXEIO UTTOPOUV VO ETINPEACOUV TN PETAYPOQI OTIO
ueyaec amoatdoeig mepIAapBdavouv unxaviouoUg Ol OTIOIOI EYTTITITOUV O€ TPEIG KATNYOPIEC:
“looping”, “scanning” kai “linking” (o1 omoiol ata EAnvikd umopoUv va amodoBolv pe Toug
Opoug «KUKAWTIKOGY, «TAPWTIKAGH KO «TUVOETIKOGH).

To mpwro Wovtélo, 1o ommoio BacileTal o ekTeTAMEVEC PEAETEC KOAG KOBOPITUEVWY
OuUOTNUATWY, UTTOBETE aTTeuBeiag emagEC PeTaty auuTTAGkwy TTpwTeivwy Kai DNA, Ta omoia
oxnuarifovral g€ Gmw eVIOXUTEC Kal gyyUg utrokivntég (Ptashne, 1986). Autéc o emagég
MTTOPEl  va  TTPOKAAOUVTAI QTG  TUXQIEG OUYKPOUOEIG METOEU Twv OUMPTIAOKWY, va
oTaBepotrololvial amé TPWTEIVIKEG AMNAETIOPACEIS Kal va €XOuv Oav ATTOTEAEGUA TO
oxnuariopd «BnAhiag» (“loop”) Tou evdiaueoou DNA (Ringrose et al., 1999). Eva amé ta
HEIOVEKTAWATA auToU TOU povTéAOU eivar OTI Oe AapPavel uTrdyn Tou TO EVEPYEIAKO KOOTOG TNG
METAKIVNONG €VOC TUAMATOC XPwHATIVNG O ATTOOTACEIS TIOU WTTOPEi va uttepPaivouv TIg
TOMEG KINoBaoeIg. EmimmAéov, KaBioTd dUOKOAN kail Tv €TTegAyNon TS dpACNG TwV GTOIXEIWV
opiwv (boundary elements) kai Twv amopovwTwy (insulators), Twv otoiwv n dpdon cuvicTaral
OTOV TIEPIOPIOHO TOU DUVAMIKOU EVEPYOTTOINONG EUKOPUWTIKWY EVIOXUTWY OTOUG UTTOKIVNTEG
oToyoug Toug (West et al., 2002, Dillon and Sabbattini, 2000, Dorsett, 1999).

To Moviédo «oGpwong», T0 OToiI0 UToBETEl OTI O PUBMIOTIKEG TTPWTETVES
(HeTaypagikoi  Trapdyovteg, ouvevepyorrointés 1 n RNA  moAupepdon-Il)  mpwra
oTpaToAoyoUvTal OTOV EVIOXUTA Kal PETA KIvouvTal TTavw oTo DNA péxpl va OUVAVTAGOUV ToV
€yyUc umokivnt), Ba ATav TIEPICCOTEPO GUUPATO HE TNV IKAVOTNTO TWV CTIOPOVOTWY Va
TrapeuTTodiCouy Tn dpAacn Twv evIoXUTWY. O pnxaviopdg «auvdeancy amd Ty AAAn umopei va
eénynoer o apeca dIaPOPETIKES TTAEUPEC TNG PAONG TWV ATTOMOVOTWY, TTWG TT.X. TO TTWE Ta
oTolxeia opiwv kaBopiouv Ta Opia dIOKPITWY KAl BIOQOPETIKWY TTEPIOXWV XPWHATIVAG Kal
empBaNouv TN dpdon Twv evIOXUTWV TTPo¢ Jia karelBuvon (Bulger and Groudine, 1999).
ZUUQWVa W autO TO HOVTENO, N ETTIKOIVWVIO PETOEU EVIOXUTH KOl UTTOKIVANTH TIEQIAAUBAVEI

BondntikéEc (“facilitator”) Tpwreiveg, o1 omoie¢ oTpaToAoyoUvTal ATIO  TTAPAYOVTEG TTOU
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TTPOCOEVOVTAI OTOV EVIOXUTH Kal KATOTTIV ammAwvovTal Kard pnkog tou DNA, opyavwvovtag
€101 TN O TG XPWHATIVAG TwV EVOIAUECWY TOU EVIOXUTI KaI UTTOKIVATA aAAnAOUXIWY g
TETOI0 TPOTTO WOTE VA €ival duvaTh N HETAdOON TOU «THUATOCY YIA UETAYPAPIKI EVEQYOTIOINGN
QTT6 TOV EVIOXUTH GTOV UTTOKIVATA Tou yovidiou (Bulger and Groudine, 1999). H kUpia évataon
TToU €yeipeTal ae 0TI agopd Kai Ta dUo TeAeutaia woviéEAa eivar 0T dev TTPOUTIOBETOUV (EDN
QUOIKA €TTAQ WETALU TOU EVIOXUTH Kal TOU UTTOKIVNTH, KATI OUWG TO OTToio €xel DEIXBE pe
O1GQOpPEG TTEIPAPATIKEG TIPOOEYYiOEIS, o€ dlagopeTika cuaThuata (Dillon et al., 1997, Gribnau
et al., 1998, Mahmoudi et al., 2002, Tahirov et al., 2002, Shang et al., 2002).

Me okomd N dlacagAvion Tou unxaviouoU Tng amd OmooTaonG HETAYPAQIKAG
EVEPYOTTOINONG, WEAETABNKE OE QUTA TNV £PYACia N OUVAPKOON PETAYPOPIKWY TTAPAYOVTWY
OTIG PUBUIOTIKEG TTEPIOXES TOu yovidiou Tou avBpwtrivou HNF4a mpiv kal aTn dIGpKEIa TG
OPXIKAG EvEPyOTTOINONG TOU YyovIdiou KaTA TNV dIapOPOTIoiNaN EVIEPIKWY KUTTAPWY. H AoyikA
NG WEAETNG ATav OTI €AV Yivel duvaTdg 0 KaBopIopds TNG XPOVIKAG TEIPAS TwV YEYOVOTWY Ta
otoia 0dnyolv OTO OXNUATIONG €VOC aTmd TOV EVIOYXUTH EEAPTWHEVOU TTPOEVAPKTNPIOU
HETAYPAQIKOU OUPTTAOKOU, Ba dIaQwTIOBEl KaI TTI0 AETITOUEPWS O PNXAVIONAS TTiow a6 Ta
yeyovota autd. H xpnolpotoinon TeEIpauaTwy avoOOKATAKPAUVIONG XPWHATIVIG ETTETPEWE
Aoy 1 BIdKpIon  TOUAGYIOTOV  TEOOApPwY  OlaKPITWY  PBnuatwy  oTtn  dladikagia
evepyotroinang Tou HNF4a. H xpovoAoyikr o€1pd Twv yeyovoTwy, Ta OTToia TTapouaiddovral
oxnuarika oty Eikéva 8, umoatnpilel éva unxavioud o otoiog eixe TpoTabei apyikd atmo
Tou¢ Blackwood kai Kadonaga cav poviého tng «umofonBoupevng kUAiong» (“facilitated
tracking”) (Blackwood and Kadonaga, 1998).

Karaotaon «avapovigy» (“poised”) | «déopeuong» (“committed”) Tou yovidiou Tou
HNF4a.

21NV apxn Tou Tpoypapparog diagopotroinang (wpa 0) amokaAueenke 61 1600 0 EVIOXUTAG
600 Kal 0 UTToKIVATAG Toug yovidiou Atav Adn «karelAnuuévor» (occupied) amd TIC GUVAQEIG
mpwreiveg Tou Tpoodévovial o DNA. Ze autd 10 OTAdIO fTAV ETTIONG QVIXVEUTIUOI
TOUAAXIOTOV TPEIG TTOPAYOVTEG TNG BACIKAG WETAYPAPIKAG unxavrg, of TFIIA, TFIIB kai TBP
oTov €yyU¢ utokivnt. Autd 10 OUpTTIAOKO WTTopEi va BewpnBei cav pia dour n otmoia
dnuioupyei pia katdoTaon «avapovrigy ) «dETUEUTNG», «ONUAdEUOVTACy TOV UTTOKIVATA YId
mepaitépw diadikaoiec kar alayéc (Soutoglou and Talianidis, 2002). H voukAcoowpIKA
opyavwan Twv pubuioTikwy Teploxwv Tou HNF4a emiong deixvel 611 10 yovidio eival o€ pia

OEKTIKA Y10 UETAYPAPH KATAGTAGT ATTO TV EVapEn TOU TIPOYPANMATOS dIagopoTroinang. &1a
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Enhancer Promoter
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Eikéva 8. ZxnuoaTiki ameikévion Twv S1adoxIKWV GTadiwv TTOU EVEXOVTUI GTO GXNUOTIONO £VOG EVEPYOU
TPOEVOPKTAPIOU oupTTAOKOU oTnv pudpioTIKA Tepiox Tou HNF4a. 1. Kardotaon «avayoviio» (“poised”) 1y
«déopeuongy (“committed”) Tou yovidiou Tou HNF4a. 2. Z1patoAdynon twv CBP, P/CAF kai Brg1 atov evioxu
kai NG RNA moAupepaone-Il atov umokivnti. 3. MeTakivnon Tou oupmAdkou DNA-Tpwreivioy, TOU EXEI
OoXNUOTIOTED TOV EVIOXUTA, KOTA PAKOG Twv evOIaNETWY aAMnAouxiwv Kal eEATTAWGN NG UTIEPAKETUNIWONG Twv
IOTOVWV. 4. ZXNATIONAG £vOG GTABEPOU CUUTTAOKOU EVIGYUTA-UTTOKIVITH), UTIEPAKETUAIWGT TWV VOUKAEOOWUATWY
TOU UTTOKIVNTA, avadiapudp@wan ToU VOUKAEOGWUATOS TTOU KAAUTITEI TO Onpeio évapéng TG HETAypPAQRS Kal

ameAeuBEpwan e TToAuPEPAONG aTé Tov UTTOKIVATH.
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kOTTapa CaCo2 o eyyU¢ utroKIvnTrS ATaV KOAUPPEVOS aTTd VOUKAEOOWATA TOTTOBETNEV OTA
idla TOKTG OIACTAMATA, €VW OTNV TIEPIOX TOU €VIOXUTH OUO Ouoiwg TOTTOBETNUEV
voukAeoowpaTa akoAouBoUvrav amd pia akdAutrTn meploxy — o€ avtiBean, o€ KUTTOPIKEG
oelpég o1 otroieg dev ekPpacouv HNF4a n TomoBétnan Twv XpwWHOCWHATWY OTIG iDIEC TTEPIOKES
Atav Tuxaia. EmimAéov, deixBnke 611 N 10TOVN H3 Twv VOUKAEOOWHATWY OTOV €yyUG UTTOKIVATY
Atav YeBuhiwpévn atnv Auaivn 4, pia Tpotrotoinon n otoia éxel TPOTABET oav ETTIVEVETIKO
onupddr yia evepy xpwyarivn (Noma et al., 2001, Wang et al., 2001). Eva emimAéov
evolagépov xapakmploTikdé autig Tng karaoTtaong eival 6t n Béon mpdodeong Tou HNF3,
VoG TTapAyovTa 0 OTT0I0G ATTOKAAEITAI Kal «TTPWTOTTOPOS» (“pioneer”) Kai £xel T duvatdtnTa
va diarapdooel T dopn avwtepwy Tééewv (higher order) xpwuarivng (Cirillo and Zaret, 1999,
Cirillo et al., 2002), Bpioketal otnv TEPIOXA TOU €VIOXUTH Tou yovidiou Tou HNF4a n otoia
givar eAeuBepn amd voukheoowpata. KabBwg n amd HNF3 mpokaAoluevn diatapagn twv
aMNAeTIOpacewv PETAlU Twv VOUKAEOOWHATWY WTTopei va emmnpeddel To prikog Tou DNA Tou
ouvdéel Ta voukheoowyarta (linker DNA), o oxnuatiopds TG eAelBepng amd voukAcoowyata
TIEPIOXNG TOU EVIOXUTA UTTopEl va gival To amotéAeapa g dpdong tou HNF3 o¢ éva o
TpWIKo a1adio TG dlagopoTroinong. Eival oUUQwvo pe Ta TTapamavw cuptrepdopara givai
Kal T0 yeyovog 011 To aUaTnua kaAAiEpyeiag Twv Kuttapwv CaCo2 piueitar pévo tn diadikaacia
TEAIKNAG O10QOPOTIOINONG EVTEPIKWY KUTTAPWY, €TTEIDN N OEIpd TIPOEPXETAI ATIO EVTEPIKA
KOTTApa Ta oToia £xouv /On Tepdaoel amd Tpwida avatTugiakd atddia mou kabopiouv Tnv

yeveahoyikr Toug déapeuon (Peterson et al., 1993).

AvegapTnTtn wpigavon TwWV CUPTTAOKWY TOU EVIOXUTI KOI UTTOKIVATH

21N 0elTEPN XPOVIKA dlaxwpialun ¢aon TaparnerBnke pia eMIAEKTIKA oTpATOAGYNON
TwWV akeTuhoTpavopepacwy Twy Iotovwv CBP kai P/CAF kal Tn¢ mpwreivng pe dpaon
avadiaudpewaong ¢ xpwyarivng Brg1 otov evioxuti Tou yovidiou (oTi¢ 20 wpeg). H
OTPATOAOYNON AUTA CUVETTEGE XPOVIKA WE TO TTPWTA CAKATA UTTEPAKETUAIWONG TWV IGTOVWV
H3 kal H4, Ta otmoia Atav mepiopiopéva GTNV TEPIOXT Tou evIoXUTH. Tautdxpova, AAAES
ouoTaTikéG TpwTeiveg Twv aguptAdkwy TFIID, TFIIH, o mapdyoviag TRAP-220, uéAog Tou
diapecohapnt (mediator) kair n RNA moAupepdon-Il atpatoAoyriBnkav atov gyyug UTToKIvATH.
KaBwg otnv mponyouuevn @aon o TAF1 kai TAF10 d¢ ouoyeti(oviav pe Tov UTTOKIVATA,
yevwvaral n umdBeon 61 1o TBP tou avixvetetal T xpovikh oTiyur) 0 dev Atav péAog Tou
kAaoaikou, Tutrikou auptrAdkou TFIID (Albright and Tjian, 2000, Bell and Tora, 1999). Edv 10

TFIID o omoio avixvetetal oTic 20 wpeg dnuioupyeital pe otadiakr ouvabpoion twv TAF

72



KEQANAIO 2

Tavw o€ TBP 10 otroio gival (dn mpoodedeuévo aTov UTToKIVATA A U avTiKatdaTaaon vog Jn
TutTikoU, Xwpic TAF TFIID amé éva TFIID 1o omoio mrepi€xel TAF dev gival yvwaTtd yia v wpa.
To onUavTikGTEPO XAPOKTNPEIOTIKO AUTOU TOU TIPWIMOU aTadiou TTAVTIWG gival 0TI Ta KUpla
OUOTATIKA TG YEVIKAG  METAYPOQIKAG pnxavAs kaBwg kar  RNA  moAupepaon-Il
ewogopuhiwpévn atn aepivn 5 g CTD (carboxyterminal domain) ouoxeti(ovral oTabepd e
TOV UTIOKIVNTA, XWPIG va €ekKIvouv petaypa@r). Autd deixvel OTI n aTparoAdynon g
TOAUPEPAONG OTO anueio évaping TG petaypagnig Oev €ival ApKETO yia va EEKIVAOEL N
peraypa@ri kai 6Tl kar GAAoI TTaPAyovTEG Kal yeyovoTa gival ammapaitnTa yia TV aTTEUTTAOKA Ta
amoé ToV UTToKIvnTA. ATTO QuTH TV ammoyn ival onuavtiké va onuelwdei 6t o€ auti v
TmEPiodo dev UTTpXav EVOEILEIC yIa CUVEPYATIKOTNTA WETACU TOU UTTOKIVATA Kal TOU EVIOXUTH,
KATI TTOU UTTOVOET 0TI N oUVABPOICEIC TWV CUPTTAGKWY BIOQOPETIKAG CoUCTOONG OTIG dUO

TEPIoXES ATav avegdpTnteg n Wia ammd v GAAn.

Kivhon Ttou ouykpotnuévou otov evioxutl oupmAdkou DNA-mpwrteivng mpog pia
KateuBuvon mavw oTig evildpeoeg aAAnAouyicg kal e§aTAwWON TNG UTTEPAKETUAIWONG

TWV ICTOVWV.

Z1nv emdpevn Xpovikr mepiodo (40-80 wpeg), Ta TPoidvTa avoookatakpuvions dAwv
TWv TTapayoviwy ol omoiol guoyeTiCovrav pe Tov evioxut (HNF1a, C/EBPa, HNF3B, CBP,
P/CAF xai Brg1) mepieixav tupara DNA 1Tou avTigToixouoav OTIG TIEPIOKEG METALU TOU
eVIOXUTA Kal Tou utrokivnTr. KaBwg o1 rapayovTeg autoi Tautdxpova aAAnAETIdpoucay e v
TIEPIOXT| TOU EVIOXUT, TO GUUTIEPACHA TTOU EEAyeTal Eival 6T oxnuarietal éva dITTd GUUTTAOKO
TO OTI0I0 QTIOTEAEITAI ATIO TOV EVIOXUTH KaI EVOIQUETES TTEPIOXEG, ME TIG aAAnAouyieg va
OUVOEOVTOI PETW TWV TTPWTEIVIKWY TTapaydvTwy TTou oXeTiCovTal e auTég. Eival anupavtikd va
onpelwBei 611 Kaveig amd Toug TTAPAYOVTEG 01 0TT0I0I GTPATOAOYABNKAV OTOV E£yYUG UTTOKIVATA
OEV QVIXVEUBNKE OTIC EVOIAPETEC TTEPIOXEC O OTTOIADNTIOTE XPOVIKI OTIYHFA TOU TIPOYPAMHATOS
d10QopOTToiNONG.

‘Eva mBavd oevdpio 10 01T0i0 TIPOTEIVEI TN CUCXETION WOPIWY TwWV aTTd TOV EVIOXUTH
OTPATOAOYOUUEVWY TTPWTEIVWV TTPWTA HE TOV EVIOXUTA KaI PETA TNV, TOUAGXIOTOV €V WEPEI,
dlaguyry Toug amd autdv kal TV €AeUBepn KUAIGN TOUG TTIPOG TOV UTTOKIVATA MTTOPEI va
atokAeioTel v An@Bei utrdwn n 1516TNTa TwWV HNF3B kai C/EBPa va aMnAemdpolv €181Ka pe
TIG Béoeic pocdeoric Toug ato DNA. EmimAéov, oto emduevo otddio (80-110 wpeg) Ta
TTPOIOVTA AVOCOKATAKPAPVIONS OAWV TWV TTAPAYOVTWY TTOU GTPATOAOYOUVTAI GTOV UTTOKIVATA

mepigixav TuApara DNA Tou evioxuth|, Kai, avTiBeTa, Ta TPOIGVTIA AVOCOKATAKPANVIONS TWV
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TrapaydvTwy Tou evioxuth Trepicixav TuRpara DNA tou uttokivnTr|. Me GAAa Abyia, Qv yivel pia
TpooTaBela va e¢nynbei n avixveuon autwv Twv dU0 ATTOMOKPUOMEVWY TTEPIOXWV OTa
TTPOIOVTO OVOCOKATAKPAWVIGNS TWV TTAPAYOVTWY Ol OTT0iol aTpaToAoyoUvTal OTn pid f v
GMn Trepioxn oav 1o amoTéAETPA aveEapTNTNG OTPATOAGYNONG 1) EAEUBEPNG diGxuang amd Tn
Mia Tepioxr otnv AAAn, 10T Ba TTPéTTEl va yivel n TTapadoxn OTI Ol YEVIKOi WETAYPAPIKOI
mapayovteg f n RNA moAupepdon-1l Gagvikd otparodoyolvral o€ pia amod 10 onpeio Evapeng
MG HeTaypagng OTOHAKPUOPEVN  TIEPIOX) OTO  XPOVIKO ONUEID NG  PETAYPAPIKIS
gvepyoTToinang Tou yovidiou, Wia apadoyr mou duokoAa utrooTtnpiletal amd TIC TPEXOUTES
Bewpieg petaypa@ikig puBuiong. H peiwon kar TeAIK €&a@dvion Tou GAUATOS TWV WE TOV
EVIOXUTA OUOXETICOMEVWV TTOPAYOVTWY aTTO TIC EVOIAPETEC TIEPIONES OTIC WPEC TNG EVEPYNS
peraypagric Tou yovidiou (80-110 hr) emriong o ouvadel pe Eva PoviéAo auvexoUg diaguyng
Topayoviwv amd Tov evioxuth. H mlavomnta tng daueong otparohdynong g RNA
ToAupepaonc-Il amd Tov evioxuth Kal TG PETOQOPAg TG otov utokivTh (Johnson et al.,
2001) r) TnG evepyotroinong €vOS KpUPoU UTTOKIVATA 0TV ATTw PUBUIOTIKY TTEPIOXA WTTOPEI
emong va amokAeioTel, kaBw¢ n oTparoAdynaon TG ToAuuepAonG Wadi Pe  yeEVIKOUG
HETAYPAQIKOUG TTOPAYOVTEG TTapaTNEABNKE OTOV £yyUC UTTOKIVATA TIOAU TTIPIV TO GXNWOTIOUO
TOU OUUTTAOKOU €VIOXUTA-UTTOKIVNTH Kail €TTiong KaBwg dev avixvelbnke petdypago Trou va
TTPOEPXETAI OO TIC ATTW aAAnAouxiec TNG PUBMICTIKAG TTEPIOKNAS TOU Yyovidiou oTroladfTToTe
OTIYHA TOU TIPOYPAUUATOS dIAYOPOTIOINaNG.

' autd Aormmdv, n aueoeg evOEigeIg TTou TIPoEPXOVTal aTTO Ta ouvexn ofuara ChiP mrou
Toparnpouvtal yia I aAAnAouxieg Tou evioxuth, padi pe Ta TTOPATIOVW OTOIXEIQ,
UTTooTNPEICOUV TOV ICXUPICHO OTI TA CHUOTA TIOU QVIXVEUOVTAI OTIG EVOIAUETES TIEPIOKES
avtigTolxouv o €va ouptAoko tou Tepiéxel DNA Tou evioyuth. AuTéC oI TTapaTNPAOEIG
Aormdv deixvouv 011 0AGkANpo 10 oUpTAOKO DNA-TpwrIEivioy 10 0TI0i0 OXnuarTiCeTal aTov
eVIOXUTA KUAG QIOECOU TwV EVOIAPECWY TTEPIOXWY TTPOG TOV UTTOKIVATA, Mia diadikacia n
oTToia BPioKETAI € CUHQWVIA WE TO TTPOCPATA DIATUTTWPEVO WOVTEAO TN «uTToRoNnBoUWEVNS
kKOAiong» (facilitated tracking) (Blackwood and Kadonaga, 1998). Auté 10 povtého uttoBETel 0Tl
T0 OUUTTAOKO TTOU OXNUOTICETAI OTOV €VIOXUTA KUAQ pe pIKPG Prjwata katd PAKog Tng
XPWHATIVAG PEXPI VO CUVAVTACEl TOV QVTIOTOIXO UTTOKIVATA, OTTOU Kal oXnuartidetal évag
oTaBepr) dopr| «BnAiGgy (loop).

O1 aketuhotpavopepdoec CBP kai P/CAF eival onuavtikd ouoTaTikd autoU Tou
METAKIVOUPEVOU GUPTTAOKOU. O1 TIpWTEIVEC AUTEG UTTOPET VOl TPOTTOTTOIOUV Tr XPWHATIV KABWS
ueTakivouvtal katd pAkog Tou DNA. Auth n umdBean umoaTnpiletal amé v ¢amAwan TPOg

Mia kareuBuvaon TG utrEPakKETUAiwaNG Twv IoTovwy H3 kai H4, amé Tov eviayuTr TTpog Tov
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UTTOKIVNTA, ME TAUTOONUO TOTTOAOYIKA Kal XPOVIKA TPOTIO We Tnv ouoyxétion Twv CBP kai
P/CAF.

H ouvepyacia uetatl OKETUAOTPOVOQPEPACWY TWwV IOTOVWV KOI CUUTTAGKWVY TTOU
avadiaraooouy  Xpwyarivn €xel TPOTOBEI Oav €vag PNXAVIOPOS CGNUAvTIKOG yia TV
peTaypagikr evepyotroinon (Hassan et al., 2001, Narlikar et al., 2002, Fry and Peterson, 2001,
Dhalluin et al., 1999, Jacobson et al., 2000). H mapoucia tou Brg1, piag kataAutikr
utrogovadag Tou avBpwrrivou ouptAokou SWI/SNF 010 PETAKIVOUPEVO OUMTTIAOKO divel
ONPAVTIKEG TTANPOPOPIES OXETIKA e T duvapikh Tng dladikaaiag KUAiong. H ouvtovigpévn
Opdaon Twv akeTUANAOWV Kail Tou Brg1 Ba 0dnyouce aTnv aKETUAIWGT TWV OUPWVY TWV IGTOVWV
TOU YEITOVIKOU VOUKAEOOWHATOG, TO 0TToio We Tn a€ipd Tou Ba dnuioupyoloe pia em@dveia
aMnAemtidpaong ue TI¢ TepIoxéS bromo (bromodomains) Twv Brg1, CBP kai P/CAF. Autd 6a
OleukdAuve Tn peTakivnon Tou GUUTTAOKOU OTO ETTOMEVO VOUKAEOOWHA, dnuIoupywvTag €101
ofjpara yia yia diadikagia TTou EMITEASITAI Y WIKPA BAUATA, TPOPODOTOUMEVN ATTO TNV dPACN
ATP-dong tou Brg1.

‘Eva onuavtikd xapaktnpiaTiké Tng KUAIong Tou eviaxuth Tou HNF4a gival pog pia
kaTteuBuvon mopeia Tou. MapdTi Ta amoteAégpata authg TG epyaaiag dev divouv amdvinon
OTNV €PWTNON TIWG EAEyXETAI QUTH N KatelBuvan pdvo TIPOG TOV UTTOKIVATH, WTTOPEi va
mpotaBei n umdBean 6T n aMnAouyiec 5 Tou evioxuti Tou HNF4a pmopei va dpouv oav
amopovwrtéS (insulators), o1 otroiol TapeuTodifouv Thv Kivnon TOU GUNTIAOKOU TOU EVIOXUTA

TTPOG TNV avTiBETN KATEUBUVOT.

Mopiakd yeyovoTa Ta otroia TupodoTolv TNV Evapsn TG METOYPUPRS TOU yoviBiou Tou
HNF4a.

ZTov €yyUg utrokivnth, Ta orjuata ChiP Twv TapaydvTwv Tou GTpaToAoyouvTav aTov
evioxut (HNF1a, C/EBPa, HNF3B, CBP, P/CAF kai Brg1) mapampriénkav yia mpwin @opd
oTIg 60 wpeg Tou TTpoypduuaTog diagopoTtroinang, Kai pe peyaAutepn éviaon oTig 80 kar 110
wpes. Tautoxpova, Ta TIPOIGVTA OVOOOKATOKPAWVIONG TwV CUCXETICOMEVWY WE TOV €YYUC
utrokivnTh Tpwreivwv (HNFG, TFIIA, TFIIB, TBP, TAF1, TAF10, TFIIH, TRAP220 kai RNA
ToAupepaon-1l) mepicixav Turuata DNA Ta otroia avTiaToixouoav GTnv TIEPIOXT| TOU EVIOXUTH.
Onw¢ oulnthbnke kal Tapamdvw, OT0 TEIPAPATIKG OUOTNUO TTOU XPNOIHOTIONBNKE N
Tautoxpovn Tapouaia Twv dUo Tunudtwv DNA oTa Tpoidvia avoooKATAKPAUVIONS TETOIOS
TroIKINiaG Trapaydviwy deixvel 0TI 01 dUO TIEPIOXEC TTPOTEYYICOUV TTANCIAOUV TTOAU OTO XWPO

n pia v GAAn yia va oxnuarioouv éva uywnAic téénc (higher order) ouptAoko, We TO
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evoidueco DNA va oyxnuarilel pia «BnAid» (loop) Tiow Toug. AuTOC 0 OXNMHATIOUOS EVOG
0TaBepoU GUUTTAGKOU EVIOXUTA-UTTOKIVATA GUUTTITITEl JE UTTEQAKETUAIWON TwV 1I0TOVWV TOU
uTToKIVNTA, @wao@opuAiwan g ToAupepdaong-ll otn oepivn 2 TG KapRoEuTeAIKNS TTePIOXAS
NG, avadiauopPWaT TOU VOUKAEOOWHATOS TTou BpiokeTal aTn BEan Evaping TG METAYPAPS
kal TEAIKG oTTEAEUBEPWOT TG TTOAUPEPAONG ATTO TOV UTTOKIVATH.

H oUykpion g aMnAouyiag Twv yeyovatwy Ta oTroia 0dnyoUv GTNV EVEPYOTTOINGT
Tou HNF4a pe auta mou £xouv TIEPIYPAPED yia TV EVEPYOTTOINDN Twv yovidiwv g o-1-
avtiBpuyivng (a1-AT) kai g Ivepeepdvng-B (IFNB) amokaAuTtel 1000 Kova 600 Kal €IBIKA
yia kGBe yovidio BrAuata aToug Pnxaviopous evepyotroinong (Soutoglou and Talianidis, 2002,
Agalioti et al., 2000). Na Topadeiypa, n otparohdynon ¢ RNA molupepdong-ll aTov
UTTOKIVNTA O¢ €va TIpwIYO OTAdI0 NG dladikaciag €xel maparnpnbei Kal OTIC TPEIS
TIEPITITWOEIG. TO UN TTARPEG GUUTTAOKO TWV YEVIKWY PETAYPAPIKWY TTAPAYOVTWY, TO OTT0I0 £0W
ovouaoTnke «dopr avauovic» (poised structure), avixvelBnke Tmiong aTov utrokivnTh TG al-
AT mpiv T aTparoAdynan g moAuepaons. H kaBuaTepnuévn ouoxETion Twy AKETUAOCWY
KOl OKETUAIWON TWV 1I0TOVWY OTOUG UTTOKIVNTEG ATAV ETTIONG £€va KOIVO XAPOKTNPIOTIKO TwV
uTToKIVATWY. Tow¢ Ouwg n onuavtikdtepn ouoldtTnTa va OXETICETal pE TO POANO-KAEIDI TOU
VOUKAEOOWATOG TTOU PpioKeTal TTAVW OTO TO Onueio évapéng g petaypagrg. Autd 1o
VOUKAEOOWWO UTTOpEl va Opa oav eumodio 1o ommoio eAéyxel Tnv ameAeubépwaon Tng
TTOAUPEPACNG ATTO TOV UTTOKIVATA — 1) E0UBETEPWAT AUTOU TOU EUTTOBIOU ETTITUYXAVETAI EITE E
TNV PETAKivnOn Tou amd Tv apxIkn Tou Béan, 6Twg éxel deixBei yia Tov utrokivnTA TG INFB, A
Me TV avadiapdpwar Tou, 0w deixBnke yia Toug utokivnTéG Twv HNF4a kai al-AT
(Lombardas and Thanos, 2001, 2002, Soutoglou and Talianidis, 2002).

Avakepahaiwvovtag, Ta amoTEAETUATA AUTAG TNG EPYATIAg TTAVW OTNV EVEPYOTIOINON
Tou HNF4a amokaAUTITouUV €va duvapikd pnxaviopo, o otoiog e¢nyei TOAAG amd Ta
XAPOKTNPIOTIKA TNG YOVIDIAKAG pUBUIONG amd amoaTacn Tou £Xouv TIEPIYPAEi yia dAAa
yovidia. H duvatdtnra g TEIPAUATIKAG TEXVIKIAG TTOU XPNOIUOTIOIRBNKE va dlaxwpicel TN
dladikaaia ag TEo0ePa, TOUAAYIGTOV, DIAQOPETIKA XpovIKd BruaTa, Ta oTroia YTropolv 6Aa va
€TNPEACTOUV OT6 QUaIoAoyIKA orfjuara, divel emTAEoV Eu@acn NG TTOAUTTAOKOTNTOG Twv
HovoTtTaTiwv TTou éxouv e¢eAixBei yia va puBpidouv T dI0QOPIKI OTO XWPEO Kal OTo XPAvo

EKQPOOT TWV YOVIBiwV.

76



EMNINOroz

EMIAOroz

O ouvoAikdG OTOXOG Twv Epyaciwv Tou TreplypdgovTal o€ auth Tn dIBAKTOPIKA
O1aTpIBA ATV N PEAETN TNG PETAYPOAQIKNS PUBUIONG TOU YyovIdiou ToUu avBpwTTIVOU NTTATIKOU
mupnvikou Tapayovia 4a (HNF4a), evog petaypagikol Tmapdyovia onupavrikoU yia Tn
dlampnon Twv €CEIBIKEUPEVWV AEITOUPYIWV TWV I0TWV GTOUG OTToioUG eKQpAleTal, OTTwG T0
ATTap, To TTAYKPEAG, To vePpod Kai 1o Eviepo (Cereghini, 1996). H avaAuon eixe oav Tpwro
OKOTTO TNG TNV TOAUTOTIOINGN ONUOVTIKWY I0TOEIBIKWY OAG KOl YEVIKWV HETAYPAPIKWY
TTOPAYOVTWY TToU evéxovTal aTn puBuian Tou yovidiou. Evag de0Tepog OKOTIOC TS avaAuang
ATV N KATAVONON TWV PNXAVIOUWY HE TOUG OTT0IOUG QUTOI OI TTAPAYOVTEG GUHMETEXOUV OTN
pUBuIoN Tou yovidiou. ZTnv epyacia authy dnAadn peAetiBnke 1600 O TPOTIOC WE TOV OTIOIO
O1GQOpOI  PETAYPAQIKOI TTAPAYOVTEG ouvepyalovTal yia Tn dIATHPNON TWV ETITTEOWV TOU
HNF4a atoug 8109opoTToINPEVOUS I0TOUG OTOUC OTTOIOUG EKQPACETAI TO YOVidIo, UE EUPaaT o€
autd 10 THANA TNG WUEAETNG O€ NTTATIKA KUTTAPA, G0 Kal 0 TPOTIOC [E TOV OTT0i0 évag apIBUOS
YEVIKWVY KOl I0TOEIDIKWY TTapayOvTwy cuvepyAdeTal yia Tnv apxIKA EVEPYOTToinan Tou yovidiou
Tou HNF4a kard 1 diadikagia NG KUTTAPIKAG d1agopoTtroinang, Ye HOvTEAO PEAETNG O€ auTO
TO TUAKA TNG avaAuang KOTTAPA EVTEPIKAG TIPOEAEUONG.

To mpwto TPAUA TNG epyaaiag £dwae pia TAEIAdA TTANPOPOPIWV OXETIKA WE TNV
TAUTOTNTA DIAPOPWY LETAYPAPIKWY TIAPAYOVTWY TTOU EVEXOVTAI OTN HETAYPAPIKY evepydTNTa
TOU £YYUG UTTOKIVNTI) TOU YOVIBiOU. ZNHAVTIKOTEPO iITWS EUPNHA TNG MEAETNG TOU UTTOKIVATA TaV
n IkavoTTa YIa GUveEPYATIKA OpdAon Twv (euywy Twv PETaypagikwy Trapaydviwv HNF1a kai
HNF6 kai HNF1B kair GATAG. To mpwro (euyog pahioTa deixBnke OTI oTpaToAoyeital aTny
TIEPIOXT| TOU €yyUG UTTOKIVATH TOU YOVIBioU O€ WPIKA NTTATIKA KUTTOPA, CUMHETEXOVTOG OTN
dlatpnon Twv emmEdWY TOU, 0€ AUTA Ta KUTTAPO CUOTATIKA EKPpalduevou, yovidiou. ZTov
utroKIvnTA @Avnke 6Tl aTparohoyeital emiong kai o upnvikog utrodoxéag COUPTFII, o omoiog
KOTAOTEAAEI TNV €vepydTNTA TOU UTTOKIVATH. H KOTOGTOA QUTH €ival amapaitntn yia Tov
TEPIOPIOUG TNG BETIKAS avtamodoTiKAG pUBUIoNG peTacl Twv Trapaydviwv HNF4a kai HNF1a
KaI aTnv TEAIKR 100ppOTINUEVN EKQPACN Twv dUO TTAPAYOVTWY AUTWY OTO KUTTAPO.

H ouvepyatiky 6pdon Twv HNF1B kai GATA6 otov utokivnti Tou HNF4a Trou
aToKaAU@Onke aTn d1GpkeIa auTAG TNG WEAETNG, KOBWG Kol PEAETEGC GAAWV EpyaaTnpiwv o€
TIOVTIKOUG OTOUG OTI0ioug £xouv atmaAelpBei auToi oI TTOPAYOVTEG KAl OTA OTToid Ta ETTITIEdA
Tou HNF4a ekundeviCovral aTn dIApkeIa TG epBPUIKAG avamTugng, odnyolv atnv utdBean oOTi

T0 (EUY0G QUTO EVEXETAI OTNV APXIKY| EVEQYOTTOINGN TOU YovIdiou OE TIPWIKA OTAdIA AVATITUENG
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KQI KUTTAPIKAS dlagopoTroinang, kabwg, £miong, TOUAAXIOTOV O€ WPINa NTaTika KUTTapa o€
deiyvel va aTparohoyeital atov utrokivnTA Tou yovidiou. Me Bdaon tétoiou T0TTOU €pWTANATA,
OuveXioTnke n MEAETN TNG PETaYPAPIKAS pUBUions Tou HNF4a ot éva olotnua avBpwtivwy
KUTTAPWY EVTEPIKAG TTPOEAEUTNG, KATA TN BIAPKEID TNG TEAIKAG B10QOPOTIOINaNG TWV OTIOIWV
gvepyotolgital 1o yovidlo. H oeipd aut Twv TEIpapdaTwy dev dIacarVIOE TO EPWTNHA TNG
ouppetoxic Twv HNF1B kai GATA6 omv apxikh evepyorroinon tou HNF4a, kabwg ol
Topayovteg autoi dev OAANAemIdpoUcaV pE KaPia aTO TIC PUBMIOTIKEG TIEPIOXEG TTOU
avaAuBnkav g€ auté To TUAWA TNG PEAETNG Kal TTou TrepIAGuBavav 1600 Tov eyyUg UTTOKIVATA
TOU yovidiou, 600 Kal €vav ATIW EVIOXUTHA, O OT0i0g, OTTWG £ixe @avei o€ diayovidIaKoug
TOVTIKOUG, €ival ONUAVTIKOS Yia TNV KATAANAN TTOCOTIKA KOl XWPO-XPOVIKA €KQPaCT Tou
HNF4a.

H onuacia ¢ ouvepyatikic dpdong twv HNF1B kai GATAG6 otn pUBuion Tou
yovidiou Trapauével ETa1 avoixTd epwtnua — TapdAa autd, n avaAuan Tou ETTIXEIPAONKE OTO
EVIEPIKAG TTPoéAeucnG aUOTNUA TTOU Xpnaiuotroinonke €dwaoe pia oeipd amd onuavTikéG
TANPoQopies yia T petaypagiki pubuion Tou HNF4a. Ze 611 agopd TN XPWMATIVIKA
opYavwaon Twv PUBUIOTIKWY TTEPIOXWY TOU Yyovidiou, QAvnKe OTI KOl O EVIOXUTAG Kal O
UTTOKIVNTAG €ival Opyavwuéva O€ Wid TTOAU XOAPOKTNPIOTIKY XPWMOTIVIKY dour), n otoia
mepihappavel Béocic umrepeuaiobnaiag o DNasel, voukAcoowpara TomrobeTnuéva ae auatnpd
kaBopIouEVEG BETEIC, Kal XAPOKTNPIOTIKOUG WETAYPAPIKOUC Trapdyovteg (6Tw¢ 10 (eUyog
HNF1a kair HNF6) atpatoloynuévoug aTig duo Trepioxés. OAa autd Ta yeyovota £xouv OUpPEi
TOAU TIPIV T METOYPOQIKI) EVEQYOTTOINGN TOU YovIdiou Kal TBavov «anuadeuouvy TG dUO
TEPIOKES yIa eTémeira yeyovota. Ta TeAeutaia TepIAauBavouv aTpatoAdynon AoV
TOPAYOVIWV TOOO OTOV EVIOXUTH 000 KaI TOV UTTOKIVATA O€ WETETEITA OTAdIO TOU
TPOYPAUUATOG dI0POPOTIOINONG TWV KUTTAPWY. H aTpaToAdynan OKETUAOTPAVOPEPACWY KAl
€VO¢ avadiapopewTr| TNG Xpwpartivng odnyei aTn PETOKIVNON TOU CUPTTAOKOU TTPWTEIVWY TTOU
oxnuari¢etar oTov evioxut Kard urAkog Tou evdidueoou DNA TTpog Tov UTTOKIVATH TOU
yovidiou. Zav TAaT@OpUa yIa QUTA TN YETAKIVNON XENOIHOTIOIOUVTAI O OPIVOTEAIKEG OUPEG TWV
IOTOVWV TTOU AKETUAIVOVTAI aTTO TIG OKETUAOTPAVOPEPATES. OTav 10 GUUTTAOKO TTPWTEIVWV
TOU EVIOXUTH @BAoEl aTnV TTEPIOXA TOU UTTOKIVATA QavVOOIOUOPPUWVEI TO VOUKAEOOWHA TTOU
KOAUTITEI TO anueio évapéng TG petaypa@ng. Autd @aiveral va gival kai 1o yeyovag TTou odnyei
oTnv ameAeuBEPWON NG TTPWTUTEPA OTOV UTTOKIVATA OTpaToAoynuévng TTOAUpEPAONG Kal OTN
TENIKA JETAYPAPIKR EVEPYOTTOINGT TOU yovidiou.

O1 mAnpo@opieg Tou £dwaav auTég ol WeAETEC TG pUBJIGNS Tou yovidiou Tou HNF4a

€xouv Tautdypova dnuioupynoel Kal véa epwtAuarta. Eva Béua tou TiBeTal ae 611 agopd T0
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unxaviouo uetaypa@ikng evepyorroinong tou HNF4a eival yevikeuaiyog, €dv dnAadn
OUMPETEXEI OTN PUBMIOT Kal MWV yovidiwv, KaTI TTou Ba amavTnBei pe avtioToixeg UENETEC O€
GMeg puBuioTIkES TEpIOXES. Eva GANo epwtnua TTou TiBetar givar Ti rEpiopiel Tn PeTakivnon
TOU OUMTTAOKOU TTOU OXNUATICETAI OTOV EVIOXUTA TTPOG TNV avTiBETN KateuBuvan NG YoVIDIOKIS
TIEPIOXNG TTOU WEAETABNKE, KATI TTOU QAvVNKE OTTO Ta TeIpduaTa TG epyaaiag. Mepaitépw
HEAETEG Ba kaBopioouv €av évag amodovwTAG 5’ TOU EVIOKUTH TTEPIOPICEI TN WETAKIVNOT TOU
oupTTAOKOU HakpId atmd Tov UTToKIvATA Tou yovidiou, i) €4v n dIdTagn 010 XWPo Kail dopr auTou
TOU GUUTTAGKOU KaBopiCouv Tnv kaTeUBuvon Kivnonig Tou TTPOG TOV UTTOKIVATH TOU yovidiou.
Eva emimAéov onuavTikd epwtnua Tou xprdel mapamdvw PeAETng ival TI kaBopilel To pubuod
METAKIVNONG TOU OUPTTAGKOU TTPOG TO ONMEIO Evapgng TG HeTaypa@nrg, v dnAadr o pubudg
QUTAG TNG METOKIVNONG, N OTToia DIAPKET EKADES WPEG, ECAPTATAI ATTO EYYEVEIC TTAPAYOVTEC TOU
OUNTTIAOKOU, OTTWG N akpIPrS TPWTEIVIKA oU0TAON Tou, R €Av €qwyeveic TTaPAYOVTEG, OTTWG
HOVOTTATION KUTTAPIKAG onuatoddtnong, amoteholv Tnv KivntApia dUvaun Tou woei 1o
oUPTTAOKO TTPOG TOV UTTOKIVATY yia va 0dnyAOEI 0TV TEAIKA WETAYPAPIKR EVEPYOTTOINGN TOU

yovidiou.
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ME©OAOI

Atropovwon YeVWUIKWY KAwWVwVY Tou avlpwirivou HNF4a kal TTAagpISI0KEC KOTOOKEUEC

Mia AEMBL4 BiBAioBAkn avBpwtrivou yevwyuikol DNA capwBnke pe avixveuth €va
TUAUa cDNA 0,6 kb tou kwdikotoiei v apivoteAikry mepioxy ¢ avBpwmivou HNF4a
(Sambrook et al., 1989). O1 BeTikoi KAwvoI TTOU TTPOEKUYAV avaAUBNKav WE XOPTOYPAPNON HE
évfuua Trepiopiopou kai o Sall/Sacll TpApa evog amd Toug KAWVOUS auToug TO OTToI0 TTEPIEIXE
12,1 kb Tn¢ 5’ pubuioTIKAG TrEpioxA¢ Tou avBpwivou HNF4a yovidiou utrokAwvotroinBnke
oTig Béaeig Xhol/Bglll Tou @opéa kAwvomoinong pGL3 basic (Promega). To mapdywyo
TAaopidio TEpIEXEl TNV TTEpIoXA ammo bp +67 péxpr kb -12,1 Tou avBpwivou HNF4a yovidiou
ptTpoaTa amd yovidio avagopdg firefly luciferase. 5 eAAEIWEIC TG TIEPIOXIS KATAOKEUAGTNKAV
€iTe pe TEWEIC PE EvQUPA TIEPIOPIOHOU, EiTE PE TIPOODEUTIKEG TEWEIC We exonuclease |l
(Sambrook et al., 1989).

To mAaopidio 6xHRE-AAML-CAT kataokKeudoTnke pe T ouppa@n evog dikAwvou
QWOPOPUNIWUEVOU  OAIYOVOUKAEOTIBIOU TO  OTIOIO  QvTIOTOIXOUOE OTNV  TIEPIOXN  TTOU
mepIAapBavel Ta voukAeoTidia —298 ue —277 Tou UTTOKIVATH TOU avBpWITIvOU yovidiou Tou
HNF4a ot 6éon Sall Tou Thaouidiou AdML-44-CAT (Kritis et al., 1996). O1 KaTaoKeUES Twv
pCMV-HNF1a, pCMV-COUPTFII, pCMV-RXRa, pCMV-RARa éxouv Trepiypagei ota Ktistaki
and Talianidis, 1997a, 1997b. Ta pRSV-HNF1B, pCMV-hGATAG, pCMV-HNF6, pCMV-HNF3a
Atav Tpooopég Twv R. Cortese, T. Evans, F. Lemaigre kai R. Costa, avrigToixa. Ta pCMV-
PPARa, pCMV-VDR Atav mpoogopd Tou A. Aranda. Ta pSG-Era kai pCMV-T3RB Atav
mpocgopd Tou M. Parker. To pCMV-LXRa Arav mpoapopd tou D. Mangelsdorf. To Aaaidio
pCMV-CPF/FTF, mou repicixe Tnv KwdikA Trepioxn Tou avBpwrivou CPF (GenBank accession
no. NM_003822) karackeudoTnke pe KAwvotoinon g mepioxis e PCR amd cDNA amé

kOTTapa HepG2 kai guppa®n NG ummpoatd amod Tov utrokivnt) CMV atov avtiaToixo @opéa

EKQPAONG.

Neipdpara emipAKuvong amrd ekkKivnTtA (primer extension assays)

10 pmol evog pe 32P akpoonuacpévou ekkivnth (BAETTE avtiaToixo TPwTOKOANO), TO

0TT0i0 avTigToIXoUaE OTnv TrEPIoX amod nt +162 péxpr nt +188 Tou avBpwivou yovidiou Tou
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HNF4a, uBpidotroinBnkav pe 10 pg poly(A) RNA, Trou eixe TapaokeuacBei amd kuTTapa
HepG2, o€ puBuioTikd didAupa ou Tepigixe 40 mM PIPES, pH 6,4, 1 mM EDTA, 0,4 M NaCl
kar 80% @opuapidn, yia 20" atoug 37 °C, o€ 1eAikd 6yko 20 ul. Ta Tpoi6vra Tou gixav
upp1dotToINBei KatakpnuvioTnkav kal emavadioAlBnkav o€ puBuIoTIKG dIGAUMa TO OTTOI0
mepigixe 50 mM Tris, pH 8,3, 40 mM KCI, 6mM MgCl,, 1 mM dithiothreitol, 0,5 mM
TPIQWOPopIKA deofuvoukAeotidia kar 10 U RNasin. Merd v mpdoBeon 10 U Superscript
avtiotpo@ng peTaypagaaong (Gibco-BRL), auveyxiotnke n avtidpaon yia 60’ atoug 42 °C, ueta
T0 0TT0i0 XpOoVIKG didoTnua akoAoubnoe emwaon yia 30" pe 5 ug RNase amaAAaypévn amod
DNases otou¢ 37 °C. Ta mpoidvta TG avTidpaons ekXeINioThKav We @aIvOAn-xAwpopopuio,

KaTakpnuvioTnkav pe a1BavoAn kai eAekTpo@opEBnkav g€ TAKTWHA TTOAUOKPUAAiONG 6%.

AvrioTpoopn petaypagn amd RNA perd amd emwoon Tou pe DNasel

OAik6 RNA am6 kottapa HepG2 fj CaCo2 (100 ng-1ug) emwdotnke pe 10 U DNasel
(amraAAaypévn amd Rnases — Gibco-BRL) o€ puBuioTiké didihupa ou mepieixe 40 mM Tris pH
8,0, 10 mM NaCl, 6mM MgCl> yia 30’ o¢ Beppokpacio dwuatiou og TeAIKG Gyko 50
EKXUNIOTNKE KOTOTTIV e QaIVOAN-XAwPOQOPUIO KOl KATAKENMVIOTNKE pe aiBavoAn. H auvBean
Tou cDNA éyive pe avriotpopn Metaypa@don SuperScript (Gibco-BRL), xpnoiuotoliwvrag
oligo(dT) A Tuxaioug e¢apepEic EKKIVATEG, UMWV HE TIG 08nYieC TOU KATOOKEUATTH.

To cDNA xpnoigomoiiBnke oe avmidpaoeig moAupepiopou pe PCR (polymerase chain
reaction), mapougia 10 WCi [0-32P]dCTP. O1 ekkivnTéG TIOU  XPNOIPOTIOBNKAYV  OTIG
avTidpdaoeig TToAupepiopoU ATav ol akdAouBor:

HNF4a  3UTR sense: 5  GGAGATGACTTGAGGCCTTACT, antisense: 5
GGGGAATCGTTTCCAAGGCCTC,

Human Acidic Ribosomal Phosphoprotein: sense: 5 GGAAGGCTGTGGTGCTGATGG,
antisense: 5 AAGGAGAAGGGGGAGATGTTG,

HNF4a mRNA: 5 (+119 nt) GACATGGCCGACTACAGTGCTGCACTG, 5 (+346 nt)
CTCCGGAAGAAGCCCTTGCAGCCG,

HNF4a Enhancer-3": 5 (-6371nt) GGAGGGAGGAAGGAGGCCCAGGGATGG, 5 (-6095 nt)
GCTCAAGTCCACGCAGCGGTGGTGGGTG.

O1 avmidpdoeig ToAupepiopol éyivav o€ TeAIKO dyko 50 pl, oe didAupa trou Tepigixe 50 mM
KCI, 10 mM Tris-HCI pH 8,5, 1,5 mM MgCl,, 0,5 M betaine, 0,1% Triton X-100, 0,1 mM dNTP,

0,4 uM a6 kd&be exkivnTr) kai 10 1/20 — 1/10 Tou cDNA T0U €ixe Tapaokeuaobei Tapamavw.
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O1 ouvBnAkeg NG avtidpaong ATav oI akdAoubeg: 94 °C, 3, [94 °C, 30", 65 °C, 1’, 72 °C, 1] X
19-35 cycles, 72 °C, 5.

AvdAuon Béocwv utrepevaiadnoioc oe DNasel (DNasel hypersensitive site analysis)

Kutrapa HepG2 3 CaCo2 (tumikd 2-3 tpnPAcia 150 mm kuttdpwv o€ ouppon)
CemAUBnkav 3 @opég pe PBS kar emavadiahuBnkav o€ 5 @opé¢ Tov OYKO TWwv KUTTAPWY
dlaAUpatog Tou epigixe 0,32 M ooukpdln, 2 mM ofikd payvrhaolo, 2 mM EDTA, 10 mM
HEPES pH 7,9, 0,5% BSA, 15 mM KClI, 0,5% NP-40, 0,5 mM spermidine, 0,15 mM spermine,
0,2 mM PMSF, 10 pg approtinin kar 1 mM DTT. H 1eAikij AUon Twv KUTTAPWY ETITEUXONKE E
opoyevotroinan o€ YUAAIvo opoyevoTToinTr| Kal To eKXUAIOUO TOTTOBETAONKE 0€ OTpWHA TTAvWw
amd didAupa Tou Trepigixe 30% ooukpdln, 2 mM ogik6 payviaio, 2 mM EDTA, 10 mM HEPES
pH 7,9, 15 mM KCI, 0,5 mM spermidine, 0,15 mM spermine, 0,2 mM PMSF, 10 ug approtinin
kai 1 mM DTT. Or mrupfiveg GUAMEXBnkav e QuyokéVTPNaTN Kal UTTEGTNOAV WEPIKE TTEWN
(tummka 3 X 108 mupfveg yia kGBe ouykévipwan evCUuou) Pe OIOPOPETIKEG TUYKEVTPWOEIG
(tutmika 0-40 U) Tou evCUpou DNasel (Gibco-BRL) o€ mayo yia 10" o€ puBuioTik6 diGAupa TTou
mepieixe 60 mM KCI, 15 mM NaCl, 15 mM Tris pH 7,5, 0,5 mM spermidine, 0,15 mM spermine
kar 5 mM B-mercaptoethanol. O1 avridpaoeig TepparioTnkav pe v mpooBAkn EDTA péxpl
ouykévipwan 30 mM. Akoloubnaoe Téyn ue Tpwreivaon K atoug 56 °C yia 12 wpeg. To DNA
EKXUNIOTNKE pE QaIVOAN-XAWPOPOPUIO, KATAKPNUVIOTNKE e QIBaVOAN Kal UTTEDTN TTEWN LE Ta
katdMnAa mrepiopioTikd évlupa (tutmikd 10-20 pg DNA, pe 50 U tou avriotoixou evUuou,
O/N). Ta mpoi6vta Tng éwng avaAubnkav pe avaluon kard Southern. Tnv mepiTTwon Twv
Kuttdpwv HepG2, n méwn €yive pe ta Eviupa Kpnl A Hindlll kar o tpApa Hindlll-EcoRV mou
avTioToIxoUoe oTa VOUKAEoTIdIa —3854 pe —4134 kai 1o Turua Kpnl-EcoRI 1Tou avtigToiyouoe
0Ta VOUKAeoTiOIO —4660 pe —5224 Twv PUBMICTIKWY TTEPIOXWV TOU YovIdiou Tou avBpwITIvou
HNF4a xpnoiyotoinkav oav — aviXVeutée yia v xaptoypdenon Twv  Béocwv
utrepeuaioBnoiag oc DNasel oTIC TEpIOXEC TWV €yyUC Kal ATIW PUBMICTIKWY TIEPIOXWY,
avtigToixa, atnv avaAuon kat@ Southern. Ztnv TepimTwon Twv Kuttdpwv CaCo2, n méyn
éyive pe EcoRI A Hindlll kai oav avixveutég xpnaipotroinenkav 1o Tupa HindllI-EcoRV (BAETe
Tapatmavw) kai 1o TpApa EcoRI-Pstl mou avTioToixoUoe oTa voukAeotidia —5225 e —5732 Twv

puBpioTIKWY TrEPIoYWY Tou HNF4a.
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AvdAuon omoTuTTwWudTwWY peTaypa@ikwy Toapoayoviwv o DNA pe DNasel (DNase |

footprinting analysis)

Mo avaAuon Twv amoTuTTWUATWY peETaypagikwy tapayoviwv o€ DNA pe DNasel
(DNasel footprint analysis), xpnoIoTIOIRONKAV TPEIG QAVIXVEUTEC ONUACUEVOlI OTO 5 GKPO
(BAETre avrigToixo TPwTOKOANO) o1 otroiol TrepIAdUBavav Ta voukAeotidia —503 péxpr +67, -450
HEXPI —45, -194 péxpr =595. O aviyveutég (tutmik@d 20000 cpm) eMWACTNKAV WE TTUPNVIKA
ekxUANiopara (tutmika 0-40 ug) amd kutrapa HepG2 oe puBuioTikG didAupa tmou Trepigixe S0
mM KCI, 20 mM HEPES pH7,9, 0,5 mM dithiotreitol, 10% yAukepoAn, 0,1 uM zinc acetate, 50
pg/ml bovine serum albumin, 30 g poly(dl-dC)/ml, 0,25 ug ypauuikdé pUC-18 DNA/mI kai 2%
polyvinyl alcohol o€ TeAiK6 dyko 60 pl. MeTd amd emwaan otov TTAyo yia 45’ mpoaTédnke MgCla
kai CaCly og tehikég ouykevipwaelg 1 kai 0,2 mM, avrioToixa, Kai akoAouBnaoe méwn ue 30 Jg
DNasel yia 5'. O1 avtidpdoei¢ Tepuatiotnkav pe Tnv mpdobeon ioou dykou evag diaAuparog 20
mM EDTA-1% SDS-50 ug E. coli tRNA/mI, akohouBoUuevn amod méyn pe 2 ug mpwreivaon K.
Meta amd ekxUAion pe @aivoAn-xAwpo@opuio, Ta TuAuata Tou DNA katokpnuvioTnkav e
aiBavoAn kai avaAiBnkav g€ aTrodIATOKTIKA TINKTWHATA TTOAUAKpUAapidong 6%, padi pe pia
avtidpaan alnlouxionc G+A katd Maxam-Gilbert Tou avriaToixou avixveutr) (Sambrook et
al., 1989).

Neipapara  petafoAnc  nAekto@opntikAC  KIivnTIKOTNTAC TOU DNA  Adyw  1NC

oAAnAemidpaonc Tou e mpwreivee (Electrophoretic mobility shift assays)

MNa 1o meipduata autd xpnaoiyotoidnkav ol KAtwbi aKpoGnUAouEVOl diKAwVOI
OAIyovouKAeoTIOIKOi aVIVEUTEG (BAETTE QVTIOTOIXO TTPWTOKOAAO):
FP-1: 5 TCGACCGATTAACCATTAACCCCACCCC nt-97
FP-2: 5 TCGAGCAGCCCCGCCCAGCC nt-139
FP-3: 5 TCGAGGTGAGTCAAGGGTCAAATGAG nt -277
FP-4: 5 TCGAGGGTAGAAGTCAATGATTTGGG nt-395
FP-5: 5 TCGAGGCAGCCTTATCTCTGCAAAAGC nt —422

O1 avtidpdoceig Tpodaodeong oTa onuacpéva oAlyovoukAeoTidia £yivav yia 20° o€ TeAikd
dyko 15 pl diaAOparog Tou mepieixe 20 mM HEPES, pH7,9, 50 mM KCI, 2 mM MgClz, 4 mM
spermidine, 0,02 mM zinc acetate, 0,1 mg/ml bovine serum albumin, 10% glycerol, 0,5 mM
dithiothreitol, 2ug/ml poly(dl-dC)/ml ka1 2-10 pg TpwTEiVIKOU EKXUAITUATOC. IO TAUTOTTOINTEIC

TWV TTPWTEIVWY TToU aMnAemdpoloav e OUYKEKPIPEVO avixveuTr| (supershift assays), 1o
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TPWTEIVIKO EKXUAIOPA €TTWACOTAV PE TO AVTIOWHA KOTA TOU GUYKEKPIPEVOU HETOYPAPIKOU
Trapdyovta yia 10" o€ Beppokpacia dwpariou A o€ TTAYO TPIV TRV avTidpaon TTPOadEaNC.
Ta oUpmAoka TTpwrEiviv-avixveuTwy diaxwpiotnkav amd Ta eAelBepa popIa

QVIXVEUTH O€ TINKTWHATA TTOAUOKpUAauiong 4% otoug 4 °C.

Mepduara avoogokarakpAuviong xpwuativng (Chromatin immunoprecipitation assays)

Kutrapa HepG2 f CaCo2 (150 mm tpnPAcia, Tummika 1-4 x 107 kuttapa avda 1pnBeAio)
emwaotnkav e 1% @opuakdeldn yia 100 ot Beppokpacia dwpatiou. H avridpaon
povigotroinong Twv Tpwteivwv a1o DNA TeppartioTnke pe v PoaOKkn yAuKivng o€ TEAIKA
ouykévipwan 0,125 M. Ta kuttapa TAUBNKav 3 @opéc We kpuo 1x PBS (phosphate-buffered
saline) kal akoAouBnaoe oopwrikr AUaTn Toug aTov TTayo yia 10’ o€ didAuPa TTou TepIEixe 25 m
HEPES, pH 7,8, 1,5 mM MgClz, 10 mM KClI, 0,1% NP-40, 1 mM dithiothreitol ka1 avacToAeig
mpwreacwv (Roche). Metd v ouoyevotmoinan Twv KUTTApwv O€ opoyevotrointh Dounce,
OUANEXBNKav o1 TTUPrVEG HE QUYOKEVTPNON Kal ETTavadiaAuBnkav g diGAupa TTou Trepigixe S0
mM HEPES, pH 7,9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0,1% sodium deoxycholate,
0,1% SDS kai avaoToAeig mpwreaowv (sonication buffer). To DNA d100TTAOTNKE e UTTEPNYKOUS
o¢ TUAUata péoou prkoug 200-1000 bp kal katdmiv Ta deiypara QUYOKEVIPABNKAV yia Tnv
KaTakpApvion Kai amopdkpuvon Tou adidAutou KAAOUOTOC KOl emwaoTtnkav e protein G-
Sepharose Tapoudia 2 ug pe umepnyoug diaomacpévou A DNA kar 1 mg bovine serum
albumin/ml yia 1 wpa oToug 4 °C, TPoKeIUEVOU va PeIwBoUV ol pn €10IKEG aANAeTIdOPATEIg
(preclearing). 25 povadeg Azso TNG KABAPIOUEVNG XPWHATIVIG AVOGOKATOKPNMUVIOTNKE HE TNV
KOTAMNAN TT000TNTA QVTICWUATOS KAl TOL OVOOOCUMTTIAOKA GUANEXBNKAV pE TTPOTPOYNON O
protein A fj G-Sepharose. Ta o@aipidia (beads) gemAuBnKav d0o @opég e sonication buffer,
dUo popé¢ We sonication buffer ou mepicixe 500 mM NaCl, d0o opéc pe 20 mM Tris pH 8,0-1
mM EDTA-250 mM LiCl-0,5% NP-40-0,5% sodium deoxycholate kai d00 Qopég pe puBuIoTIKO
d1GAupa Tris-EDTA. Ta avocoouutrAoka eAeuBepwBnkav amd v KoAwva pe emwacn o€ 50
mM Tris pH 8,0-1 mM EDTA-1% SDS atoug 65 °C yia 10°, TpocapudoTnKe n GUYKEVTPWON
Tou¢ o¢ NaCl ota 200 mM ka1 akohouBnoe emwaon Toug aToug 65 °C yia 5 wpeg va
kaTaoTpagolv oI ouvdEaelg TpwTeivwv-DNA (cross-links). Ta deiypara KatoTiv emwaoTnKav
pe 10 ug RNAse A kai 20 pg proteinase Kiml, ekxuAiotTnkav pe @aivoAn-xAwpo@opuio Kai
KaTakpnuviotnkav Ye ailBavoAn. H avixveuan ouykekpiévwv aAnAouxiwv ota deiyuata éyive
ue padievepyd PCR mapouaia 10 pCi [0-32P]dCTP, Twv omoiwv Ta TpoiévTa avaAlBnkav o€

un omodiarakTika (native) TrnkTwpaTa TTOAUAKPUAApidNG 4%. O1 aAnAouyieg Twv EKKIVITWV
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TOU XPNOIMOTIOIRBNKAV yia TV avixveuon Twv PUBUICTIKWY TIEPIOXWY TOU QvBPWITIVOU
yovidiou Tou HNF4a Atav o1 akGAouBEG:

Upst. 5 (-9899 nt) GGGTTTCTGAGTCCAGACACAGTGAGG

-9584 nt) TGGAGATGCTTCCATAGCAGCTGAGAGC

-6756 nt) GGCTCTGACACTGCAGAGTTCTAGAAC

-6393 nt) CCAAACTTACCCAGCTGCTAATCATTGC

-4411 nt) AGATCTATCTGACCCACAAGGTCTGTGG

(-
Enh. 5 (-
(-
(-
(-4145nt) CTTTCTGTGGACTGAGTGGGTGTTAGCC
(-
(-
(-
(-

Int.1

)
)
-2617 nt) ATGCAGATTGTGCATTTGGTAAGTCAGG
-2390 nt) GATCAATGTCATGTCAGAATTTCACTGG

-444 nt) TCGAGGCAGCCTTATCTCTGCAAAAGC

-97nt) TCGAGGGGTGGGGGTAATGGTTAATCGG
(+3731 nt) AATGCGGGAGGGCCCGGACATCTCCAGC
5’ (+3963 nt) CCCACCATCCACGCCCATCCTCACCTGG
JUTR 5 (sense) GGAGATGACTTGAGGCCTTACT

5’ (antisense) GGGGAATCGTTTCCAAGGCCTC

O1 avmidpdocig ToAupepiopol éyivav o€ TeAIKO dyko 50 pl, oe didAupa trou Tepigixe 50 mM
KCl, 10 mM Tris-HCI pH 8,5, 1,5 mM MgCly, 0,1% Triton X-100, 0,1 mM dNTP, 0,5M betaine,

0,4 UM amd kaBe ekkivnty kar Tummika 10 1/50 TOU DNA TIOU €iYe TTPOKUWEI ammd TNV

5
5

S

5
Int2 &
5
Prom. 9
5

)

Cod.

avoookatakprpvion. O1 guvBikeg g avtidpaong Atav ol akdAoubeg: 94 °C, 3, [94 °C, 307,
60-65 °C, 1’, 72 °C, 1'] X 20-30 cycles, 72 °C, 5'.

AvéAuon katd Southern (Southern blot)

10-20 pg yevwuikou DNA uméotn méwn dlapkeiag 12-16 wpwv pe 10 KAt@AAnAo
TIEPIOPICTIKG EVCUMO KOl TN CUVEXEID DIaXWPIOTNKE e NAekTpo@dpnon o€ TMKTWHA ayapdlng
0,8-1,5%. Metd 10 Tépag NG NAeKTPOPOPNONG TO TIAKTWHA ETTWACTNKE yia 15" o€ didAupa
0,125N HCI, yia 45’ o€ diaAupa 0,5N NaOH-1,5M NaCl kai yia 45’ o€ didhupa 0,5M Tris pH
7,4-1,5 M NaCl. 2t ouvéxeia TomoBetiBnke mavw o€ dImA6 dindntikd xapti Whatman 3MM
epparmiopévo o€ didhupa 20x SSC (3M NaCl-0,3 M sodium citrate). Mavw oT0 TAKTWUA
TomoBeTABNKE  peUPPAvn viTpokutTapivng kol &IMMAG  dindntikd  xapti Whatman 3MM
epparmiopéva o didAupga 2x SSC, amoppo@nTikd xapTi kal katdAnAo Bapog. Metd améd
Trapauovn 8-16 wpwv o€ Bepuokpaaia dwyartiou yia T petagopd Tou DNA ot peuppavn, n

TeAeutaia EemAUBnke o€ diGhupa 6x SSC, agébnke o€ Beppokpacia dwuaTiou va OTEYVWOEI
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kal emwaoTnke atoug 80 °C yia dU0 WPES yIa TNV POVIKOTIOINGTN TwV VOUKAEIKWY OZEWV. ZTN
OUVEXEID ETWAOTNKE a€ KUAIVOPO uBpidotroinang atoug 65 °C yia dUo wpeg o€ diGAuya TTou
mepigixe 3x SSC, 0,1% SDS, 10x Denhardt's (0,2% Ficol, 0,2% bovine serum albumin, 0,2%
polyvinyl pyrollidone, w/v), 10% w/v dextran sulfate kai 50 pug/ml amodiaraypévo salmon sperm
DNA, karotiv mpoaTéBnKe 0 padievepyd ONUACHEVOG AVIXVEUTAG KAl N ETTWACT OUVEXIOTNKE
yia 16-20 wpeg akoun. H Tepiooeia padievépyelag amopakpuvenke amd 1n PeuPpavn e
d1adoyIké TTAUCEIG pe TTpoBeppacuéva aTtoug 65 °C diaAupara 3x SSC-0,1% SDS, 0,3x SSC-
0,1% SDS, 0,1x SSC-0,1% SDS kai ektédnke g€ PwTtoypaIkh TTAAKA.

KarguBuvopuevn petaAhaloyéveon (site-directed mutagenesis)

H kareuBuvopevn petaladoyéveon ekteAéotnke pe 10 GeneEditor kit (Promega)
oUpQwva Pe TIC 0dnyieg TOU KOTOOKEUAOTH. Xpnaolgotoménkav yI' auté 10 OKOTd Ta
TTOPAKATW OAlyOVOUKAEOTIdIA:

HNF1 site mutant:

-104 GGGTCGATGGTGGATCCGTCCCCCGCCGGTGGATAGGCTG —143
HRE mutant:

-298 GGTGAGTCGACGCACAAATGAGTGCCCGTGA -268

HNFG site mutant:

-423 GCATTGAGGGTAGAATCTAGAGATTTGGGAAGTTATTG -386
GATAG site mutant:

-419 AATGCTTTTGCAAAGCTTAGGCTGCCCCATGGCCC —453

Sp1 site mutant:

-160 ATCCCTGCAGCCATGGCCAGCCTATCCACCG -130

Ta petaAaypéva VOUKAEOTIOIA €ival UTTOYPAMMITUEVA.

AvdaAuon katd Western (Western blot)

H kar@AAnAn oadtnta oAikou 1| TupnvikoU ekxuAiopatog yia avaAuan (Tutrikd 5-40
HMg) avapixBnke ue ioo dyko 2x loading buffer (100 mM Tris, 200 mM dithiothreitol, 4% SDS,
20% glycerol, 0,2% bromophenol blue), Ta deiypata Bepudvlnkav otoug 100 °C yia Skal
KaToTmV dlaywpioTnkav o€ TKTwPA TTOAUOKPUAapidNG &IAAG aloTaong (diaxwpioTiKO
mkTwua: 10% polyacryalmide, 0,375 M Tris pH 8,8, 0,1% SDS, 0,1% ammonium persulfate,
ToAupepIoUOS pe TEMED - mmikTwpa ouutrokvwong: 5% polyacrylamide, 0,125 M Tris pH 6,8,
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0,1% SDS, 0,1% ammonium persulfate, moAuuepiouds e TEMED). AkoAoUBnoe petagopd
TWV dlaXWPICUEVWY TTPWTEIVIV OE JEUBPAVN VITPOKUTTOPIVNG O€ mini trans-blot ouokeur| TnG
Biorad o¢ d1GAupa petagopdg (transfer buffer - 20% methanol, 24 mM Tris, 192 mM glycine)
otoug 4 °C, yia 1 wpa ota 350 mA. Ta v €Eakpifwaon G mMTUXOUS UETAPOPAS TWV
Tpwreivwv aTn pepPpdvn, €yive avaoTpéwiun xpwon g oe didAupa Ponceau S (0,1%
Ponceau S (Merck), 5% ofiké otl) akoAouBoupevn ammd QTOUAKPUVON TNG XPWOTIKAG HE
mAuoeig pe TBST (10 mM Tris pH 8,0, 150 mM NaCl, 1 ml/ L Tween-20). Katomv €yive
gmwaon e pepppdavneg oe diadAupa mpouBpidotoinang (TBST-5% wiv amayo &nped yaha) yia
1-16 wpeg, akohoubnaav 4 TAUoeI Twy 15" ue TBST kai n PePPpavn ETWACTNKE PE TO TIPWTO
avTioWHA —KaTd TG TTPWTEIVNG TTOU ETTPOKEITO va aviXveuBei- o€ katdAMnAn apaiwaon oe TBST
yia 1 wpa. Metad amod 4 mAloeig Twv 15’ o TBST akohouBnoe emwaon pe deUTEPO aVTIoWHA
(anti-rabbit, anti-goat, or anti-mouse —horseradish peroxidase-conjugated IgG) o€ TBST yia 1
wpa, 4 mAoeic we TBST yia 15’ kal TautoToinon NG XNHEIOQWTAUYEIAS Twv {NTOUUEVWV
mpwreivwv Pe T xpAon ECL (APB) kai ékBeon o€ @wtoypa@ikh TAGKa, oUUQwva WE TIG

0dnyieg TOU KATAOKEUOOTH.

Amopdvwon RNA a6 kiTTopa

Kutrapa HepG2 1) CaCo-2 guhéxBnkav atov katdAAnAo 6yko (Tutrika 1-4ml) Solution
D (4M guanidium thiocyanate, 25 mM sodium citrate pH 7,0, 0,5% sarcosyl, 0,1 M 2-
mercaptoethanol) kal ouoyevotoinenkav e opoyevotointy 10Twv 125 basic ¢ IKA
Labortechnik. 10 d1dAupa mpooTéBnkav 1/10 Tou dykou 2M sodium acetate pH 4,0, icog
oykog @aivodng pH 4,0, 110 Tou dykou XAwpPo@OPMIO:ICOOUUAIKY OAKOOAN 24:1 kal
akoAouBnoe avadeuan yia 2', emwacn o€ Tayo yia 15°, guyokévipnan kai dIaXwpIoHOS TNG
udamikig  @dong otV omoia akohoUBwg  mpooTéBnkav  @aivoAn  pH
8,0:xAwpo@dppio:IcoapuuAiky  aAkodAn  25:24:1. To OidAlupa  avadeutnke  yia 2,
QUYOKEVTPNONKE KAl ATTOUAKPUVONKE n udaTIKA @Aar, amod Tnv otroia 1o RNA KatakpnuvioTnke
HE Quyokévipnon Trapouaia 100TrpotavoAng. Meta amd mAuon pe 75% aiBavoAn, n meAéta

d10AUBNnke o€ ddH20 Tapouaia RNasin (40 u/pl-Promega).

Amropdévwon mAaopidiakou DNA o pikpn kKAipoka (small-scale DNA preparation)

AkohouBriBnke n uéBodog Tn¢ aAkaAikAg AUang o€ Wikpr KAipaka, 6TTwg TreplypageTal

010 Sambrook et al., 1989.
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Amropdévwon mAaopidiakou DNA o€ peyaAn kAipaka (large-scale DNA preparation)

AkohouBrBnke n uéBodog ¢ aAkaAikig AUong o€ peyaAn kAigaka ae ouvOuaouo Le:

-000 1ad0XIKEG UTTEPQUYOKEVTPAOEIG BIaBABIoNS XAwploUuxou Kaigiou kal dUo
diadoyikég agahatwaeig Tou DNA, 6Trwg Tepiypdgetal ato Sambrook et al., 1989.

-1 1 xpRon koAdwvag QIAGEN 500, oUuewva pe TIG 0dnyieg TOU KATAOKEUOOTA
(QIAGEN Gmbh).

Mapaokeun oMKWV KUTTAPIKWV eKXUAIoUaTWY (Whole-cell extracts)

Ta kotrapa HepG2, CaCo-2 4 Cos-1 (60 mm tpnPAcia, 2-5 x 106 kOTTapa avé
TPNPAcio) EemAuBnkav 3 gopéc ue 1x PBS (0,2 gr/Lt KCI, 0,2 gr/Lt KH2PO4, 8 gr/Lt KCI, 1,15
gr/lLt NaoHPOs4, pH 7,4), amokoAABnkav pnxavikd amd 1o TpnpAcio, guléxBnkav kai
emavadiaAubnkav ae kardAAnAo dyko buffer X (tummikd 50-200 pl) (20 mM HEPES pH 7,9, 100
mM KCl, 0,2 mM EDTA, 20% glycerol, 0,5% NP-40, 1 mM dithiothreitol, 1 mM PMSF, 10 pg/ml
approtinin). AkohouBnoav 3 kukhoi Tayeiag wueng (-80 °C) kai amdyuéne (37 °C) Twv

OEIYUATWY Kal QUYOKEVTPNON YIa TNV GUAAOYH TOU TTPWTEIVIKOU EKXUAIOHATOG OTO UTTEPKEIUEVO.

Napaokeun Tupnvikwyv ekXUAlopaTwy NUN (NUN nuclear extracts)

Ta kutrapa HepG2 ) CaCO-2 (60 mm 1pnPAcia, 2-5 x 108 kutTapa ava TpnpAcio)
¢emAuBnkav 3 @opég pe 1x PBS (0,2 gr/Lt KCI, 0,2 griLt KHoPO4, 8 gr/Lt KCI, 1,15 gr/Lt
NazHPOy4, pH 7,4), ammokoABnkav a6 1o 1pnBAcio ot buffer A (10 mM HEPES pH 7,9, 1,5
mM MgClz, 10 mM KClI, 0,5 mM dithiothreitol, 0,2 mM PMSF), cuMéExBnkav, emavadiaAubnkav
otV Kat@AMnAn moadtnta buffer A kai opoyevotroiiBnkav o opoyevotrointy Dounce. Ta
Oeiyuata QuyokevtpROnkav kai n AT Twv TUPvVwY  €TTavadioAlBnke o€ KATAAANAN
moodtnTa buffer A, atnv omoia mpoaTéBnke ioog dykog 2x NUN (2 M oupia, 0,6 M NaCl, 2%
NP-40, 50 mM HEPES pH 7,6, 2 mM dithiothreitol, 0,2 mM PMSF, 100 ug/ml approtinin, 1 mM
sodium vanadate). Ta deiypara avadeltnkav, emwdaoTnkav o€ Tayo yia 15°, puyokevipRBnkav
KQI TO TTUPNVIKA eKXUAioOTO CUAEXBNKAV OTO UTTEPKEIPEVO, GTO OTTOI0 TTPOCTEBNKE 1/5 TOU

dykou 50% glycerol yia uAagn otoug -80 °C.
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MapaoKeun TTUPNVIKWY KO KUTTOPOTTAAOUOTIKWY EKYUMOUATWY KOaTd Dignam

Kutrapa HepG2 (150 mm tpnBAcia, 2-4 x 107 kUttapa ava tpnpAcio) EemAuBnkav 3
@opég We 1x PBS, ammokoARBnkav pnxavika amé 1o 1pnfAcio, GUANEXBNKav Kai EETTAUBNKaV e
5 ml buffer A (10 mM HEPES, pH 7,9, 1,5 mM MgCl,, 10 mM KCI, 0,5 mM DTT, 0,2 mM
PMSF), emavadiaAibnkav o€ 3 dykoug buffer A kai emwdotnkav o ayo yia 10°. Karomiv
opoyevotroBnkav o€ opoyevotoinTr Dounce kai 1o ekXUAIoPa QuyokevTpROnke yia 10’ aToug
4°C og¢ 3000 rpm. To utrepkeipevo (KUTTapoTTAACUATIKA KXUAITUATA) QUYOKEVTPrBNKE yia 30’
oTtoug 4°C o¢ 14000 rpm, TO UTTEPKEIEVO TOU OTTOIOU UTTEDTN BIAAUGT 2 Qopé ammd 1 wpa o€
pepBpavn Spectra/Por CE (MWCO 8000) ot buffer D (20 mM HEPES, pH 7,9, 20% yAukepOAn,
60 mM KCI, 0,2 mM EDTA, 0,5 mM DTT, 0,2 mM PMSF) ka1 katotmiv QuAdybnke aToug -80°C.
To i¢nua amd v TpWTN Quyokévipnaon (Tupfveg) emavadialubnke o€ 1 dyko NLB (20 mM
HEPES, pH 7,9, 25% yAukepdAn, 0,2 mM EDTA, 800 mM KClI, 1,5 mM MgClz, 0,5 mM DTT, 0,2
mM PMSF, 100 pg/ml approtinin, 0,7 pug/ml leupeptine, 0,7 pg/ml pepstatin), avadeiBnke atoug
4°C yia 30’, puyokevrpridnke yia 30’ atoug 4°C ae 14000 rpm, utréatn didAuon 2 @opég yia 1
wpa o¢ buffer D oe pepppavn Spectra/Por CE (MWCO 8000), puyokevipRBnke yia 5’ aToug
4°C g€ 14000 rpm ka1 uAGyBnke aToug -80°C.

Métpnon evepyoTntac Tn¢ B-yaAakroo1ddong

Kutrapa HepG2, CaCo-2 1 Cos-1 petd amé mopodikh diapdAuvon pe TOUug
KaTAANAoUG HapTUPES avapopdg Kail gopeic Ekppaanc auléxBnkav ae 1x PBS (0,2 gr/Lt KCl,
0,2 gr/Lt KH2PO4, 8 gr/Lt KCI, 1,15 gr/Lt NazHPO4, pH 7,4) kai emavadiaAuBnkav g€ katdAAnAn
moodtnTa 250 mM Tris pH 7,5. AkoAouBnaoav 3 kukhor Taxeiag wugng (-80 °C) kar amdyuing
(37 °C) twv deIyPATWV KAl QUYOKEVTPNAN YIa TV GUAAOYH TOU TTPWTEIVIKOU EKXUAITUOTOG OTO
UTTEPKEIEVO. 2TV KATAAANAN TTo0dTNTA OAIKOU KUTTOPIKOU €KXUAiopaTO¢ TTpoaTébnkav 3
100x Mg buffer (100 mM MgClo, 5 M 2-mercaptoethanol, 1 M KCI), 66 ul diaAUuatog ONPG (4
mg/ml ONPG o€ didAupa sodium phosphate) kai didAupa sodium phosphate (0,1 M NaoHPO4
kal NaH2PO4, pH 7,3) péxpr 1a 300 pl. Ta dciydata emwdotnkav otoug 37 °C péxpl TV
EMQAvION KITPIVOU XPWHATOG, OTIOTE KAl N avTidpacon Teppartiotnke We Tnv mpoadikn 500 pl

NaoCOs. H pétpnan tng OTITIKAS ammoppoéenang Twv delyudTwy £yive aTa 420 nm.
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Métpnon evepyotntac Tou evlipou chloramphenicol acetyltransferase (CAT assay)

21V KatdAMnAn moodtnta  KuttapikoU ekxuAiouatog TpooTéBnkav 4l 4C-
chloramphenicol ka1 250 mM Tris pH 7,5 péxpi 1a 95 pl kai 5 pl 20 mM acetyl-coenzyme A. Ta
Oeiypara emwaoTtnkav yia 1 wpa goug 37 °C kai n avridpacn oTaudtnaoe Pe v mpoaorkn 1
ml ethyl acetate kair avaduon. Metd amé @uyokévipnon peta@épBnkav 800 ul amd v
UTTEPKEIEVN AT TWV BEIYUATWY O€ VEOUS DOKIMATTIKOUG GWAAVES KaI akoAouBnae aTéyvwua
TWV delypaTwy utoé Kevo. To ifnua emmavadiaAiBnke o€ 15 i ethyl acetate kail povigotoiiBnke
o¢ mAGka TLC (thin layer chromatography plate). O1 d1G¢Qopeg OKETUNMWUEVES HOPPES TNG
XAWPAPPEVIKOANG  dlaxwpioTnkav pe  xpwuatoypagia AemtAg  oToIfddag oe  didhupa
XAwpogopiou:peBavohng 95:5. H TAGKa Katodmiv eKTEBNKE O€ QWTOYPAPIKA TTAGKA Kal N

pETpnoN Twv delyuatwy Eyive ae Phosphorimager Storm 840 1n¢ Molecular Dynamics).

Mérpnon evepydTnTac Tou evlipovu luciferase (luc assays)

H pérpnon ¢ evepyodtnTag Tou eviuuou luciferase £yive pe TV XpnoIPOTIOINGT TOU

luceferase assay kit (Promega) oUu@wva e TIG 08nyieg TOU KATAOKEUATTH.

KuttapokaAAiépyeieg Kal TeipduaTa Topodikne SiapdAuvone

O1 KuTTapIKEG OEIPEG TTOU XpnoloTroiBnkav diarnpnonkav ot Bpetmikd péoo DMEM
(Dulbecco’s modified Eagle medium) cuptrAnpwpévo pe amevepyotroinuévo ue Béppavan Boeio
eMPpuikd opo (fetal calf serum) 10% yia 1i1¢ kutTapIKEG O€IpéC HepG2 kar Cos-1 kal 20% yia
TV KUTTapIkn o€ipd CaCo-2. Ze melpduata 6tou Xpnaidotrolenke 9-cis PeTIVOIKO 0U £yIve
KOTEPYOTia TOU OPOU TTOU TTEPIEIXE TO BPETITIKG PETO e dextran-coated charcoal.

Ta kuttapa CaCo-2 petagépovtav ata TpnPAsia Toug e TToodTNTEG TETOIEG TTOU va
KOAOTITOUV TNV €TMIQAvela Tou TIATou péca o€ pia nuépa. Karomv yivétav alayég Tou
BpemTikou KaBe 10 wpeg. H diagopoTtmoinan Toug TTapakoAouBABnke pe PETPAOEIC EvEPYOTNTAC
NG aAKOAIKNAS PwaeaTdong kal TNG Ekppaacng yovidiwv-paptupwy (Soutoglou and Talianidis,
2002).

Ta meipdyara Tapodikng diapdAuvang Eyivav pe T PEBODO CUYKATOKPAWVIONG

calcium phosphate-DNA, 6mrwg¢ mepiypagetal ota Kritis et al., 1993 kai Ktistaki et al., 1995.
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Xaproypdenon voukAgeoowudTtwy (nucleosome mapping)

Mupriveg kuttapwv CaCo-2 (BAéme «Avahuon Béocwv utepeuaioBnaiag oe Dnasely)
emavadIaAlBnkav ag puBuioTIKG didAupa Trou Trepieixe 15 mM HEPES pH 7,5, 60 mM KCI, 15
mM NaCl, 0,34 M sucrose 0,15 mM spermine, 0,5 mM spermidine kai 0,15 mM
mercaptoethanol. Metd v mpoécBeon CaCly oe teNiK ouykévipwon 3 mM Ta deiypata
uméatnoav éyn We 0 pe 170 pgM U micrococcal nuclease (USB) yia 2" atoug 37 °C. Metd ato
kaBapiop6 Tou DNA, Ta yevwpIKa TUAUaTa uTréoTnoaV TIEWN e Ta évCupa Teplopiopou Accl A
Mscl kar avaAubnkav pe uppidotoinan kar@ Southern ue avixveutég TTou avTigToixouoav oTa
TuAUaTa amd nt —45 péxpr +110 (Accl/Bglll) i amd nt —6409 péxpr 6236 (Pvull/Mscl) Twv
PUBUICTIKWY TTEPIOXWY Tou avBpwrivou yovidiou Tou HNF4a.

Emiong, éva pépog Twv TTUpAVWY €TTavadioAlBnke o€ puBuioTIKO didAupa TTou
mepieixe 10 mM Tris pH 7,4, 15 mM NaCl, 60 mM KCI, 0,4 mM EDTA, 5 mM MgClz, 5%
glycerol ka1 1 mM dithiothreitol. Ta deiyuata uméotnoav méwn e 50 U Bglll yia 20" oToug 25
°C. To ohikdé DNA ekyuAioTnke kai utéotn éywn e Accl, akohouBoupevn amé uBpidotoinon

katd Southern pe Tov avixveutry Accl/Bglll..

Padioonuavaon vVOukKA£oTIdiwv

A) XApavan oAiyovoukAeoTIdiwv PE Sequenase version 2 enzyme:
100 ng dikhwvou oAiyovoukAeoTidiou emwacTnkav yia 30" atoug 37 °C mrapoucia 0,2 mM
dGTP, dTTP, 1x sequenase buffer (40 mM Tris pH 7,5, 20 mM MgClz, 40 mM NaCl), 10 mM
dithiothreitol, 500 pCi [0-32P]dCTP, [0-2P]dATP kai 13 U sequenase. ZTnv avtidpaon
mpooTtéBnkav 0,2 mM dNTPs kai akohoubnoe emwaon yia 15 otoug 37 ©°C. To deiypa
EKXUNIOTNKE  KaTOTTIV e @aIvOAN/xAwpo@dpuio kol kaBapiotnke amd Tnv TepiooEia
padievépyelag pe d1nBnon amé 2 diadoxIkEs kodwves Sephadex G-50.

B) ZAuavan voukAeoTidiwv e TN xprion Tuxaiwv ekkivnTwy (random priming):
100 ng amodiaraypévou DNA emmwdaoTnkav yia 3 wpeg atoug 37 °C mrapouaia 1x LS (0,21 M
HEPES pH 6,6, 0,021 mM dGTP, dTTP, 52,1 mM Tris pH 8,0, 5,21 mM MgCl,, 10,42 mM
mercaptoethanol, 52,5 U/ml random primers), 10 pg bovine serum albumin, 500 uCi [o-
32P1dCTP, [a-32P]dATP kai 5 U DNA polymerase (Klenow fragment). To deiypa ekxuAioTnke
KOTOTTIV e QaIvOAn/xAwpo@dpuio Kai KaBapioTnke améd Tnv TEPICOEIN PADIEVEPYEIAS HE
dInenaon amé 2 diadoyikég kohwveg Sephadex G-50.

I Zruavon JovokAwvou ohiyovoukAeoTidiou pe T4 polynucleotide kinase:
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100 ng oAiyovoukAeoTidiou emwaaTnkav yia 1 wpa atoug 37 °C mapouaia 1x PK buffer (70
mM Tris pH 7,6, 10 mM MgCl, 5 mM dithiothreitol), 50 uCi [y-32P]dATP kai 1 U T4
polynucleotide kinase. To Ociyua OTn Guvéxela eKXUAIOTNKE WE QAIVOAN/XAWPOPOPUIO Kal
koBapiotnke amd v Tepiooeia padievépyelag pe dInBnon amd 2 BI0dOXIKEG KOAWVESG
Sephadex G-50.

Amropovwon Kai Kafapiguoc TunudTwv DNA amrd TnkTwuaTta ayapolne

Ma v amouydévwaon Tunudarwv DNA amd mikTwpa ayapddng xenoidotoiiénke 1o

QIAquick gel extraction kit Tn¢ QIAGEN, cup@wva pe TG 0dnyieg TOU KATOOKEUATTH.
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YAIKA

Ta avmidpaotpia Kai UAIKG TTou xpnolgotroimiBnkav TpoRABav améd TI¢ ETaIpieg
SIGMA, MERCK, PROMEGA, NEW ENGLAND BIOLABS, Gibco-BRL, PHARMACIA, SANTA
CRUZ, USB, STRATAGENE, QIAGEN, BOEHRINGER MANNHEIM, BIORAD, USB,
CLONTECH.

Ta évfupa Tou pnoidotroiiBnkav TporABav amd Ti¢ etaipie¢ NEW ENGLAND
BIOLABS, PROMEGA, STRATAGENE, MINOTECH.

Ta ouvBeTikd oAiyovoukAeoTidia Tou xpnoldoTroiBnkav TTOPACKEUAOTNKAY OTO
Epyaompio Mikpoxnueiag Tou IvaTitoutou Mopiaknig Biohoyiag kar BiotexvoAoyiag.

Ta padievepyd onuacpéva voukAeoTidia Tou xpnoiyotoinBnkav kabwg kai n [14Cl-
chloramphenicol mpoAfABav amd 1i¢ eTaipiec AMERSHAM kai ICN.

Ta avriowyara Tou xpnoidotroiBnkav Atav ta mapakdrw: anti-HNF1a, anti-Sp1,
anti-HNF3a, avt-HNF3B-M20, anti-GATAG, anti-HNFG, anti-HNF6-H100, anti-C/EBPa-14AA,
anti-TFIIB, anti-TAFI1250, anti-TRAP-220, anti-Polll N-terminal peptide, anti-CBP, anti-PCAF,
anti-Brg1, anti-hBrm, (Santa Cruz Biotechnology), anti-Polll CTD-Ser5-P, anti-Polll CTD-Ser2-
P (Covance), anti-acetyl-H3, anti-acetyl-H4, anti-MeK4-H3 (Upstate Biotechnology), anti-TBP,
anti-TAFII30 (mpoogopda Tou L. Tora), anti-PCAF, anti-GCNS (rpoo@opd tou Y. Nakatani),
anti-HNF1B  (mpoogopd ¢ S. Cereghini), anti-RXRa, anti-RARa (mpoogopd Ttou P.
Chambon), anti-COUPTFIlI (mpoogopd Tou M. Parker), anti-Brg1 (GENEKA), anti-TFIIA
(mpoogopd Tou F. Pugh), anti-FLAG (Kodak), anti-rabbit-HRP (Jackson Laboratories), anti-
goat-HRP (Santa Cruz Biotechnology). To avrticwpa anti-HNF4a apayBnke pe avogotoinon
New Zealand White rabbits amd éva TemTidio mou avrioToiyouoe oTa KapPogutehikd 12
apivogéa g avBpwrivng pwteivng Tou HNF4a ouvdedepuévo e keyhole limpet hemocyanin.

O1 kuttapikég oeipéG Tou  xpnaipotoindnkav  Atav  oi HepG2 (avBpwtivo
NTTaTokuTTapIkG Kapkivwpua), CaCo-2 (avBpwtivo adevokapkivwua oto kdAov) kai Cos-1

(HeTaOXNUATIOUEVA VEQPPIKA KUTTAPA TTIBAKOU).
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Deoxycytidine kinase (dCK) catalyzes the rate-limit-
ing step of the deoxynucleoside salvage pathway in
mammalian cells and plays a key role in the activation of
several pharmacologically important nucleoside ana-
logs. Using a highly specific polyclonal antibody raised
against a C-terminal peptide of the human dCK, we an-
alyzed its subcellular localization by Western blots of
biochemically fractionated nuclear and cytoplasmic
fractions as well as by in situ immunochemistry. Native
dCK was found to be located mainly in the cytoplasm in
several cell types, and the enzyme was more concen-
trated in the perinuclear and cellular membrane area.
In contrast, when dCK was overexpressed in the cells, it
was mainly located in the nucleus. The results demon-
strate that native dCK is a cytoplasmic enzyme. How-
ever, it has the ability to enter the nucleus under certain
conditions, suggesting the existence of a cytoplasmic
retention mechanism that may have an important func-
tion in the regulation of the deoxynucleoside salvage
pathway.

Deoxycytidine kinase (dCK)! catalyzes the phosphorylation
of 2'-deoxycytidine to its monophosphate form, which is a rate-
limiting reaction of the deoxynucleoside salvage pathway (1, 2).
Studies with purified human enzyme have demonstrated that
dCK has a broad substrate specificity using both purine and
pyrimidine deoxynucleoside substrates (2—4). dCK is responsi-
ble for the initial activation of a number of clinically important
anticancer and antiviral drugs, such as 2-chloro-2'-deoxyade-
nosine, 1-B-p-arabinofuranosylcytosine (araC), and 2',2'-diflu-
orodeoxycytidine (gemcitabine) (3—7). Impaired dCK expres-
sion or activity in cells usually leads to resistance for these
drugs, indicating that dCK plays key role in their metabolism
and pharmacological activities (8—10).

For these reasons, elucidation of potential regulatory mech-
anisms playing a role in dCK activation is of particular inter-
est. Although much is known about the biochemical properties
of dCK both in vitro and in vivo, little information is available
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on its regulation at the transcriptional or posttranslational
levels. The constant amounts of dCK protein throughout the
cell cycle suggest that its expression is not cell cycle-regulated
(1, 11). On the other hand, dCK is expressed predominantly in
lymphoid cells, which indicates cell type-specific regulation
(12-15). In addition, dCK expression is up-regulated in certain
solid tumors (16). The molecular mechanism that leads to tis-
sue-specific and proliferation-dependent transcription of dCK
is not yet clear.

Another level of control would involve regulated changes in
the subcellular location of the enzyme. This assumption gained
ground by the recent unexpected finding that a transfected
dCK-green fluorescent protein (GFP) fusion protein was lo-
cated mainly in the nucleus, contrasting with previous descrip-
tions of dCK as a “cytoplasmic” protein (17). This finding may
have important implications for the regulation of the de-
oxynucleotide metabolism, especially with respect to the func-
tional compartmentalization of the dNTP pools. The determi-
nation of the actual location of native dCK is therefore of
paramount interest.

In this paper we examined the intracellular localization of
dCK in several cell types under physiological conditions. Using
a highly specific C-terminal peptide antibody, we provide evi-
dence that dCK is normally located in the cytoplasm. On the
other hand, when dCK is overexpressed, it is found mainly in
the nucleus, suggesting that a cytoplasmic retention regulatory
mechanism may be functioning in living cells.

MATERIALS AND METHODS

dCK Antiserum Production and Immunoblot Assays—A peptide
(NH,-YESLVEKVKEFLSTL-COOH) was synthesized that corre-
sponded to amino acids 246—-260 of the human dCK protein (12), linked
to keyhole limpet hemocyanin via maleimidobenzoyl-N-hydroxy succin-
imide ester, pH 7.0, as described (18). New Zealand White rabbits were
injected subcutaneously with 0.1 mg of linked peptide in complete
Freund’s adjuvant and boosted five times with 0.04 mg of antigen in
incomplete Freund’s adjuvant at 2-week intervals. Antisera were col-
lected and tested in Western blots containing various amounts of puri-
fied recombinant His-tagged human dCK (15), and whole cell extracts
from CCRF-CEM cells or the araC-resistant, dCK-deficient cell line
CEM"™ (AraC-8D (10)). For immunoblot analysis, proteins were sepa-
rated on 12% SDS-polyacrylamide gels, transferred to nitrocellulose
membranes, and probed with the dCK-pep antibody at 1:5000 dilution,
followed by incubation with horseradish peroxidase-conjugated anti-
rabbit IgG (Jackson Laboratories). Immuncomplexes were visualized by
the enhanced chemiluminescence reaction (ECL, Amersham Pharmacia
Biotech). The polyclonal antiserum for the P1 protein (TSG23, a kind
gift from C. Hoog, Karolinska Institute) and the monoclonal antibody
for the myc epitope (9E10 hybridoma, kindly provided by N. T. Ktis-
takis, Babraham Institute) were used at 1:4000 and 1:1000 dilutions,
respectively.

Isolation of Subcellular Fractions—Preparations of nuclear and cy-
toplasmic extracts were carried out essentially as described (19), with
some minor modifications. Briefly, 1-5 X 107 cells were resuspended in
isoosmotic lysis buffer containing 0.32 M sucrose, 3 mMm CaCl,, 2 mm
magnesium acetate, 0.1 mm EDTA, 10 mm Tris-HCI, pH 8.0, 1 mm
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dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and 0.5% (v/v)
Nonidet P-40. The lysates were centrifuged at 500 X g for 5 min, and the
supernatants were supplemented with 0.22 volume of cytoplasmic ex-
traction buffer containing 0.15 M HEPES, pH 7.9, 0.7 m KCl, and 0.015
M MgCl,. After centrifugation at 12,000 X g for 15 min, the resulting
supernatants were supplemented with glycerol to 25% and stored at
—70 °C. The nuclear pellet was washed once in isoosmotic lysis buffer
lacking Nonidet P-40 and incubated for 30 min at 37 °C in a modified
electrophoresis sample buffer containing 22% glycerol, 125 mm Tris-
HCI, pH 6.8, 10 mm dithiothreitol, 1% SDS, 0.01% bromphenol blue, 5
mM MgCl,, and 75 units/ml Benzonase (Nicomed Pharma A/S). Before
loading on the gel, samples were diluted with an equal volume of
sample buffer without MgCl, and Benszonase.

Immunodepletion and Enzyme Activity Assays—100 ul (50% suspen-
sion) of protein G-Sepharose (Amersham Pharmacia Biotech) beads
were incubated with dCK-pep antiserum or preimmune serum (100 ul
of antiserum/mg of dry gel) for 1 h at 4 °C, in a buffer containing 50 mm
Tris-HCI, pH 7.5, 0.1 m KC1, 1 mm NaF, 1 mm EDTA, and 0.5% Nonidet
P-40. The beads were washed with excess buffer and incubated with
crude extracts from 5 X 10” CCRF-CEM cells for 1 h. At the end of
incubation, the beads were removed by centrifugation, and deoxycyti-
dine kinase and thymidine kinase activities of the resulting superna-
tants were measured by the DEAE-cellulose filter binding assay as
described previously (16, 20).

Cell Culture and Transfections—A2780, HeLa, and CCRF-CEM cells
were grown in Dulbecco’s modified Eagle’s Medium and RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf serum. The
pCMV-myc-dCK expression vector was constructed by ligation of the
blunt-ended Ncol-BamHI fragment from pET9d-dCK (15) into the
blunt-ended EcoRI site of the pCMV-myc plasmid (Stratagene). The
resulting construct contains the full-length human dCK ¢cDNA in frame
with the 10-amino acid-long myc epitope under the control of the strong
cytomegalovirus (CMV) promoter. This construct was used to transfect
CCRF-CEM cells by the Lipofectin method (Life Technologies, Inc.) or
A2780 and HeLa cells by the calcium phosphate coprecipitation method
as described previously (21, 22). Transfected and untransfected cells as
well as freshly isolated mouse thymocytes and splenocytes were trans-
fered onto glass coverslips precoated with 50 pg/ml poly-D-lysine and
left to attach for 30 min. Nonattached cells were removed by washing
the coverslips with phosphate-buffered saline (PBS) before fixation.

In Situ Immunofluorescence Analysis—Cells on coverslips were
washed twice with PBS and fixed for 20 min with 3.7% formalin. After
fixation the coverslips were washed twice with serum-free Dulbecco’s
modified Eagle’s medium and incubated with PBS containing 1% bovine
serum albumin (BSA/PBS). dCK-pep, myc-tag, and Spl ((Pep2)-G,
Santa Cruz Biotechnology) antibodies were diluted 1:200, 1:20, and
1:150, respectively, in BSA/PBS and applied to the cells for 4 h. After
washing with BSA/PBS, the cells were incubated with diluted (1:100)
fluorescein isothiocyanate-conjugated anti-rabbit or anti-mouse second-
ary antibodies to IgG (Pierce) for 30 min, washed with BSA/PBS, rinsed
in water, and mounted on glass slides with Mowiol (Polysciences) as
described previously (21, 22). Fluorescence signals were observed and
photographed in a Leitz Dialux 20 EB microscope equipped with epi-
fluorescence optics.

RESULTS

We have raised polyclonal antibodies against a 15-amino
acid-long peptide corresponding to the very C-terminal region
of human dCK. Purified recombinant human dCK, as well as
crude extracts from CCRF-CEM cells and the araC-resistant
cell line CEM™ (AraC-8D (10)) were analyzed in Western blots
using this antibody. The antibody readily reacted with recom-
binant dCK and with one single species of CCRF-CEM pro-
teins, which had a molecular mass of ~30 kDa (Fig. 1, A and B).
This band was missing in extracts prepared from the dCK-
deficient CEM™ cell line (Fig. 1B). Although smaller antibody
dilutions or longer exposure times revealed some small back-
ground reactivity, the 30-kDa band was always predominant.
These results demonstrate that the antibody is highly specific
for dCK. Further evidence for the specificity was provided by
dCK activity measurements in CCRF-CEM crude extracts.
When these extracts were preincubated with dCK-pep antibody
coupled to protein G-Sepharose, in vitro phosphorylation of
deoxycytidine was greatly reduced, whereas phosphorylation of
thymidine was not affected (Fig. 1C).
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Fic. 1. Specificity of the dCK peptide antiserum. The indicated
amounts of purified recombinant (rec.) dCK (A) and whole cell extracts
of CCRF-CEM and CEM-dCK™ cells (B) were separated by 12% SDS-
polyacrylamide gel electrophoresis, transferred to nitrocellulose mem-
branes, and probed with dCK-pep antibody. C, whole cell extracts of
CCRF-CEM cells were immunodepleted by incubation with uncoupled
(=), preimmune-coupled (pre imm.) and dCK-pep antiserum-coupled
protein G-Sepharose and assayed for dCK and thymidine kinase (TK)
activities. Values of 100% represent the activities detected in uncoupled
protein G-Sepharose-depleted extracts.

To study the intracellular localization of dCK, we first per-
formed biochemical fractionation of cytoplasms and nuclei from
three cell types of different origin, such as the human malig-
nant T lymphoblastoid leukemia (CCRF-CEM), human ovarian
carcinoma (A2780), and human cervical carcinoma (HeLa) cell
lines. We used an isoosmotic/Nonidet P-40 lysis procedure (19)
as an alternative to the commonly used hypotonic/Nonidet P-40
method to isolate intact nuclei and accurately compare the
nuclear and cytoplasmic contents of dCK. Immunoblot analysis
of these extracts showed that the bulk of cellular dCK protein
was in the cytoplasmic fractions, whereas nuclei contained only
a minor portion of the protein (Fig. 2A4). To exclude the possi-
bility of potential leakage of dCK from the nuclei to the cyto-
plasm during the fractionation procedure, we examined the
distribution of the nuclear protein P1. P1 is a 105-kDa protein
that is present only in the nucleus throughout the cell cycle in
mammalian cells (23). We chose as a control P1 because it is a
“free-floating” protein, not associated tightly with chromatin or
structural components of the nucleus, making it a reliable
marker for assaying nuclear protein leakage (23). Two strong
bands at ~105 kDa were detected in the nuclear fraction of
A2780 cells with P1 antiserum (Fig. 2B). Only trace amounts of
these bands were seen in the cytoplasmic fractions, together
with some smaller cross-reactive species (Fig. 2B), indicating
that the integrity of nuclei during the fractionation procedure
has been preserved to a high degree.

The above results suggest that dCK is a cytoplasmic protein.
This is in contradiction with the findings of a previous study
using a dCK-GFP fusion protein, which was located mainly in
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Fic. 2. Distribution of dCK in biochemically fractionated cel-
lular compartments. A, cytoplasmic (C) and nuclear (V) extracts from
CCRF-CEM (CEM), A2780, and HeLa cells were prepared and analyzed
on Western blots by dCK-pep antiserum. B, immunoblot of cytoplasmic
(C) and nuclear (V) extracts from A2780 cells by the antibody recogniz-
ing the P1 nuclear protein. C, CCRF-CEM (CEM), A2780, and HeLa
cells were transfected with pCMV-myc-dCK plasmid, and cytoplasmic
(C) and nuclear (N) extracts were prepared and analyzed on Western
blots using the myc-tag antibody. Control lanes represent extracts from
untransfected A2780 cells (Contr.)

the nucleus (17). One possible reason for this discrepancy could
be that when dCK is artificially overexpressed, its localization
may be altered compared with its localization in cells express-
ing physiological levels of the protein. To test this possibility we
have transiently transfected CCRF-CEM, A2780, and HeLa
cells with an expression vector containing the human dCK
c¢DNA under the control of the CMV promoter. We also fused a
short, 10-amino acid-long myc-tag sequence to the N terminus
of the dCK cDNA to follow the expression of the transgene-
derived, overexpressed protein independently of its endogenous
counterpart. Western blot analysis using an antibody recogniz-
ing the myc epitope showed mainly nuclear localization of the
overexpressed protein supplied in trans by the expression vec-
tor (Fig. 2C). Therefore, it seems likely that the nuclear local-
ization of dCK observed by the dCK-GFP fusion protein (17) is
attributable to its overexpression in the cells.

To verify these findings in situ, we performed indirect im-
munofluorescence experiments with the above cell lines, as
well as with primary lymphocytes from mouse thymus and
spleen. A ring-like peripheral staining pattern characteristic of
the thin cytoplasmic region of lymphoid cells was observed in
CCRF-CEM cells, splenocytes, and thymocytes with the dCK-
pep antiserum (Fig. 3, A, D, and E). Strong cytoplasmic but not
nuclear staining was seen in A2780 and HeLa cells (Fig. 3, B
and C). In these latter two cell types, especially in cells where
as a consequence of less intense staining the resolution was
relatively higher, an uneven cytoplasmic distribution of dCK
was observed. dCK was mainly accumulated in the cytoplasmic
membrane and perinuclear areas, locations that may relate to
distinct functional compartments for deoxynucleoside metabo-
lism. The specificity of the signal was verified by the lack of
immunoreactivity when the antibody was applied to the cells in
the presence of excess purified recombinant dCK protein (Fig.
3F).

In situ localization of the overexpressed dCK was analyzed
by immunostaining of transfected cells with myc-tag antibody.
The transgene-derived, overexpressed enzyme was found al-
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most exclusively in the nucleus in all three cell lines, as evi-
denced by the similar staining pattern obtained by the myc-tag
antibody (Fig. 4, A-C) and the control antibody recognizing the
nuclear protein Sp-1 (Fig. 4, D-F). The same distribution was
observed when the cells were transfected with an untagged
expression vector and stained with dCK-pep antibody (data not
shown), excluding the possibility of artificial translocation of
dCK from the cytoplasm to the nucleus as a result of the short
myc epitope at the N terminus of the protein. Taken together,
these results demonstrate that the nuclear localization of dCK
in tranfected cells is a consequence of its highly elevated intra-
cellular levels.

DISCUSSION

In mammalian cells deoxyribonucleotides for nuclear DNA
replication and repair are synthesized via the de novo pathway,
which involves reduction of ribonucleotide diphosphates by
ribonucleotide reductase, or via direct phosphorylation of de-
oxyribonucleosides imported from the extracellular space or
derived from dephosphorylation of dNTPs (24). Earlier studies
trying to explain the functional link between dNTP precursor
metabolism and DNA replication processes showed a physical
association of DNA polymerase «, with several key enzymes
involved deoxynucleotide metabolism (25). The “replitase
model” has since been challenged by several observations, such
as the findings that the enzymes thought to be components of
the multienzyme complex were localized in different cellular
compartments (26, 27). In addition, a number of kinetic isotope
incorporation experiments argue against the direct channeling
of precursors to the sites of DNA replication (28). These studies
led to the prevailing view that dNTPs are synthesized in the
cytoplasm and subsequently translocate to the nucleus to par-
ticipate in DNA replication or repair. The recent finding that a
GFP-dCK fusion protein was located in the nucleus raised a
potentially interesting exception to the above rule (17).

However, the possibility that native dCK is an exclusively
nuclear protein generates a number of questions. Although this
location would favor the direct supply of dCTP for DNA repli-
cation, it is difficult to explain certain results from kinetic
isotope incorporation experiments. These studies showed the
existence of two dCTP pools: one labeled mainly via the de novo
pathway and used directly for DNA replication, and the other
labeled via the salvage pathway and preferentially used for
liponucleotide synthesis (29-32). This second “cytoplasmic”
dCTP pool is in rapid equilibrium with the one arising from the
de novo synthesis and can be used for DNA synthesis efficiently
(28-32). It is, however, difficult to explain why the de novo
pool, which is the primary source of nuclear DNA synthesis
precursors, is built up by cytoplasmic enzymes such as ribonu-
cleotide reductase, whereas the salvage pool, which has to
equilibrate first with the de novo pool to be used for DNA
synthesis, would be synthesized by an enzyme located in the
nucleus. In addition, a nuclear dCK as a rate-limiting enzyme
for the dCTP supply of liponucleotides is not compatible with
the rapid labeling of these phospholipid precursors from deoxy-
cytidine (29-32), even if one takes into account a free passage
of dCTP across the nuclear membrane.

The results presented in this paper clearly establish that
native dCK is mainly located in the cytoplasm, a location more
consistent with the previously mentioned metabolic studies.
This conclusion is based on two independent approaches using
biochemical cell fractionation and in situ immunochemistry
experiments. A cytoplasmic localization was seen in three cell
lines of different origin, as well as in primary thymocytes and
splenocytes. In adherent cells, such as A2780 and HeLa, where
the intracytoplasmic distribution is better resolved, we noticed
denser staining of the cytoplasmic membrane and the perinu-
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A CCRF-CEM

ab: dCK-pep

Fic. 3. In situ evidence for the cyto-
plasmic localization of native dCK.
CCRF-CEM (A and F), A2780 (B), HeLa
(C), primary spleen cells (D), and primary
thymus cells (E) were seeded in glass cov-
erslips, fixed, and stained with dCK-pep
antibody (ab). In F, 10 ug of purified re-
combinant dCK was also included in the
immunoreaction. Photographs represent

magnification of x 800 for CCRF.CEM, 2. Spleen
A2780, and HeLa cells and X 1600 for
spleen and thymus cells. ab: dCK-pep

A CCRF-CEM B A2780

ab: myc-tag ab: myc-tag

D CCRF-CEM E A2780

ab: Sp-1 ab: Sp-1

(@]

Im
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B A2780 HeLa

(@]

ab: dCK-pep

ab: dCK-pep

E Thymus CCRF-CEM

Im

ab: dCK-pep ab: dCK-pep + rec. dCK

HelLa

ab: myc-tag

Fic. 4. In situ evidence for the nu-
clear localization of overexpressed
dCK. CCRF-CEM (A), A2780 (B), and
HeLa (C) cells were transiently trans-
fected with pCMV-myc-dCK and stained
with a monoclonal antibody (ab) raised
against the myc epitope. On paralel cov-
erslips the same cells were stained with
the antibody recognizing the endogenous
nuclear protein Sp-1 (D-F).

HeLa

ab: Sp-1

clear area. It is tempting to speculate that this uneven distri-
bution of dCK may be of functional relevance, corresponding to
a compartmentalization that is related to the dCTP supplies for
membrane phospholipid precursor synthesis and DNA replica-
tion, respectively. Alternatively, these sites may represent in-
dependent compartments for the phosphorylation of exogenous
deoxycytidine immediately after its transport into the cell and
deoxycytidine derived from endogenous dCTP breakdown, re-
spectively. To resolve the contradiction between the localiza-
tion of the GFP-dCK fusion protein (17) and the localization of

the endogenous native protein, we asked whether the nuclear
location of the former is attributable to its overexpression in
the cells. We found that this is indeed the case, because after
transfection of an expression vector coding for human dCK,
which results in higher intracellular concentrations of dCK by
several orders of magnitude, the overexpressed protein was
mainly localized in the nucleus in all cell types tested. This
finding strongly suggests that dCK has the ability to enter the
nucleus. Further evidence for this notion was provided by the
identification of a consensus nuclear import sequence at the N



Intracellular Localization of dCK

terminus of the protein, the mutation of which prevents nu-
clear entry even of the overexpressed GFP-dCK fusion protein
am).

Taking these findings together, we propose a cytoplasmic
retention mechanism for dCK, which may involve the action of
another protein complexed with dCK, that keeps it in the
cytoplasm. When dCK is overexpressed, because of the limiting
amounts of the cytoplasmic retention partner, the majority of
dCK molecules will contain an accessible NLS sequence for
recognition by the nuclear transport machinery. An analogous
situation has been described for nuclear factor B (33, 34), the
regulation of which involves cytokine-induced phosphorylation
of its cytoplasmic retention partner, IxB, which leads to the
dissociation of the nuclear factor kB/I«B complex and the trans-
location of active nuclear factor kB subunits into the nucleus.
An alternative model would involve posttranslational modifi-
cation of dCK itself, which may be required for nuclear entry in
analogy to the transcription factors involved in the interferon
signaling pathways (35). Although at this point the actual
mechanism that retains dCK in the cytoplasm is not known,
our results raise the interesting possibility that under certain
physiological conditions transport of dCK between subcellular
compartments may play an important role in the regulation of
its known function in the supply of deoxynucleotides for differ-
ent biological processes or for unknown additional functions of
the protein.
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Cyc8(Ssn6)-Tupl, a general co-repressor complex, is
recruited to promoter DNA via interactions with DNA-
binding regulatory proteins and inhibits the transcrip-
tion of many different yeast genes. Previous studies
have established that repression function of the com-
plex is performed by one subunit of the complex, the
Tupl protein, and requires specific components of the
RNA polymerase II holoenzyme such as Sin4 and Rgrl.
In this study we test the transcriptional activity of the
Cyc8 subunit using a lexA operator-containing reporter.
We show that a LexA-Cyc8 hybrid stimulates transcrip-
tion when expressed in a tuplA, a sin4A, or a rgriA
strain, suggesting that transcriptional activation is an
intrinsic property of the Cyc8-Tupl co-repressor. In sup-
port of this notion we demonstrate that Cyc8-Tupl has a
dual function on CIT2, a gene encoding a citrate syn-
thase that is expressed upon mitochondrial dysfunction.
First, we show that Cyc8-Tupl is tethered to CIT2 pro-
moter by interacting with the activation domain of Rtg3,
a bHLH/L-Zip DNA-binding transactivator of CIT2. Next
we demonstrate that Cyc8-Tupl activates CIT2 tran-
scription in response to mitochondrial dysfunction, and
this stimulatory effect is mediated by Cyc8. In contrast,
basal (noninduced) expression of this gene is inhibited
by Tupl. These findings establish a positive role for the
Cyc8-Tupl complex in transcription and support a
model by which specific metabolic signals may convert
the Cyc8-Tupl transcriptional co-repressor to a co-acti-
vator of certain promoters.

An important class of pleiotropic transcriptional regulators
includes intermediary proteins such as co-activators and co-
repressors. These protein factors are tethered to specific pro-
moters mainly by contacting DNA-binding factors and regulate
transcription either by interacting with components of the Pol
II holoenzyme or by modifying chromatin structure, or both (1,
2). The human co-activator CBP/p300 (3), the yeast SAGA
complex (4), and the human nuclear receptor co-repressors
SMRT and N-CoR (5) are among the best characterized exam-
ples of this growing protein family. Interestingly, some of these
factors have dual function on specific promoters; for example
CBP/p300, which mediates activation of interferon g gene ex-
pression in response to virus induction is also responsible for
post-induction turn off (35).

In the yeast Saccharomyces cerevisiae, two physically asso-
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ciated proteins, Cyc8(Ssn6) and Tupl, inhibit the transcription
of many diversely regulated genes when their expression is not
required (6—38). It is well established that Cyc8-Tupl acts as a
co-repressor complex that does not bind DNA directly but is
recruited to different promoters via interactions with specific
DNA-binding regulatory proteins. The repression function of
the complex is performed by a specific domain of Tupl (8).
When the Tupl repression domain is brought upstream of an
active test promoter through the DNA binding domain of LexA,
it inhibits transcription independently of Cyc8. Moreover, this
domain is required for repression of natural genes such as
glucose, oxygen, and cell-type regulated genes. It has been
postulated that multiple mechanisms are responsible for Tupl
repression. Tupl interacts with histones H3 and H4 and may
position nucleosomes over the transcription start point, sug-
gesting that Tupl might repress transcription by modifying
chromatin structure (9, 10). However, evidence from other
studies argue that Tupl inhibits the function of the basic
transcription machinery; Tupl repression was reconstituted in
an in vitro transcription system in the absence of chromatin
(11), and mutations in specific components of the RNA polym-
erase II holoenzyme complex, such as the mediator proteins
Sin4, Rgrl, Srb10, and Srb11l, weaken the Tupl repression
activity (12-15).

Previous studies suggested that Cyc8 does not directly in-
hibit transcription but contacts specific DNA-binding regula-
tory proteins (8, 18). The N-terminal region of Cyc8 consists of
10 tandem repeats of a sequence motif termed tetratrico pep-
tide repeat (TPR)* (16). TPRs serve as protein-protein interac-
tion domains, and more importantly in the case of Cyc8, TPRs
exhibit distinct interaction specificity although they are similar
in primary structure (17-20). TPR1, TPR2, and TPR3 contact
Tupl, while different combinations of TPR4 to TPR10 mediate
recruitment of Cyc8-Tupl to different promoters (18). Based on
these observations it was proposed that the function of Cyc8 is
to link Tupl to distinct, structurally dissimilar, DNA-bound
repressor proteins. Consistently with this linker function, de-
rivatives of Cyc8 that contain only the TPR domain are suffi-
cient for repression. On the other hand, the C-terminal domain
which comprises more than half of the protein appears to be
dispensable (16-18).

Recent genetic data suggested that Cyc8-Tupl might also
play a positive role in transcriptional control. More specifically,
activation of the CYC1 gene transcription by the Hapl trans-
activator and maximal induction of SUC2 gene both require
functional Cyc8 protein (26, 27). In this report, we present
direct evidence that Cyc8-Tupl indeed plays diverse roles in

! The abbreviations used are: TPR, tetratrico peptide repeat; UAS,
X-Gal, 5-bromo-4-chloro-3-indolyl b-pD-galactopyranoside; GST, gluta-
thione S-transferase; PAGE, polyacrylamide gel electrophoresis;
EMSA, electrophoretic mobility shift assay; bHLH, basic helix-loop-
helix; UAS, upstream activation sequence.

205



206

transcriptional regulation. Expression of Cyc8-Tupl repressi-
ble genes is stimulated in response to specific signals, and
under these conditions, the fate of the Cyc8-Tupl co-repressor
has been unclear for most of the cases. Our data suggest that
this complex can convert to a co-activator of CIT2, a gene
encoding a peroxisomal isoform of citrate synthase that is ex-
pressed upon inducing conditions of mitochondrial dysfunction
(21). We show that Cyc8-Tupl is tethered to the CIT2 promoter
by interacting with Rtg3, a DNA-binding transactivator of
CIT2. Genetic analysis indicates that basal (uninduced) ex-
pression of CIT2 is inhibited by Tupl, but its transcriptional
activation is mediated by the second component of the complex,
the Cyc8 subunit and specifically requires the C-terminal do-
main of this protein.

The transcriptional activity of Cyc8 was further examined
using a synthetic reporter promoter and a LexA-Cyc8 hybrid.
Previous studies have shown that LexA-Cyc8 represses tran-
scription by recruiting the Tupl repressor (18). Here we show
that LexA-Cyc8 can activate transcription when Tupl is absent
or when the Tupl repression is substantially impaired, as it is
in a sin4A or a rgr1A mutant strain. Taken together, these data
suggest an inherent potential of the Cyc8-Tup1l co-repressor for
transcriptional activation function and establish a dual role
(positive and negative) of this complex in transcriptional
control.

EXPERIMENTAL PROCEDURES

Yeast Strains, Media, and Growth Conditions—All strains are deriv-
atives of FT5 strain (MAT«a ura3-52 trpI-A63 leu2::pet56 his3-A200).
The two-hybrid screening was performed in the strain LOFT5, which
was constructed by replacing his3-A200 with the L9His3 allele. L9His3
promoter contains a single synthetic and perfectly symmetric LexA-
binding site in place of the Gen4 UAS (8). cyc8A and tup A alleles have
been described previously (8). The sin4A allele was constructed by
inserting HIS3 between the internal Puvull and PstlI sites, while the
rgrlA allele was constructed by inserting HIS3 between the Ndel and
Nisil restriction sites. sin4A and rgriA strains were generated by one-
step gene replacement using linear DNA fragments and were confirmed
by Southern analysis.

Standard synthetic media were used; YPD- and YPR-rich media
contained 2% glucose or 2% raffinose, respectively. CS minimal media
were supplemented with 0.6% casamino acids and glucose or raffinose
as the carbon source. Mitochondrial dysfunction was caused by pro-
longed treatment of cells (~48 h) with 20 ug/ml ethidium bromide in
YPD medium. CIT2 induction was monitored in exponential cultures
growing in YPR medium. Standard procedure was used for routine
yeast transformations, while for high efficiency yeast transformation
the TRAFO protocol was followed (22).

Plasmid Constructs—All Cyc8, Tupl, and LexA derivatives ex-
pressed from the YCp91 vector and have been described previously (18).
Briefly, the centromeric vector YCp91 (TRPI marked) contains the
ADH 1 promoter and 5'-untranslated sequence (including the ATG start
codon), followed by the SV40 nuclear localization signal and the HA1
epitope from the influenza virus (flu epitope), a polylinker sequence,
and the CYC8 termination region (8). The reporter plasmid JK103 (23)
is a URA3 marked multicopy plasmid that expresses the LacZ reporter
gene from a minimal promoter consisting of four overlapping LexA-
binding sites upstream of the GALI TATA box. The Gal4 activation
domain-genomic library (used for the two-hybrid screening) was con-
structed in the pACT2 vector.? pACT2, a 2u, LEU2 marked vector
contains the ADH1 promoter and transcription start site followed by
sequences consisting of nuclear localization signal, the activation do-
main of Gal4, and polylinker sequence (in which random genomic frag-
ments have been inserted) ending to the termination region of the
ADH] gene.

Two-hybrid Screening for Cyc8-Tupl Interacting Proteins—LexA-
Cyc8, cloned in the YCp91 expression vector, was used to transform
LI9FT5 along with the LacZ reporter plasmid JK103 (23). LOFT5 yeast
transformants appear white on X-Gal indicator plates and are sensitive
for growth in low concentrations of 3-aminotriazole (0.5-1.0 mm), a
competitive inhibitor of His3 enzymatic activity. The pACT2 library

2 A. Ramne and P. S. Sunnerhagen, unpublished data.
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was used to transform this strain, and cells were recovered by shaking
in selective liquid medium (SC, containing 2% glucose and 2% galac-
tose) for 10 h at 30 °C. Five million independent transformants were
scored for growth in minimal media containing 3-aminotriazole at a
concentration of 20 mM. 200 colonies, scored as positives, were selected
(normal growth in 20 mM 3-aminotriazole), but less than half of them
(~96) appeared blue on X-Gal plates. Positive transformants containing
pACT2-derived plasmids were rescued in the Escherichia coli KC8
strain (constructed by K. Struhl) based on the ability of the yeast LEU2
gene (pACT2 is a LEU2 marked plasmid) to complement the respective
E. coli auxotrophy. 39 of 96 plasmids analyzed reproducibly supported
3-aminotriazole resistance and high B-galactosidase activity after re-
transformation into LOFT5 strain. Sequencing analysis revealed seven
different ORFs encoding proteins capable of two-hybrid interaction
with Cyc8.

GST Interaction Assay—A BamHI-Pvull fragment containing
Rtg3-68 was cloned in the T7 expression vector pRSETC and was used
to direct coupled transcription translation (Promega T7 TNT). 3°S-La-
beled Rtg3 protein (10 ul) was incubated with approximately 2 ug of
agarose bead-immobilized GST-Cyc8 protein (18) in a volume of 100 ul
containing 20 mM Tris-acetate, pH 7.4, 10% glycerol, 0.2 mm EDTA, 1
mM dithiothreitol, 0.15 M potassium acetate, and 1X complete protease
inhibitors (Boehringer) for 2 h at 4 °C. Following incubation the beads
were extensively washed in the above buffer, eluted in SDS-PAGE gel
loading buffer, and analyzed by SDS-PAGE.

EMSA—Whole cell protein extracts from wild type and cyc8A strains
were isolated as described previously (24), and protein concentrations
were determined by the Bradford assay. A CIT2 promoter region (—530
to +1) was amplified from LIFT5 genomic DNA by polymerase chain
reaction, and a BssHII-AatII fragment of it (106 base pairs) containing
the two Rtgl/Rtg3-binding sites, was end-labeled by standard methods
using “Klenow” DNA polymerase and purified by Sephadex G-50 chro-
matography (Amersham Pharmacia Biotech). EMSA reactions were
performed with 10 ug of protein extract, 10,000 cpm of CIT2 probe, 4 ug
of poly(dI/dC) competitor DNA, 1 mm dithiothreitol, 10 mm Tris-HCI,
100 mm KCl, 2 mm MgCl,, and 5% glycerol in a final volume of 20 ul.
They were incubated at 4 °C for 25 min, and samples were separated on
a 5% polyacrylamide, 1X TBE gel at 4 °C, 250 V for 2.5 h and visualized
by autoradiography.

RNA Analysis—Total cellular RNA was extracted from yeast cells
grown in the appropriate medium, using the acid phenol method (25),
and was fractionated in 1.4% agarose gels containing 5.5% formalde-
hyde. RNA was transferred to nylon membrane and hybridized with
32P.labeled probes generated by nick translation. For CIT2 and TBP
probes, polymerase chain reaction fragments containing the entire cod-
ing sequence (from ATG to termination codon) of the respective genes
were used.

LacZ Assays—p-Galactosidase assays were performed on yeast cul-
tures grown in the appropriate media and harvested during early log
phase (A4y, < 1.0). Cells were washed with 20 mm Tris (pH 7.5), 1.0 mm
EDTA in order to disperse the clumpy cyc8 and tup1 cells. LacZ values
normalized to a4y, represent the average of at least three independent
transformants, and they are accurate to 20-30%.

RESULTS

Transcriptional Activation by Cyc8—Recent genetic evi-
dence suggested that Cyc8-Tupl might play a positive role in
transcriptional regulation. Mutations in the CYC8 gene ad-
versely affect both Hapl-mediated stimulation of CYC1 and
maximal induction of SUC2 transcription (26, 27). Based on
these observations, we directly tested whether Cyc8 can stim-
ulate transcription by analyzing the activity of a LexA-Cyc8
hybrid protein on a GALI-LacZ synthetic reporter that con-
tains a LexA operator upstream of the TATA element. Wild
type and isogenic tupAl, sin4A, and rgriA strains were co-
transformed with plasmids carrying genes that express LexA-
Cyc8 and the GALI-LacZ reporter, and transformants were
assayed for B-galactosidase activity. As shown in Fig. 1, LexA-
Cyc8 represses transcription from the reporter promoter when
functional Tupl is present (wild type strain, line 1). However,
in the absence of Tupl (tupAl), LexA-Cyc8 stimulates tran-
scription by 7-fold (line 2). This result indicates that Tupl not
only actively represses transcription (8) but it also antagonizes
the activation potential of Cyc8. This cannot be explained sim-
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Fic. 1. Transcriptional activation by LexA-Cyc8. B-Galactosid-
ase activities (average of three independent transformants) of wild type
(WT), sin4, rgrl, and tupl deletion strains expressing LexA-Cyc8. The
LacZ reporter plasmid contains a minimal promoter with LexA-binding
sites upstream of a TATA box. For each case a schematic representation
of the proteins involved is indicated. C, Cyc8; T, Tupl; S, Sin4; R, Rgrl;
polll Holo, RNA polymerase II holoenzyme.

ply by an intermolecular masking of Cyc8 by Tupl because,
similarly to the Cyc8 protein alone, the Cyc8-Tupl protein
complex can also activate transcription when the repression
activity of Tupl is impaired. In sin4A or rgriA strains, in which
the respective components of the holoenzyme mediator complex
that are essential for the establishment of the Tupl repression
activity are missing, the LexA-Cyc8/Tupl protein complex is
converted to a transcriptional activator (line 3 and line 4).
Noticeably, activation by LexA-Cyc8/Tupl in these mutant
strains is virtually higher (9-fold) than that in the tup 1A strain.
These observations suggest that Cyc8 has the potential to act
as a transcriptional co-activator and that this function is per-
formed more efficiently in the context of the Cyc8-Tup]l protein
complex.

The Activation Domain of Rtg3 Associates with the Cyc8-
Tupl Protein Complex—If Cyc8-Tupl acts as a co-activator of
certain natural promoters, then it would be expected to directly
interact with promoter-specific DNA-binding activator pro-
tein(s). We explored this possibility by seeking such Cyc8-Tupl
interacting proteins (activator proteins), using a yeast two-
hybrid screen (see “Experimental Procedures”). We generated a
strain that expresses HIS3 and LacZ reporter genes under the
control of promoters containing a LexA-binding site. This
strain was co-transformed with a LexA-Cyc8 expressing plas-
mid along with a library of random yeast genomic fragments
fused to the Gal4 activation domain. Library plasmids support-
ing high levels of both HIS3 and LacZ reporter genes were
recovered and sequenced. This selection scheme revealed 39
positive clones encoding regions from seven different proteins.
Consistent with the co-repression function of Cyc8-Tupl, most
of these were DNA-binding repressor proteins that inhibit
transcription in a Cyc8-Tupl-dependent manner.® Interest-
ingly though, two independently isolated clones encoded Rtg3,
a well characterized transcriptional activator protein. Rtg3—68
(residues 305 to 486) and Rtg3-36 (residues 326 to 486) inter-
act equally well with LexA-Cyc8 in a two-hybrid assay (not
shown), and both contain sequences from the C-terminal region
of Rtg3, known to be the activation domain of the protein (28,
Fig. 2).

To further investigate the Cyc8-Rtg3 interaction, we used a
GST affinity chromatography assay, in which 35S-labeled
Rtg3-68 protein was synthesized in vitro and was incubated
with agarose bead-immobilized GST or GST-Cyc8 hybrid pro-
tein expressed in and purified from bacteria. As shown in Fig.
3, Rtg3 is specifically retained on the GST-Cyc8 column (lane 3)

3 D. Tzamarias, unpublished observations.
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Fic. 2. Structure of Rtg3 and derivatives. The structure of the
Rtg3 protein (486 amino acids) is schematically represented, including
the bHLH/Zip motif (residues 284 to 374) and the serine/threonine-rich
region (S/T, residues 176—-282). The C-terminal activation domain com-
prises the sequence 375 to 486. Both Rtg3—68 (residues 305-486) and
Rtg3-36 (residues 326—486) contain the C-terminal activation domain
of the protein and lack most of the DNA-binding domain.
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Fic. 3. Cyc8-Rtg3 interaction in vitro. °*S-Labeled Rtg3 (residues
326-486) interacting with a GST-Cyc8 hybrid protein or GST alone
immobilized in Sepharose beads. Lane labeled input contains only 20%
of the amount of the protein that was incubated with the beads.

but not on the column containing GST alone (lane 2), strongly
suggesting that Rtg3 directly associates with Cyc8 in the ab-
sence of any other yeast protein.

Rtg3 activates the transcription of CIT2, a gene encoding a
peroxisomal isoform of citrate synthase, and probably the tran-
scription of additional genes involved in peroxisome biogenesis
(29). Thus, we subsequently explored the function of Cyc8 and
Tupl in the context of the natural CIT2 promoter.

Dual Function of Cyc8-Tupl on CIT2 Transcription-CIT2—
Transcription is induced by mitochondrial dysfunction, and
this regulatory pathway, through which nuclear gene tran-
scription responds to the functional state of mitochondria, is
termed retrograde regulation (24, 30). Both basal expression
and retrograde response of CIT2 is mediated by the Rtg3 trans-
activator, which is always bound to the CIT2 UAS (29).

A typical retrograde response of CIT2 gene transcription is
shown in Fig. 4A. CIT2 expression is much higher in wild type
cells growing under conditions of mitochondrial dysfunction
(lane 2), compared with the basal level of expression observed
in normally growing cells (lane 1). However, basal expression
and retrograde response of CIT2 transcription are dramatically
reduced in a strain carrying a chromosomal deletion of CYCS8
(lanes 3 and 4), suggesting that CIT?2 is positively regulated by
Cyc8. On the other hand, basal expression of CIT2 is increased
in a tupIA strain (lane 5) indicating that CIT2 transcription is
yet another target of the Tup1 repression activity. In the tup1A
strain, retrograde response appears to be comparable, although
slightly lower, than in wild type strain (lane 6). Thus, Tupl
inhibits basal expression of CIT2 but it might also be required
along with Cyc8 for maximal CIT2 induction. In agreement
with this notion, CIT2 expression is fully de-repressed in Tupl
repression defective strains, such as sin4A and rgriA (lanes 7
and 8), in which Tupl is expressed normally. In fact, the
expression levels of CIT2 in these mutant strains are compa-
rable with the levels observed under conditions of mitochon-
drial dysfunction. Taken together, these results strongly sug-
gest that Cyc8-Tup1 has a dual function on the CIT2 promoter;
it inhibits basal transcription, but moreover it acts as a co-
activator that mediates retrograde response. It is noteworthy
that Rtg3, which is the limiting factor for CIT2 transcription
(28), is present at equal levels in wild type, cyc8A, and tupIA
cells growing either at normal or at inducing conditions (28, 29,
and data not shown).



208

A wr cycd
N MD N MD

tupl  sind rgrl
N MD N N

T PR—

e — — T B P

1 2 3 4 5 6 7 8

B N816  N597 N300 175-281
N MD N MD N MD N MD
g
- el

R e B et N b Wb LA TBP
1 2 3 4 5 6 7 8

Fic. 4. Normal expression of the CIT2 gene requires functional
Cyc8 and Tupl. A, total RNA was extracted from cultures of wild type
(WT), cyc8, tup1, sin4, and rgrl deletion strains exponentially grown in
the indicated conditions (IV, normal; MD, mitochondrial dysfunction).
RNA was fractionated in formaldehyde agarose gel (1.5%), transferred
to nylon membrane, and hybridized with probes specific for CIT2 and
TBP (used to normalize RNA levels) as described under “Experimental
Procedures.” B, Cyc8 deletion derivatives (shown in Fig. 5), were ex-
pressed in a cyc8 deletion strain, and yeast transformants were cul-
tured in normal (V) and mitochondrial dysfunction (MD) conditions.
Total RNA was extracted, fractionated in a formaldehyde-agarose gel,
transferred to nylon membrane, and probed with CIT2 and TPB specific
probes.

Distinct TPR Motifs of Cyc8 Interact with Tupl and Rtg3—
Two-hybrid assays performed in cyc8A and tupIA strains indi-
cated that Rtg3 specifically interacts with Cyc8 even in the
absence of Tupl, while Tupl interacts with Rtg3 only in the
presence of Cyc8 (data not shown). The TPR domain of Cyc8
mediates protein-protein interactions and was proposed to link
specific DNA-binding proteins to Tup1 (18). Thus, we examined
whether Rtg3 interacts with specific TPR motifs of Cyc8 by
testing various deletion derivatives of Cyc8 for Rtg3 interaction
in a two-hybrid assay (Table I and Fig. 5). N175, that contains
only three N-terminal TPRs (TPR1 to TPR3), does not activate
transcription of the LacZ reporter demonstrating its failure to
interact with Rtg3. In contrast, N300 that contains TPR1 to
TPR7 strongly interacts with Rtg3 (it activates transcription
over 90-fold), indicating that interaction with Rtg3 is mediated
by specific TPR motifs, probably TPR4 to TPR7. However, the
internally deleted Cyc8 derivative A175-281 that lacks TPR4
to TPR7 but maintains TPR8 to TPR10 also interacts with Rtg3
as judged by its activity on the LacZ reporter, which is stimu-
lated over 30-fold. Finally, derivatives such as C560, which
comprise the C-terminal domain of Cyc8 but lack TPR se-
quences, are completely inactive. These data suggest that Rtg3
interacts with at least two independent combinations of TPR
motifs, TPR4—-TPR7 and TPR8-TPR10. It should be noted that
none of these regions overlap with the Tupl interaction do-
main, which consists of TPR1 to TPR3 (Ref. 18 and Fig. 5), and
it explains how Rtg3 and Tupl (which do not interact directly)
can simultaneously associate with the TPR domain of Cyc8.

To test whether the TPR domain is sufficient to recruit
Cyc8-Tupl to the CIT2 promoter we performed a band shift
experiment using whole yeast protein extracts and a probe
encompassing two Rtg3/Rtgl-binding sites (Rtg3 binds DNA as
a heterodimer with Rtgl, another bHLH/Zip protein, see “Dis-
cussion”). In agreement with previous data (29), a stable low
mobility complex was detected in the presence of protein ex-
tracts derived from a wild type strain (Fig. 6, lane 2). The
formation of this complex is dependent on the presence of Cyc8,
because extracts from a cyc8A strain do not give rise to shifted
bands (lane 3). Moreover, ectopic expression of Cyc8 in the
cyc8A strain restores complex formation (lane 4), and more
importantly, the complex is formed even by expressing only the
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TaBLE 1
Two-hybrid assays for Rtg3-Cyc8 interaction

B-Galactosidase activities (average values from three independent
transformants) in cells expressing the indicated hybrid proteins. The
LacZ reporter plasmid contains four overlapping LexA binding sites
upstream of the GAL1 TATA box. Values are accurate to +30%. Fold
activation represents the ratio of B-galactosidase activities in strains
containing Rtg3 fused to the activation domain of Gal4 (Rtg3-Gal4)
versus those containing Gal4 only.

B-Galactosidase activity

LexA-

hybrid Gald Rtg3-Gald Fold act
N175 5.0 2.5 0.5
N300 3.0 278.0 93
A175-281 3.3 90.3 31
C560 5.0 3.5 0.7
LexA 4.1 3.2 0.8

TPR domain of Cyc8 (lane 5). These results strongly suggest
that protein-protein interactions mediated by TPR motifs are
sufficient to recruit Cyc8-Tupl to the CIT2 promoter.

The Cyc8 C-terminal Domain Is Essential for Stimulation of
CIT2 Transcription—The TPR domain of Cyc8 provides suffi-
cient Cyc8 function for transcriptional repression by bringing
Tupl to specific DNA-binding proteins, while the C-terminal
domain is dispensable. Because we showed that Cyc8-Tupl
activates CIT2, we examined whether recruitment of the com-
plex by the TPR domain is sufficient for positive regulation of
CIT?2 transcription. For this purpose, derivatives of Cyc8 capa-
ble of interacting with both Rtg3 and Tupl, either containing or
lacking C-terminal sequences, were expressed in a cyc8A
strain, and CIT2 mRNA levels were analyzed by RNA blotting.
As shown in Fig. 4B and summarized in Fig. 5, A175-281,
which contains the entire C-terminal domain of the protein,
supports wild type levels of CIT2 transcription (lanes 7 and 8).
In contrast, N300 and N597 that lack the C-terminal domain
are inactive (lanes 3-6), despite their ability to interact with
Rtg3 and to complement all previously described cyc8A defects
(18). Finally, a longer derivative, N816, that contains most of
the C-terminal domain is only partially functional (lanes I and
2). These results indicate that Rtg3 interaction alone is not
sufficient for transcriptional activation of CIT2; normal retro-
grade response of CIT2 expression requires the C-terminal
domain of Cyc8 as well. To our knowledge, retrograde regula-
tion is the only case where a specific function has been assigned
to this domain of Cyc8, most likely reflecting the unique regu-
latory mode of Cyc8-Tupl action on the CIT2 promoter.

DISCUSSION

In this study we provide direct evidence for a dual role of
Cyc8-Tupl in transcriptional control. We found that besides
the well established repression activity, which is performed by
Tupl, the Cyc8-Tupl protein complex can also act as a tran-
scriptional co-activator, and this function is predominantly me-
diated by the Cyc8 protein. When the Tupl repression activity
is impaired, as it is in a sin4 or a rgrl mutant strain, Cyc8-
Tupl activates an artificial reporter gene, and in response to
specific metabolic signals, activates the transcription of the
natural CIT2 gene.

Transcription of CIT2 is controlled by Rtg3 and Rtgl, both
members of the bHLH/Zip family of DNA-binding proteins.
Recombinant Rtg3 and Rtgl bind as a heterodimer at two sites
within an upstream activation sequence of the CIT2 gene
termed UAS, (31, 32). Heterologous promoters bearing a UAS,
respond to mitochondrial dysfunction in a Rtgl/Rtg3-depend-
ent manner indicating that UAS, is sufficient to mediate CIT2
regulation (30). Notably, EMSAs using whole yeast extracts
(instead of recombinant Rtgl and Rtg3 proteins) suggested that
additional yeast proteins, probably co-activators or co-repres-
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Fic. 6. The TPR domain is sufficient for recruitment of Cyc8-
Tupl to the CIT2 promoter. Total yeast protein was extracted from
wild-type and cyc8A strains or from a cyc8A strain expressing either
full-length Cyc8 protein or the N300 derivative that contains only TPRs
(see Fig. 5). EMSAs were performed using a DNA fragment that con-
tains the two Rtgl/Rtg3-binding sites of the CIT2 promoter.

sors, associate with the DNA-bound Rtgl-Rtg3 heterodimer
(29). Our results show that Cyc8 and Tupl are indeed compo-
nents of this UAS,-bound protein complex. The Cyc8-Tupl
complex associates with Rtg3 in vivo and in vitro, and a DNA
fragment encompassing two Rtg3/Rtgl-binding sites (UAS,)
gives rise to a stable protein-DNA complex, the formation of
which is dependent on the presence of the Cyc8 TPR domain.
Consistently, Rtg3 interaction is mediated by two specific TPR
regions of Cyc8, TPR4 to TPR7 and TPR8 to TPR10. A third
separate region, TPR1 to TPR3, associates with Tupl (18, 33)
explaining how tandem TPRs can link different proteins and
assemble multiprotein complexes. Based on these observations,
we propose that recruitment of Cyc8-Tupl to the CIT2 pro-
moter is mediated by specific TPRs that are responsible for
linkage of Cyc8 to Tupl and of that complex to the Rtgl/Rtg3
heterodimer.

Several lines of evidence suggest that Cyc8-Tupl is directly
involved in the activation of CIT2 transcription and that this
function is performed by the Cyc8 subunit. First, Cyc8-Tupl
specifically associates with the activation domain of Rtg3. This
region of Rtg3 has been shown to be the major activation

domain of the Rtgl/Rtg3 heterodimer because Rtgl, which does
not possess independent transactivation properties, functions
to recruit Rtg3 to its binding site (28). Thus, a possible role of
the Rtg1/Rtg3 activation domain is to simply contact the Cyc8-
Tupl complex. Second, deletion of CYCS8 or deletion of both
CYC8 and TUP1 (data not shown) severely reduces the levels of
CIT2 mRNA under inducing conditions of mitochondrial dys-
function. Under these conditions, CIT2 transcription is defec-
tive even in the presence of Cyc8 derivatives (N300 and N597)
that fully complement all known cyc8A-specific phenotypes,
including slow growth and temperature-sensitive lethality (18).
These results suggest that lower CIT2 transcription is not an
indirect physiological effect of the cyc8A mutation. In agree-
ment to this, deletion of TUP1, which causes similar pleiotropic
defects as cyc8A, does not significantly affect the levels of CIT2
mRNA under inducing conditions. Third, when brought to a
LexA operator-containing reporter, LexA-Cyc8 activates tran-
scription in a tuplA strain. Similarly, the LexA-Cyc8/Tupl
protein complex activates transcription in an isogenic sin4A or
a rgrlA strain that lacks the respective factor essential for
Tupl repression. These data, together with previous observa-
tions (26, 27), establish a positive role of Cyc8 in transcription
and moreover they suggest a dual, positive and negative, func-
tion of the Cyc8-Tupl protein complex on CIT2. Indeed Cyc8-
Tupl inhibits the basal (uninduced) expression of CIT2, and
this function is performed by Tupl. CIT2 transcription is de-
repressed in cells carrying the tupIA mutation while in cells
that express Tupl, but lack Sin4 or Rgrl, CIT2 derepression
occurs at even higher levels. This observation further suggests
that Cyc8 activation function is better performed in the context
of the Cyc8-Tupl protein complex.

Our data indicate that CIT2 transcription requires the C-
terminal domain of Cyc8, and in fact, this is the only case that
a function has been assigned to this region. When bound up-
stream of a test promoter through a heterologous DNA-binding
domain this C-terminal region of Cyc8 does not activate tran-
scription (data not shown); therefore it does not function as a
typical activation domain, but rather plays a regulatory role.
Cyc8 is a phosphoprotein, and specific regions within this C-
terminal domain, rich in serine and threonine residues, are
potential phosphorylation sites (16). Similarly, Rtg3 contains a
serine/threonine-rich region which might also play a regulatory
role (28). Thus, it is conceivable that specific modifications of
these protein domains, such as phosphorylation or dephospho-
rylation, may in fact modulate the transcriptional activity of
Cyc8-Tupl. Some of these modifications, particularly in the
C-terminal domain of Cyc8, are likely to be specific for the
retrograde response of CIT2 as this domain is dispensable for
the regulation of all other Cyc8-Tupl repressible genes.

The signal(s) that mediate induction of peroxisomal genes
upon mitochondrial dysfunction are presently unknown, and
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although several possible models can be envisaged using the
available data, the molecular mechanism by which Cyc8-Tupl
is converted from a co-repressor to a co-activator of CIT2 is not
yet understood. One model predicts that, upon induction, Tupl
dissociates from the complex thus unmasking Cyc8 activation
potential. However, EMSAs performed with protein extracts
derived from either normal or mitochondria defective cells de-
tect neither quantitative nor qualitative differences on UAS,
DNA-protein complexes (21, 29).* This observation also argues
against the model according to which additional positive regu-
latory factors associate with Rtg3/1-bound Cyc8-Tupl assem-
bling an activator complex, although transient interactions
with such factors cannot be excluded. Another, more plausible,
model postulates that in response to specific signaling, Cyc8-
Tupl undergoes post-translational modifications which could
reveal the intrinsic activation potential of Cyc8. Masking of
Tupl repression, although possible, cannot solely account for
the activation function of the complex because Cyc8-mediated
CIT2 induction is observed even in the absence of Tupl (fupIA
strain, Fig. 4A). Regulatory mechanisms by which proteins
undergo conformational changes and activate transcription
have been previously reported, and in some cases, as that of the
retinoic acid receptor, these mechanisms have been character-
ized extensively (34). It is conceivable that Cyc8 undergoes
specific structural changes, i.e. by phosphorylation of the C-
terminal domain, which is specifically required for stimulation
of CIT2 transcription, and this could possibly be the key step
through which the complex attains its activation potential. It
must be emphasized that according to this model post-transla-
tional modifications of Cyc8 and probably of Tupl have such an
effect only when the complex is associated with the Rtg3/1
proteins. This hypothesis explains why Cyc8-Tupl has a dual
function only in CIT2 expression and why DNA-bound LexA-
Cyc8/Tupl is not converted to an activator of a synthetic re-
porter under inducing conditions of mitochondrial dysfunction
(data not shown). Finally, it is known that Cyc8-Tup1 function-
ally interacts with the basic transcription machinery as well as
with chromatin (15); thus it is conceivable that Cyc8 might
activate CIT2 transcription by affecting either one or even both
processes.
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Hepatocyte nuclear factor 4o (HNF-4a) (nuclear receptor 2A1) is an essential regulator of hepatocyte
differentiation and function. Genetic and molecular evidence suggests that the tissue-restricted expression of
HNF-4« is regulated mainly at the transcriptional level. As a step toward understanding the molecular
mechanism involved in the transcriptional regulation of the human HNF-4« gene, we cloned and analyzed a
12.1-kb fragment of its upstream region. Major DNase I-hypersensitive sites were found at the proximal
promoter, the first intron, and the more-upstream region comprising kb —6.5, —8.0, and —8.8. By the use of
reporter constructs, we found that the proximal-promoter region was sufficient to drive high levels of hepa-
tocyte-specific transcription in transient-transfection assays. DNase I footprint analysis and electrophoretic
mobility shift experiments revealed binding sites for HNF-1a and -3, Sp-1, GATA-6, and HNF-6. High levels
of HNF-4« promoter activity were dependent on the synergism between either HNF-1« and HNF-6 or HNF-1(3
and GATA-6, which implies that at least two alternative mechanisms may activate HNF-4« gene transcription.
Chromatin immunoprecipitation experiments with human hepatoma cells showed stable association of HNF-
1o, HNF-6, Sp-1, and COUP-TFII with the promoter. The last factor acts as a repressor via binding to a newly
identified direct repeat 1 (DR-1) sequence of the human promoter, which is absent in the mouse homologue.
We present evidence that this sequence is a bona fide retinoic acid response element and that HNF-4«
expression is upregulated in vivo upon retinoic acid signaling.

Hepatocyte nuclear factor 4o (HNF-4a) is a liver-enriched
transcription factor which, together with other factors, plays a
key role in the tissue-specific expression of a large number of
genes (42). Besides HNF-4a’s crucial role in the adult liver,
where it regulates genes involved in various metabolic path-
ways (17), HNF-4a function has been implicated in early
endodermal development (14). Mouse embryos lacking
HNF-4a die before completing gastrulation due to visceral
endoderm dysfunction (7). This early-lethal phenotype could
be rescued by employing complementation of HNF-4a-defi-
cient embryos with a tetraploid embryo-derived visceral
endoderm (32). Analysis of gene expression patterns of the
rescued embryos revealed that HNF-4a was dispensable for
early developmental specification of the liver but was essential
for subsequent steps of hepatocyte differentiation (32). In hu-
mans, heterozygous mutations in the HNF-4a gene are asso-
ciated with an early-onset form of type II diabetes called ma-
turity onset diabetes of the young 1 (52). In addition to the
several mutations in the coding region, a 7-bp deletion at the 5’
regulatory region was recently found in association with dia-
betes (39), suggesting that the expression and activity of
HNF-4a are important for pancreatic B-cell function.

The liver-enriched transcription factors are part of a com-
plex transcriptional network which seems to be responsible for
both the determination and the maintenance of the hepatic
phenotype. This network is established by a number of auto-
regulatory and cross-regulatory pathways securing balanced,
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high-level expression of the main factors in hepatocytes (13, 18,
22,24, 26, 48). HNF-4« has been considered to be at the top of
the hierarchy of the transcription factor cascade that drives
hepatocyte differentiation, since it is an essential regulator of
the HNF-1a gene (26, 48). To fully understand how this reg-
ulatory network is established, knowledge of the regulation of
the HNF-4a gene itself is required. Previous studies of the
mouse HNF-4a promoter revealed a potential reciprocal reg-
ulation of HNF-4a expression by HNF-1a (47, 54). This as-
sumption was based on the identification of a functional
HNF-1 binding site in the proximal-promoter region (54).
However, during visceral endoderm differentiation HNF-4« is
activated at an earlier stage than HNF-1«, arguing against the
importance of HNF-1« in the initial activation of the HNF-4a
gene (5, 12, 14). In addition, HNF-1a-deficient mice showed
normal levels of HNF-4« in the liver (38). More-recent studies
on GATA-6- and HNF-1B-deficient mice revealed that these
two factors may directly or indirectly regulate the mouse
HNF-4a gene, as its expression was virtually abolished in both
animal models (2, 8, 35). The failure of GATA-6'~ and HNF-
1B/~ embryos to properly develop visceral endoderms paral-
leled the lack of HNF-4a expression and provided strong evi-
dence that these two factors indeed lie upstream of HNF-4« in
the transcriptional cascade that regulates early endodermal
differentiation (2, 8, 35). Evidence for the potential involve-
ment of at least two additional factors in the regulation of the
HNF-4a gene has been recently reported. These are HNF-6
and CPF/FTF, which can bind to and transactivate the mouse
HNF-4a promoter (30, 37).

To gain a comprehensive insight into the transcriptional
regulation of HNF-4a, we cloned and characterized the pro-
moter region of the human HNF-4a gene. We found that in
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cultured hepatoma cells the proximal-promoter region was
sufficient to drive high levels of expression. Within this region
we mapped binding sites for transcription factors HNF-1a and
-B, Sp-1, HNF-6, and GATA-6. We describe two alternative
mechanisms of how these factors may regulate HNF-4a ex-
pression. Moreover, we identified a functional hormone re-
sponse element (HRE) in the human promoter which is not
conserved in the mouse sequence. This element binds COUP-
TFII (27), which has a repressive effect on promoter activity;
upon retinoic acid signaling, binding of RXRa-RARa het-
erodimers to the HRE leads to hormone-dependent upregu-
lation of the HNF-4a gene.

MATERIALS AND METHODS

Isolation of h HNF-4a g ic clones and plasmid constructions. A
human NEMBL4 genomic DNA library was screened with a 0.6-kb human
HNF-4a ¢cDNA fragment encoding the N-terminal part of the protein. The
resultant genomic clones were analyzed by restriction enzyme mapping, and the
Sall/Sacll fragment from one clone containing the upstream 12.1-kb region of
the HNF-4a gene was subcloned into the Xhol/BglII sites of pGL3 basic vector
(Promega). The resulting plasmid contains the region from bp +67 to kb —12.1
of the human HNF-4a gene in front of the firefly luciferase reporter cassette. 5’
deletion mutants were prepared either by restriction enzyme digestions or by
progressive unidirectional digestions with exonuclease III. Site-directed mu-
tagenesis of the footprinted regions was performed with the GeneEditor kit
(Promega) according to the manufacturer’s instructions. The following oligonu-
cleotides were used for mutagenesis: HNF-1 site mutant, —104 GGGTCGA
TGGTGGATCCGTCCCCCGCCGGTGGATAGGCTG —143; HRE mutant,
—298 GGTGAGTCGACGCACAAATGAGTGCCCG TGA —268; HNF-6
site mutant, —423 GCATTGAGGGTAGAATCTAGAGATTTGGGAAGTTA
TTG —386; GATA-6 site mutant, —419 AATGCTTTTGCAAAGCTTAGGCT
GCCCCATGGCCC —453; Sp-1 site mutant, —160 ATCCCTGCAGCCATGG
CCAGCCTATCCACCG —130. Mutated nucleotides are underlined.

The 6xHRE-AdML-CAT plasmid was generated by ligating a double-
stranded, phosphorylated oligonucleotide corresponding to the region compris-
ing nucleotides (nt) —298 to —277 into the Sall site of plasmid AAML-44-CAT
(21). The construction of pPCMV-HNF-1a, pCMV-COUP-TFII, pCMV-RXRa,
and pCMV-RAR« has been described previously (24, 25). pRSV-HNF-18 (10),
pCMV-hGATA-6 (15), pPCMV-HNF-6 (31), and pCMV-HNF-3a (29) were kind
gifts from R. Cortese, T. Evans, F. Lemaigre, and R. Costa, respectively. pCMV-
PPARa (49) and pCMV-VDR (20) were obtained from A. Aranda. pSG-ERa
(28) and pCMV-T3RB (4) and pPCMV-LXRa (51) were from M. Parker and D.
Mangelsdorf, respectively. pPCMV-CPF/FTF containing the human CPF open
reading frame (GenBank accession no. NM_003822) was cloned by PCR from
HepG2 cDNA. Proper expression by all the vectors in transfected Cos-1 cells was
tested.

Primer extension, reverse transcription (RT-PCR), and DNase I-hypersensi-
tive site analysis. For primer extension, 10 wmol of a 3*P-labeled oligonucleotide
probe, corresponding to nt +162 to +188 of the human HNF-4a gene, was
hybridized to 10 pg of poly(A) RNA prepared from HepG2 cells in a buffer
containing 40 mM PIPES, pH 6.4, 1 mM EDTA, 0.4 M NaCl, and 80% form-
amide. The annealed products were precipitated and resuspended in a buffer
containing 50 mM Tris, pH 8.3, 40 mM KCI, 6 mM MgCl,, 1 mM dithiothreitol,
0.5 mM deoxynucleoside triphosphates, and 10 U of RNasin. After addition of 10
U of SuperScript reverse transcriptase (Gibco-BRL), the reaction was allowed to
proceed for 60 min at 37°C, followed by a 30-min digestion with 5 ug of DNase-
free RNase. The reaction products were extracted with phenol-chloroform, pre-
cipitated with ethanol, and electrophoresed in 6% denaturing polyacrylamide
gels.

For RT-PCR analysis, total RNA from HepG2 cells was first treated with 10
U of DNase I (Gibco-BRL) for 30 min at room temperature, followed by
extractions with phenol-chloroform and precipitation with ethanol. cDNA syn-
thesis was performed with SuperScript reverse transcriptase (Gibco-BRL) using
oligo(dT) and random hexamer primers. The cDNAs were directly used for PCR
amplification (21 cycles) in the presence of 10 p.Ci of [a-*?P]dCTP with primer
sets from the human HNF-4« 3" untranslated region (UTR) (see below). For
normalization, the human acidic ribosomal phosphoprotein was amplified by
primers 5" GGAAGGCTGTGGTGCTGATGG 3’ and 5’AAGGAGAAGGGG
GAGATGTTG 3’ (41).

Two probes, the HindIII-EcoRV fragment corresponding to nt —3854 to
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—4134 and the Kpnl-EcoRI fragment corresponding to nt —4660 to —5224 were
used to map the DNase I-hypersensitive sites in the proximal- and distal-pro-
moter regions, respectively. Nuclei were prepared from HepG2 cells as described
previously (22) and partially digested on ice for 10 min by 0 to 20 U of DNase I
(Gibco-BRL) in a buffer containing 60 mM KCI, 15 mM NaCl, 15 mM Tris, pH
7.5, 0.5 mM spermidine, 0.15 mM spermine, and 5 mM B-mercaptoethanol. The
reactions were stopped by addition of EDTA to 30 mM, followed by digestion
with proteinase K at 56°C for 12 h. DNA was extracted with phenol-chloroform,
precipitated with ethanol, and digested with either Kpnl or HindIII. Digestion
products were analyzed by Southern blotting.

In vitro DNA binding assays. Nuclear extracts from HepG2 and transfected
Cos-1 cells were prepared as described previously (22, 23). For DNase I footprint
analysis three 5'-end-labeled probes encompassing nt —503 to +67, nt —450 to
—45, and nt —194 to —595 were prepared and incubated with HepG2 nuclear
extracts in a buffer containing 50 mM KCI, 20 mM HEPES, pH 7.9, 0.5 mM
dithiothreitol, 10% glycerol, 0.1 uM zinc acetate, 50 wg/ml bovine serum albu-
min, 30 pg of poly(dI-dC)/ml, 0.25 pg of linearized pUC-18 DNA/ml, and 2%
polyvinyl alcohol. After incubation on ice for 45 min, MgCl, and CaCl, were
added to 1 and 0.2 mM final concentrations, respectively, followed by digestion
with 30 pg of DNase I for 5 min. The reactions were stopped by the addition of
an equal volume of 20 mM EDTA-1% sodium dodecyl sulfate (SDS)-50 pg of
E. coli tRNA/ml, followed by digestion with 2 pg of proteinase K. After extrac-
tion with phenol-chloroform, the DNA fragments were precipitated by ethanol
and analyzed in 6% denaturing polyacrylamide gels.

Mobility shift assays with end-labeled double-stranded oligonucleotide probes
were performed as described previously (22, 23). The oligonucleotide sequences
were as follows: FP-1, 5 TCGACCGATTAACCATTAACCCCCACCCC nt
—97; FP-2, 5" TCGAGCAGCCCCGCCCAGCC nt —139; FP-3, 5' TCGAGGT
GAGTCAAGGGTCAAATGAG nt —277; FP-4, 5 TCGAGGGTAGAAGTC
AATGATTTGGG nt —395; FP-5, 5" TCGAGGCAGCCTTATCTCTGCAAA
AGC nt —422.

For supershift, Western blots, and immunoprecipitations the antibodies used
were from Santa Cruz Biotechnology (HNF-1a, Sp-1, HNF-3a, GATA-6, and
HNF-6). Anti- HNF-1B (5), anti-RXRa and anti-RARa (16), and anti-COUP-
TFII (4) were obtained from S. Cereghini, P. Chambon, and M. Parker, respec-
tively. A polyclonal antibody against HNF-4a was raised by immunization of New
Zealand White rabbits by a keyhole limpet hemocyanin-linked peptide corre-
sponding to the very C-terminal 12 amino acids of the human HNF-4 protein. In
Western blots a horseradish peroxidase-conjugated anti-rabbit immunoglobulin
G (Jackson Laboratories) was used as the secondary antibody and ECL (APB)
was used for chemiluminescence detection.

Cell culture and transfections. HepG2 and Cos-1 cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% heat
inactivated fetal calf serum. The cells were seeded 24 h before transfection at 50
to 60% confluence. In experiments where 9-cis-retinoic acid induction was used,
the cells were plated in medium containing 10% dextran-charcoal-stripped fetal
calf serum. Various amounts of plasmids along with 1.5 pg of pCMV-B-gal
plasmid were introduced into the cells by the calcium phosphate-DNA copre-
cipitation method as described previously (22, 23). Thirty-six hours later the cells
were harvested and lysed by three consecutive freeze-thaw cycles. Chloramphen-
icol acetyltransferase and B-galactosidase assays were performed as described
previously (22, 23). Luciferase assays were performed using the luciferase assay
kit (Promega). All data were normalized to B-galactosidase internal-control
values.

Chromatin immunoprecipitations. The chromatin immunoprecipitation assay
was performed as described previously (36), with several modifications. Briefly,
cells were treated with 1% formaldehyde for 10 min at room temperature.
Cross-linking was stopped by the addition of glycine to a final concentration of
0.125 M. The cells were washed with cold phosphate-buffered saline (PBS) and
swelled on ice for 10 min in a solution containing 25 mM HEPES, pH 7.8, 1.5
mM MgCl,, 10 mM KCl, 0.1% NP-40, 1 mM dithiothreitol, and a protease
inhibitor cocktail (Roche). Following Dounce homogenization (20 strokes; pestle
A), the nuclei were collected and resuspended in sonication buffer containing 50
mM HEPES, pH 7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate, 0.1% SDS, and protease inhibitors and sonicated on ice to
an average length of 200 to 1,000 bp. The samples were centrifuged at 20,000 X
g and precleared with protein G-Sepharose in the presence of 2 pg of sonicated
N DNA and 1 mg of bovine serum albumin/ml. Twenty-five 4,4, units of the
precleared chromatin was immunoprecipitated with 5 pl of antibodies, and the
immune complexes were collected by adsorption to protein G-Sepharose. The
beads were washed twice with sonication buffer, twice with sonication buffer
containing 500 mM NaCl, twice with 20 mM Tris (pH 8.0)-1 mM EDTA-250
mM LiCl-0.5% NP-40-0.5% sodium deoxycholate, and twice with Tris-EDTA
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buffer. The immunocomplexes were eluted with 50 mM Tris, pH 8.0-1 mM
EDTA-1% SDS at 65°C for 10 min, adjusted to 200 mM NaCl, and incubated at
65°C for 5 h to reverse the cross-links. After successive treatments with 10 pg of
Rnase A and 20 g of proteinase K/ml, the samples were extracted with phenol-
chloroform and precipitated with ethanol. One tenth of the immunoprecipitated
DNA and input DNA (from extracts corresponding to 0.025 4,4, units) was
analyzed by PCR using primers from sequences surrounding the human HNF-4a
proximal promoter (GGCAGCCTTATCTCTGCAAAAGC —422 and TCGAG
GGGTGGGGTTAATGGTTAATC —119) or the 3" UTR of the HNF-4« gene
(sense oligonuceotide, 5" GGAGATGACTTGAGGCCTTACT; antisense oligo-
nucleotide, 5" GGGGAATCGTTTCCAAGGCCTC). Amplifications (25 cycles)
were performed in the presence of 10 p.Ci of [a-*?P]dCTP, and the products were
analyzed in 4% polyacrylamide gels. To ensure that the amounts of PCR prod-
ucts accurately reflected the amounts of template DNA, control PCRs (20, 25,
and 30 cycles) were performed with decreasing amounts of templates (not shown).

RESULTS

Cloning and functional mapping of the human HNF-4a
upstream regulatory region. Screening a human genomic
NEMBL-4 library with an N-terminal fragment of the human
HNF-4a ¢cDNA, including the 5" UTR and the A/B domain,
resulted in four positive clones. Restriction enzyme mapping
and Southern blot analysis revealed that one clone contained
part of the first exon and an approximately 12.1-kb upstream
region of the human HNF-4a gene. We performed extensive
restriction enzyme mapping and determined the nucleotide
sequences of several parts of this clone and compared the data
with the human chromosome 20 working draft sequence (Gen-
Bank accession no. NT_011382). All the sequences determined
as well as the restriction enzyme pattern were identical to the
deposited sequence and pattern of the human HNF-4a gene,
confirming that the isolated clone represents the unrearranged
HNF-4o upstream region.

The transcriptional start site was determined by primer ex-
tension assay using a 26-nt end-labeled primer, which hybrid-
izes 73 bp downstream of the first ATG codon. One major
band of 188 bp was detected in HepG2 poly(A) RNA, which
places the transcriptional start site 89 bp upstream of the first
ATG codon (11) (Fig. 1A). To map the regions interacting
with DNA-binding proteins, we performed DNase I-hypersen-
sitive-site analysis. With probe 1 we could detect two major
DNase I-hypersensitive sites: one at the proximal promoter re-
gion, about —300 bp from the transcriptional start site, while
the second was located at the intronic region between exon 1b
and exon 2, about 1.6 kb downstream of the transcriptional
start site (Fig. 1B). With probe 2 we detected three major DNase
I-hypersensitive sites at the far-upstream region, about —6.6,
—8.0, and —8.8 kb from the transcriptional start site (Fig. 1B).

To identify the minimal regulatory region of HNF-4a, we
fused the 12.1-kb upstream sequence to a luciferase reporter
and 5’ deletion derivatives of this clone were used in transient
transfection assays with the human hepatoma-derived HepG2
cell line. As shown in Fig. 1C, mutants with 5’ deletions up to
kb —0.56 had little effect on promoter activity. Since further
deletions abolished promoter activity and since all constructs
were inactive in the nonhepatic HeLa cell line, we concluded
that the proximal promoter region of the HNF-4a gene con-
tains all the important elements required for high levels of
hepatic transcription in transient transfection assays.

Transcription factors binding to the proximal promoter re-
gion. To identify transcription factor binding sites within this
region, we performed in vitro DNase I footprint analysis. Five
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major DNase I-protected regions were detected with HepG2
nuclear extracts. Footprint 1 extends from bp —97 to —119,
footprint 2 extends from bp —135 to —164, footprint 3 extends
from bp —256 to —304, and footprints 4 and 5 extend from bp
—377 to —442 (Fig. 2A to C). Careful inspection of the nucle-
otide sequences corresponding to the protected regions re-
vealed that footprint 1, footprint 4, and footprint 5 contain
canonical binding sites for HNF-la and -B, HNF-6, and
GATA-6, respectively, whose sequences are identical to the
mouse promoter sequences (Fig. 2D). Interestingly, the region
comprising nt —165 to —176, which resembles an HNF-3 bind-
ing site, was not protected. Sequence comparison of the mouse
and human proximal-promoter region (nt —453 to +1; Gen-
Bank accession no. S77762 and NT_011382) by the Clustal
W-1.5 multiple sequence alignment program revealed an over-
all identity of 68% with six gaps, while the sequences within the
footprinted regions were 72% identical (data not shown). Se-
quence identity within the core binding motifs shown in Fig.
2D was 85%. Footprint 2, which contains a canonical Sp-1
binding site, is not conserved in the corresponding mouse pro-
moter sequence. Footprint 3 contains direct repeat 1 (DR-1),
which is a potential binding site for nuclear hormone recep-
tors. This sequence is also different in the corresponding re-
gion of the mouse HNF-4a promoter (Fig. 2D). These differ-
ences point to potential species-specific variations with respect
to the involvement of trans-acting factors in the regulation of
the HNF-4a gene. To confirm the identity of the transcription
factors that bind to the above footprinted regions, we per-
formed antibody-mediated supershift assays. Antibodies against
HNF-1, Sp-1, HNF-6, and GATA-6 were able to partially
supershift or eliminate the complexes formed on FP-1-, FP-2-,
FP-4-, and FP-5-derived double-stranded oligonucleotides, re-
spectively (Fig. 3A). Complexes formed on the FP-3 probe
were supershifted by COUP-TF, RXRa, and HNF-4a anti-
bodies, suggesting that this element is a potential HRE. To test
the potential association of other known nuclear hormone re-
ceptors with this element, we performed electrophoretic mo-
bility shift assays with Cos-1 cellular extracts expressing RXRa-
RARa, PPARa, VDR, LXRa, T3RB, CPF/FTF, COUP-TFII,
and HNF-4a. Strong binding only by COUP-TFII was ob-
served. A weaker but significant binding by RXRa-RARa and
HNF-4a (Fig. 3B) was detected.

Functional analysis of the proximal promoter region. To
ascertain the functional importance of the above cis elements
and trans-acting factors, we introduced mutations into the in-
dividual footprinted regions that abolish the binding of the
corresponding transcription factors. Transient transfection as-
says with HepG2 cells revealed that mutations in the HNF-1
(footprint 1), Sp-1 (footprint 2), and HNF-6 (footprint 4) bind-
ing sites reduced promoter activity to 17, 70, and 10%, respec-
tively, of the wild-type value (Fig. 4). In contrast, mutation of
the HRE region (footprint 3) led to approximately a twofold
increase in promoter activity, while mutations at the GATA-6
(footprint 5) site had only a marginal effect on it. Overexpres-
sion of HNF-1a, HNF-6, or GATA-6 stimulated transcription
from the wild-type promoter 2.9-fold, 2.6-fold, and 2.4-fold,
respectively (Fig. 4). In contrast, overexpression of COUP-
TFII inhibited the activity of the promoter to about 38% of
wild-type levels. None of the factors affected the activity of
the corresponding mutant constructs (Fig. 4). These data sug-
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FIG. 2. Identification of transcription factor binding sites in the proximal-promoter region of the human HNF-4a gene. In vitro DNase I
footprint analysis was performed using 5'-end-labeled probes containing the nt —45 to —450 (A), the nt —503 to +67 (B), and the nt —194 to —595
(C) regions of the human HNF-4a promoter and the indicated amounts of HepG2 nuclear extracts. Lanes G/A, Maxam-Gilbert chemical
sequencing ladders of the same probes. (D) Schematic presentation of the footprinted areas and comparison of their sequence motifs with the
corresponding regions of the mouse HNF-4a promoter.
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FIG. 3. Identification of the main transcription factors associating
with the proximal-promoter region of the human HNF-4a gene. (A)
Electrophoretic mobility shift experiments were performed using rat
liver nuclear extracts and labeled double-stranded oligonucleotides
corresponding to the indicated footprinted regions. Incubations with
antibodies and the binding reactions were performed on ice except for
preincubations with anti-RXRa and anti-HNF-4«, which were done at
room temperature. (B) Electrophoretic mobility shift experiments
were performed with extracts from mock-transfected Cos-1 cells (—)
and Cos-1 cells transfected with the indicated expression vectors and a
labeled FP-3 probe.

gest that HNF-1a, Sp-1, and HNF-6 may act as essential pos-
itive regulators for the high-level transcription of the human
HNF-4a gene in HepG2 cells, while COUP-TFII, through
binding to the HRE, negatively regulates it. Although GATA-6
was able to transactivate the promoter, its function, at least in
HepG?2 cells, seems to be redundant, since disruption of its
binding site did not change the activity of the promoter. Since
HepG?2 cells contain, endogenously, high levels of the above
transcription factors, the relative degrees of transactivation
and the potential synergistic effects between pairs of transcrip-
tion factors are difficult to assess using this cell line. To over-
come this problem, we performed the cotransfection experi-
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ments with HeLa cells, which do not express endogenous
HNFs. Strong transactivations were observed by overexpres-
sion of HNF-1a, HNF-6, and GATA-6 (73-fold, 70-fold, and
62-fold, respectively) (Fig. 5A). HNF-1B-, HNF-3a-, and
HNF-4a-dependent transactivations were less pronounced (4-
fold, 6-fold, and 19-fold, respectively), while COUP-TFII over-
expression, as expected, did not activate the promoter (Fig.
5A). As is evident up to this point, multiple factors have the
potential to activate the HNF-4a promoter. This raised the
question whether, as in most other complex regulatory regions,
the simultaneous action of more than one factor may be re-
quired for high-level transcription of the HNF-4a gene. This
was tested by analyzing the potential synergism of the above
factors on the promoter. As shown in Fig. 5B, coexpression of
HNF-1B8 and GATA-6 resulted in a transactivation far above
the sum of the activations obtained by the individual factors
(390-fold versus 4-fold plus 62-fold). Coexpression of the other
factors with HNF-1p did not lead to strong synergistic effects.
Interestingly, overexpression of HNF-4a resulted in reduction
of the HNF-18-GATA-6 synergism, and, as expected, over-
expression of COUP-TFII abolished transcription (Fig. 5B).
HNF-1a, however, did not exhibit any synergism with GATA-6,
but it did so with HNF-6 or HNF-4a (475-fold versus 73-fold
plus 70-fold and 417-fold versus 73-fold plus 19-fold, respec-
tively) (Fig. SC). Overexpression of all three factors did not
lead to further enhancement, while overexpression of COUP-
TFII inhibited transcription (Fig. 5C). These results point to
the possibility of alternative transcription factor combinations
in the formation of an active transcription initiation complex
on the human HNF-4« promoter.

Recruitment of transcription factors on the HNF-4a pro-
moter in HepG2 cells. To verify the in vivo relevance of the
data obtained by transient-transfection assays in the context of
chromatin in intact cells, we performed chromatin immuno-
precipitation experiments using the human hepatoma HepG2
cell line, which expresses HNF-4a at high levels. Antibodies
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FIG. 4. Functional analysis of the cis elements of the human
HNF-4a promoter. HepG2 cells were transiently transfected with the
region comprising nt —560 to +67 and containing the luciferase con-
struct (wt) and its derivatives carrying internal mutations at the indi-
cated footprinted regions (mFP1, mFP3, mFP5, mFP4, and mFP2).
Where indicated, the cells were cotransfected with 500 ng of the
corresponding expression vectors. Bars, mean values and standard
errors of normalized luciferase activities from at least four indepen-
dent experiments expressed as multiples of the activity obtained with
the wild-type promoter.
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FIG. 5. Analysis of the synergism between transcription factors on the human HNF-4a promoter. (A) HeLa cells were cotransfected with 2 pg
of DNA from the region comprising nt —560 to +67 and containing the luciferase reporter and 250 ng of the indicated expression vectors. (B and
C) The cells were cotransfected with the indicated expression vectors together with 250 ng of the HNF-B or HNF-1a expression vector (+),
respectively. Bars, mean values and standard errors of normalized luciferase activities from at least four independent rounds of experiments
performed in duplicate with all samples and expressed as multiples of the activity obtained in transfections using the promoter-reporter alone (—).

Note the different scale of the ordinate in panel A.

raised against HNF-1a, HNF-6, COUP-TFII, and Sp-1 could
efficiently and specifically immunoprecipitate the HNF-4a pro-
moter DNA, suggesting stable in vivo association of these fac-
tors with the promoter (Fig. 6). On the other hand, we failed to
detect promoter occupancy by HNF-1B, HNF-4a, HNF-3a, or
GATA-6, in spite of the fact that, apart from HNF-1, these
factors are abundantly expressed in HepG2 cells (data not
shown). Therefore, at least in HepG2 cells, HNF-4a transcrip-
tion seems to be regulated by the combined action of HNF-1a,
HNF-6, and Sp-1 and fine-tuned by the concomitant presence
of COUP-TFII, which acts as a negative modulator.

The retinoic acid signaling pathway positively affects human
HNF-4a expression. As shown above, the HRE sequence of
footprint 3 can also associate with RXRa-RARa hetero-
dimers. To test the functional relevance of this interaction, we
asked whether overexpression of RXRa-RARa influences the
activity of the human HNF-4a promoter in HepG2 cells. As
shown in Fig. 7A, RXRa-RARa could induce the activity of
both the full-length and the proximal (beginning 12.1 kb and
560 bp, respectively, upstream of the transcription start site)-
promoter-containing reporters in a ligand-dependent manner.
Similar induction was observed with a chimeric promoter con-
struct containing six copies of the HNF-4a HRE sequence in
front of the AAML minimal promoter. COUP-TFII antago-
nized this activation in all cases (Fig. 7A). When the HRE site

was mutated, no retinoic acid-mediated activation was ob-
served. The molecular basis for the COUP-TFII-RXRa-RAR«a
antagonism could involve a competition of these factors for the
HNF-4a HRE. To test this, we investigated the in vivo occu-
pancy of the human HNF-4 promoter by these factors in un-
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FIG. 6. Transcription factor recruitment to the human HNF-4a
promoter in the context of chromatin in intact cells. Soluble chromatin
from formaldehyde-fixed HepG2 cells was prepared and immunopre-
cipitated (IP) with antibodies to the indicated proteins. The DNAs in
the immunoprecipitates were amplified using primers encompassing
the proximal HNF-4a promoter (hHNF-4 promoter) or the 3’ UTR of
the human HNF-4a gene. The autoradiographic image of the products
separated on a 5% polyacrylamide gel is shown.
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FIG. 7. Ligand-dependent activation of the human HNF-4a gene by RXRa-RARa in HepG2 cells.(A) HepG2 cells were grown in 10%
dextran-coated charcoal-stripped fetal calf serum containing DMEM and transiently transfected with 2 pg of the indicated reporters and 500 ng
of the indicated expression vectors. After transfection the cells were treated with 1 uM 9-cis-retinoic acid or left untreated for 36 h until harvest.
Bars, mean values and standard errors of normalized luciferase activities from at least four independent experiments. (B) HepG2 cells, grown in
stripped serum containing DMEM, were left untreated or treated with 1 uM 9-cis-retinoic acid for 2 h. Soluble chromatin from formaldehyde-fixed
HepG2 cells was prepared and immunoprecipitated (IP) with antibodies to the indicated proteins. The DNAs in the immunoprecipitates were
amplified using primers encompassing the proximal HNF-4a promoter (hHNF-4 promoter). The autoradiographic image of the products separated
on a 5% polyacrylamide gel is shown. (C and D) HepG?2 cells, grown in stripped serum containing DMEM, were treated with 1 uM 9-cis-retinoic
acid for the indicated time periods. Total RNAs and nuclear extracts were prepared, and the expression of HNF-4« was analyzed by RT-PCR using
human acidic ribosomal phosphoprotein as the control (C) or by Western blotting using a primary antibody against HNF-4« or an Sp-1 antibody
as an internal control (D). (E) Relative HNF-4a mRNA and protein levels versus time after 9-cis-retinoic acid addition were plotted.

treated and retinoic acid-treated HepG?2 cells. Differential oc- creased after 2 h of retinoic acid treatment, with a concomitant
cupancy of the promoter by COUP-TFII and RXRa or RARa increase of the signal in either RXRa or RARa immunopre-
in the majority of the cells was evident because the signal de- cipitates (Fig. 7B). The above results suggested that the HNF-
tected in COUP-TFII chromatin immunoprecipitates de- 4o HRE is a bona fide retinoic acid response element and that
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HNF-4a expression may increase under certain physiological
conditions. To verify this possibility in vivo, we treated HepG2
cells with 9-cis-retinoic acid and monitored the expression lev-
els of HNF-4a by semiquantitative RT-PCR and Western blot
analysis. A 2.5-fold increase in steady-state HNF-4a mRNA
levels was observed; the level peaked around 2 h after treat-
ment and then gradually decreased for the next 6 h (Fig. 7C
and E). Interestingly, cellular HNF-4« protein levels continued
to increase for up to 8 h (Fig. 7D and E), suggesting that, in
addition to its involvement in transcriptional potentiation,
9-cis-retinoic acid may also act at a later step, possibly affecting
HNF-4a protein stability.

DISCUSSION

HNF-4a is a key member of the complex regulatory network
that defines the hepatocyte phenotype (13, 18, 22, 24, 26, 48).
The activity of HNF-4a has been shown to be regulated in a
number of ways including posttranscriptional modifications,
such as phosphorylation (19, 23, 50) or acetylation (44), as well
as protein-protein interactions with other factors (9, 43, 44,
53). Further complexity in the control of HNF-4-dependent
genes arises from the existence of several isoforms of HNF-4«
generated by alternative splicing (6, 11, 21). HNF-4a expres-
sion is restricted to the liver, kidney, intestine, and pancreatic
B cells, a pattern that is highly conserved among different
species (12, 13). In addition to this restricted expression pat-
tern, the hierarchical cascade of activation of hepatic tran-
scription factors during early embryogenesis and the cross-
regulatory pathways functioning in the adult liver point to the
importance of HNF-4a regulation at the transcriptional level
(13, 17, 18, 22, 24, 26, 48).

In this work we cloned the human HNF-4a regulatory region
and analyzed it in a human hepatoma cell line. Several lines of
evidence suggest that in HepG2 cells the human HNF-4a gene
is mainly regulated by the synergistic action of two other liver-
enriched transcription factors, HNF-1a and HNF-6. First, mu-
tagenesis of either the HNF-1a or the HNF-6 binding site on
the human HNF-4a promoter highly reduced its activity. Sec-
ond, cotransfection of HNF-1a and HNF-6 resulted in high
levels of synergistic activation. Third, immunoprecipitation of
cross-linked HepG2 chromatin revealed that in vivo both fac-
tors are stably associated with the HNF-4a proximal promoter.
Since HNF-4a is known to be an essential regulator of the
HNF-1a gene, the effect of HNF-1a on the HNF-4a promoter
is particularly interesting and points to a positive autoregula-
tory loop between these two factors. Previous studies of the
mouse HNF-4a promoter have indicated a similar reciprocal
relationship, and these studies have been further strengthened
by studies of hepatoma cell variants (1, 3, 45, 46). Although
HNF-1a seems to be essential for HNF-4a expression, it
should not participate in the initial activation of the HNF-4a
gene during early embryonic development, since HNF-4a ex-
pression precedes that of HNF-1a (5, 12, 14). What could then
be the mechanism that turns on HNF-4a expression? Previous
studies on HNF-1B null mice have indicated that HNF-1p3,
whose expression precedes that of HNF-4a, is essential for
visceral endoderm differentiation (2, 8). HNF-18 '~ mice fail
to express HNF-4a and HNF-1a, suggesting that it may be
directly or indirectly involved in the initial activation of the
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HNF-4a gene (2, 8). We found that HNF-1B, which binds the
same sequence motif as HNF-1a, poorly activated the human
HNF-4a promoter in transfection assays. However, together
with GATA-6, it produced a dramatic induction of transcrip-
tion. Since disruption of the GATA-6 gene in mice results in
a phenotype similar to that of the HNF-13~/~ mice (35), it
seems possible that the initial activation of HNF-4a requires
the combined action of GATA-6 and HNF-1B. Our promoter
analysis demonstrates that both factors could be directly in-
volved in HNF-4a activation, driving high levels of transcrip-
tion by a synergistic mechanism.

Taken together, the results imply multiple pathways for
the regulation of the HNF-4a gene. The synergistic action of
HNF-1B and GATA-6 may be responsible for its initial acti-
vation, while at later stages of hepatocyte differentiation, when
HNF-1« levels reach a critical threshold and HNF-18 expres-
sion gradually decreases, the promoter activity depends on
the synergism between HNF-1lao and HNF-6. In this respect
HepG2 cells resemble differentiated hepatocytes, since they
express HNF-1a at high levels but very little HNF-1B. Accord-
ing to this model, the actual balance of HNF-1a and HNF-13
levels in a given cell may play a determinative role in the
composition of the transcription initiation complex formed on
the HNF-4a promoter. This may explain why in adult HNF-1
null mice HNF-4a expression is not seriously affected, since
these animals express elevated levels of HNF-1p3, which may
compensate for the loss of HNF-1a in certain promoters (38).

The existence of a reciprocal cross-regulation between
HNF-1a and HNF-4a in hepatic cells raises some important
concerns with respect to the control of the levels of these
transcription factors in the cell. Once such a loop is estab-
lished, it could be self-perpetuating, which may eventually lead
to abnormally high intracellular quantities of the two factors.
However, other regulatory events in the same circuit, schemat-
ically presented in Fig. 8, may prevent this. As shown in this
study, a major member of this loop, COUP-TFII, negatively
regulates HNF-4a expression. On the other hand COUP-TFII
may increase HNF-1a transcription by potentiating HNF-4a
activity via protein-protein interaction with its ligand-binding
domain (25). Increased levels of HNF-1a inhibit its own tran-
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scription, again via protein-protein interaction with HNF-4a
(24), which would prevent further activation of HNF-4«. Fur-
thermore, efficient transactivation of the HNF-4a promoter by
HNF-1 requires HNF-6, which may provide an additional con-
trol step. Thus, according to this model, the expression of
HNF-1 and HNF-4« is strictly controlled by multiple interde-
pendent regulatory pathways, securing balanced levels of
HNF-1 and HNF-4« in the cell.

Although, as discussed so far, one could assign biological
significance to the HNF-1o—HNF-6 and HNF-13-GATA-6
synergism, the available data are insufficient to explain the
potential biological role of the observed direct positive effect of
HNF-4« itself on its own promoter. HNF-4a could synergize
with HNF-1a but not with HNF-13, while it inhibited HNF-
1B—-GATA-6-dependent activation. It is tempting to speculate
that the last effect may relate to a signal that switches the
HNF-13-GATA-6 complex to the HNF-1a—HNF-6 complex
on the HNF-4a promoter once HNF-4a expression and con-
sequently HNF-1a expression reached a critical level. The pos-
sibility that HNF-4« can directly autoregulate its own expres-
sion in HNF-la-expressing cells, however, remains to be
demonstrated. At least in HepG2 cells, which express both
factors at high levels, no such direct autoregulation is evident.
HNF-4a was not found to be associated with the promoter in
vivo, and mutagenesis of its binding site increased, rather than
decreased, promoter activity. Perhaps such a mechanism might
function only in cell types expressing low levels of HNF-6.

A recent study indicated the potential involvement of a
novel orphan nuclear receptor (CPF/FTF) in the regulation of
the HNF-4a promoter (37). This factor was shown to be able
to bind to and weakly transactivate the mouse HNF-4a prox-
imal-promoter region (37). However, both of the two potential
binding sites, positioned at nt —250 and —321, are located
outside of the footprinted regions in the human promoter and
only one of them (that at nt —250) is partially conserved. In
addition, we could not observe CPF/FTF-mediated transacti-
vation of the human promoter in HepG2 or HeLa cells (data
not shown). Although we cannot entirely exclude a possible
role for this factor in the activation of the human HNF-4a
gene, it seems likely that, if it is involved, it may act as a
“competence factor” rather than a major activator, in analogy
to its function on the CYP7A1 promoter (33).

Comparison of the human and mouse HNF-4a proximal-
promoter sequences revealed some fundamental differences.
Although the core binding sites for HNF-1a and -8, HNF-6,
and GATA-6 were identical, the human promoter contained
two additional cis elements of functional importance. The first
is a binding site for Sp-1, which is occupied in vivo by this
factor, and the second is DR-1, a common binding motif for
nuclear hormone receptors. This element can bind HNF-4a,
COUP-TFII, and the retinoic acid receptors RXRa-RARa.
Our results suggest that this region represents a negative reg-
ulatory element in HepG2 cells. COUP-TFII binding is re-
sponsible for this negative effect. On the other hand, binding of
RXRa-RARa to this region leads to ligand-dependent activa-
tion of the promoter. As demonstrated in this study, the mo-
lecular basis for this antagonistic effect involves a retinoic acid-
mediated exchange of occupancy of the HNF-4a HRE by these
two factors. The physiological relevance of this finding is high-
lighted by the increase of HNF-4a expression in HepG2 cells
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upon short-term retinoic acid treatment. Interestingly, the ki-
netics of the retinoic acid-induced increases in HNF-4a
mRNA and protein levels were distinct. Steady-state HNF-4a
mRNA levels were initially increased up to 2 h after treatment;
this was followed by a decrease to close to the initial levels. In
contrast, HNF-4a protein levels steadily increased up to 8 h.
This suggests that, in addition to affecting direct transcriptional
activation, the retinoic acid signaling pathway may affect
HNF-4 protein stability. The mechanism for such stabilization
is unknown. A direct ligand effect can be excluded, since reti-
noids are not ligands for HNF-4a. We speculate that the in-
volvement of retinoic acid-induced protein kinase cascades in
this phenomenon is a more likely mechanism, since HNF-4a is
a phosphoprotein (19, 23, 50). Supporting our results on the
role of retinoic acid signaling in HNF-4a expression is the
recent finding that long-term (72-h) retinoic acid treatment of
Hep3B cells, which leads to downregulation of RXRa, de-
creased HNF-4o mRNA (34, 40). The positive influence of a
well-characterized signaling pathway on human HNF-4o ex-
pression may provide the molecular basis for the design of
novel therapeutic-intervention protocols to combat diseases
caused by low HNF-4a expression levels. Such a disease is
maturity onset diabetes of the young 1, a diabetic syndrome,
which, according to the current view, is causally related to
HNF-4a haploinsufficiency due to heterozygous mutations of
the HNF-4a gene (52).

In summary, our results demonstrate that in cultured hepa-
toma cells the regulation of human HNF-4a depends on the
interplay of positive and negative transcription factors. Tran-
scriptional activation is achieved by the synergistic action of
alternative sets of factors (HNF-1B—GATA-6 or HNF-la—
HNF-6), which may act sequentially during early hepatocyte
specification and subsequent differentiation. In HepG2 cells,
the concomitant action of positive regulators (HNF-1a and
HNF-6) and COUP-TFII, which acts as a repressor, deter-
mines the actual rate of transcription from this gene. The
repressive effect of COUP-TFII may be alleviated by liganded
RXRa-RARa acting via competition for the same binding site
and increasing HNF-4a expression.
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Summary

We analyzed the order of recruitment of factors to the
HNF-4a regulatory regions upon the initial activation of
the gene during enterocyte differentiation. An initially
independent assembly of regulatory complexes at the
proximal promoter and the upstream enhancer re-
gions was followed by the tracking of the entire DNA-
protein complex formed on the enhancer along the
intervening DNA until it encountered the proximal pro-
moter. This movement correlated with a unidirectional
spreading of histone hyperacetylation. Transcription
initiation coincided with the formation of a stable en-
hancer-promoter complex and remodeling of the nu-
cleosome situated at the transcription start site. The
results provide experimental evidence for the involve-
ment of a dynamic process culminating in enhancer-
promoter communication during long-distance gene
activation.

Introduction

During cellular differentiation the spatio-temporal pat-
tern of gene expression is mainly controlled at the level
of transcription. Transcriptional regulation of eukaryotic
genes is a multistep process that involves the ordered
assembly of multiprotein complexes on gene regulatory
regions (Lemon and Tjian, 2000). These regulatory re-
gions contain two types of sequences: enhancer and
promoter elements, which recruit a complex array of
transcription factors and chromatin-modifying activi-
ties, and core promoter elements which serve as anchor
points for the recruitment of the general transcription
machinery, including RNA polymerase Il. Enhancers
have been defined as cis-regulatory DNA elements that
can activate transcription irrespective of their orienta-
tion or distance relative to the transcription start site
(Ptashne, 1986; Dillon and Sabbattini, 2000). Other ge-
netic control elements such as insulators, silencers, and
locus control regions (LCRs), which play a role in the
control of many complex genetic loci, also regulate gene
expression over considerable distances (Grosveld et al.,
1987; West et al., 2002; Sun and Elgin, 1999). Under-
standing the molecular mechanism(s) involved in long-
range transcriptional regulation is of fundamental impor-
tance, as in most cases the activities of the remote
control elements play a determinative role in turning on
or off a specific subset of genes in a temporally and
spatially regulated manner (Li et al., 1999). The principal

'Correspondence: talianid@imbb.forth.gr

models proposed to explain distal enhancer function
invoke some kind of enhancer-promoter communica-
tion, either through protein-protein interactions resulting
in the formation of DNA loops (looping model), the free
sliding of proteins recruited by the enhancer along the
DNA (scanning model), or the establishment of modified
chromatin domains between the enhancer and the pro-
moter by facilitator proteins which generate a progres-
sive chain of higher order complexes along the chroma-
tin fiber (linking model) (Ptashne, 1986; Martin et al.,
1996; Blackwood and Kadonaga, 1998; Dorsett, 1999;
Dillon and Sabbattini, 2000; Engel and Tanimoto, 2000;
Bulger and Groudine, 1999). Although the above models
for long distance gene activation have been instrumental
in establishing conceptual frameworks for a number of
findings, direct experimental evidence that could distin-
guish between them has not been provided yet.

In an attempt to obtain new insights into the molecular
mechanism(s) involved in enhancer-mediated gene acti-
vation, we asked the question of how the factors bound
on the hepatocyte nuclear factor-4« (HNF-4«) upstream
enhancer can influence the assembly of an active preini-
tiation complex at the proximal promoter region upon
the initial activation of the gene. HNF-4« is a key member
of the hepatic transcription factor network (Sladek et
al., 1990; Ktistaki and Talianidis, 1997; Duncan et al.,
1998), playing pivotal roles in endodermal differentiation
(Chen et al., 1994; Li et al., 2000), as well as in the
regulation of a large number of genes involved in various
metabolic pathways (Hayhurst et al., 2001). Previous
studies have established that transcription of the human
HNF-4o gene is regulated by the synergistic activities
of the transcription factors HNF-1« and HNF-6, or HNF-
138 and GATA-6, which are recruited to the proximal
promoter region (Hatzis and Talianidis, 2001). Recently,
a novel regulatory region around 6.5 kb upstream of the
mouse HNF-4a transcription start site has been identi-
fied and characterized as an enhancer, capable of con-
ferring high activity to the proximal HNF-4a promoter
(Bailly et al., 2001). The in vivo importance of this region
on the activation of the HNF-4« gene has been corrobo-
rated by studies showing its requirement for the tissue-
specific activity of the HNF-4a promoter in transgenic
mice (Zhong et al., 1994). The relative position and the
nucleotide sequence comprising the mouse HNF-4a en-
hancer are highly conserved in the human HNF-4« up-
stream region. Transient transfection and in vitro DNA
binding assays revealed a functional conservation be-
tween the human and mouse HNF-4 enhancer, which is
recognized by a similar set (HNF-1«, HNF-3, C/EBP) of
transcription factors (our unpublished data).

In this work we have investigated the temporal order
of recruitment of factors to the HNF-4a enhancer and
proximal promoter regions upon the initial activation of
the gene during CaCo-2 cell differentiation. CaCo-2
cells, which upon reaching confluence spontaneously
differentiate from crypt-like to villus-like enterocytes
(Perimutter et al., 1989; Peterson et al., 1993), represent
an ideal experimental system for such studies because
of the accurate timing of activation of a number of
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marker genes in a highly synchronous manner and be-
cause of the relatively slow maturation of PIC complexes
on genes, which allows for the dissection of intermediate
steps of assembly (Soutoglou and Talianidis, 2002). We
present experimental evidence for a dynamic mecha-
nism involved in HNF-4a enhancer-promoter communi-
cation that combines several features of the currently
popular models.

Results

Chromatin Structure of the Human HNF-4«
Regulatory Regions in Differentiating

CaCo-2 Cells

In order to determine the timing of the initial activation
of the HNF-4o gene during the in vitro differentiation of
CaCo-2 cells, reverse transcription-polymerase chain
reaction (RT-PCR) assays were performed from RNAs
prepared at various times after the cells reached conflu-
ence (defined as 0 hr). A sharp induction of HNF-4a
expression from background levels was detected at 80
hr of the differentiation program (Figure 1A). This corre-
lated with the detection of RNA pol-Il in the coding
region of the gene (see below). Control PCR reactions
performed using primer sets amplifying sequences near
the enhancer (Enh.-3’) or the more downstream interven-
ing region (Int.1) did not amplify any cDNAs (Figure 1A),
arguing against a potential cryptic promoter activity at
the upstream regions.

To map the regions interacting with DNA binding pro-
teins, we performed DNase-l hypersensitive-site analy-
sis. Two major hypersensitive sites were detected, lo-
cated at the proximal promoter region at about —300
bp (HS-A) and at a far-upstream region about —6.6 kb
(HS-B) from the transcription start site, respectively (Fig-
ure 1B). The positions of HS-A and HS-B were identical
to those observed in hepatoma cells (Hatzis and Talia-
nidis, 2001) where HNF-4« is constitutively expressed.
It is important to note, however, that in CaCo-2 cells
both HS-A and HS-B could also be detected with equal
intensities in the early periods of the differentiation pro-
gram (0-60 hr) when the cells do not yet express HNF-
4q, suggesting that the binding of transcription factors
that alter nuclease sensitivity occurs long before tran-
scription initiation.

More detailed analysis of the nucleosome structure
at the DNase-I hypersensitive regions was performed by
indirect end labeling of micrococcal nuclease-digested
chromatin. This analysis revealed that the proximal pro-
moter region was occupied by an array of positioned
nucleosomes, evidenced by the regularly spaced—
about 150 bp—ladder of bands (Figure 2A). In contrast,
only two MNase cleavage subbands were observed at
the enhancer region, suggesting that part of it exists in
a nucleosome-free form (Figure 2B). Importantly, the
relative positions of nucleosomes in both regions did not
change during the differentiation process, regardless of
transcription or histone modifications (see below). In
A2780 ovarian carcinoma cells, which do not express
HNF-4q, indirect end labeling with either promoter- or
enhancer-specific probes produced a smeary hybridi-
zation signal, characteristic of randomly positioned nu-
cleosomes.
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Figure 1. Activation of the HNF-4a Gene during CaCo-2 Cell Differ-
entiation and Mapping of the Upstream Regulatory Region

(A) Total RNAs prepared from CaCo-2 cells at the indicated hours
after reaching confluence were analyzed by RT-PCR using specific
primers HNF-4qa, Enh-3’, Int.1, and ARP PO as control. Quantitation
of HNF-4a mRNA levels were performed by phosphoimage analysis
and verified by real-time PCR. Values at the bottom represent nor-
malized HNF-4a reaction products obtained by real-time PCR from
the same cDNA samples.

(B) DNase-I hypersensitive analysis. Nuclei from the indicated time
postconfluent CaCo-2 cells were digested with 0 to 20 units of
DNase-l, and genomic DNA was prepared and digested with either
Hindlll or EcoRI. Digestion products obtained with 10 units of
DNase-| from each time point were separated on 1% agarose gels
and subjected to Southern blot hybridization with the indicated
probes. The scheme below shows the positions of the major hyper-
sensitive sites relative to the transcription start site.

Although the positions of phased nucleosomes at the
HNF-4a regulatory regions did not change during the
differentiation program, we were able to detect changes
in the conformation of the nucleosome located at the
transcription start site by a restriction enzyme hypersen-
sitivity assay. The Bglll restriction site was hypersensi-
tive to the enzyme only in nuclei prepared from 80 and
110 hr postconfluent cells (Figure 2D). This coincides
with the timing of transcription, pointing to the critical
role of the configuration of the first nucleosome in tran-
scription initiation.
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Recruitment of Transcription Factors

at the HNF-4a Enhancer and Promoter

in Differentiating CaCo-2 Cells

In order to investigate how the HNF-4a enhancer and
promoter coordinate the initial activation of the gene we
performed chromatin immunoprecipitation (ChIP) ex-
periments with the aim of determining the factors occu-
pying the two regulatory regions. Postconfluent CaCo-2
cells were treated with formaldehyde, and the cross-
linked chromatin was sonicated to obtain short (200-
1000 bp) DNA fragments. The soluble chromatin was
immunoprecipitated with various antibodies, and the
purified DNA from the precipitates was used for PCR
analysis with six different primer sets spanning the —9.9
kb to +3.9 kb region of the human HNF-4« gene. The
primers were designed to amplify the region upstream
of the enhancer (Upst.), the enhancer (Enh.), the region
between the enhancer and the promoter (Int.1 and Int.2),
the proximal promoter (Prom.), and the downstream
coding region (Cod.) (Figure 3A). Initially, we tested the
recruitment of DNA binding factors that had been pre-
viously identified by in vitro assays. HNF-1« was found

to be associated with both the enhancer and promoter
region from the very beginning of the differentiation pro-
gram (Figure 3B). At this time (0 hr), C/EBP« and HNF-
3B could only be detected at the enhancer region, while
HNF-6 was detectable only at the promoter region (Fig-
ure 3B). This is in agreement with the locations of func-
tional binding sites of these factors described in previ-
ous studies (Hatzis and Talianidis, 2001; Bailly et al.,
2001). Two HNF-1 sites have been identified, one at the
enhancer and another at the proximal promoter region.
The binding sites of C/EBP and HNF-3 are situated at
the enhancer, while an HNF-6 binding site is located
only at the proximal promoter. Importantly, a previous
in vitro DNase-l footprint analysis combined with gel-
shift and transactivation assays revealed neither that
C/EBPa or HNF-33 was able to bind to proximal pro-
moter sequences nor that HNF-6 could bind to enhancer
sequences (Hatzis and Talianidis 2001; data not shown).
GATA-6, which is an important activator of the HNF-4a
gene during early embryonic development (Morrisey et
al., 1998) was not associated with the promoter. This
was not surprising, since in our experimental system
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Figure 3. Order of Recruitment of Transcrip-

tion Factors at the HNF-4a Enhancer and Pro-

moter in Differentiating CaCo-2 Cells

(A) Schematic presentation of the position of
Cod. PCR primers used in the chromatin immuno-
precipitation analysis. Numbers indicate the
5’ nucleotide positions of the primers relative
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CaCo-2 cells undergo a terminal enterocyte differentia-
tion process, when GATA-6 function may be dispens-
able. Interestingly, in either C/EBP« or HNF-33 immuno-
precipitated chromatin, a ChIP signal corresponding to
the promoter region could also be observed in 60 to 110
hr postconfluent cells with a stronger intensity at time
points 80 and 110 hr. Similarly, at these time points an
HNF-6 signal was also observed in the enhancer region.
This efficient crosslinking of the HNF-4 enhancer and
promoter DNAs suggests that the two regions must be
in close proximity at the time of transcription initiation
and onward. Of particular interest are the results ob-
tained when the occupancy of regions outside the en-
hancer and promoter was examined. As expected, no
occupancy by either factors was observed at the region
upstream of the enhancer (Upst.) or the downstream
coding region (Cod.). On the other hand, at the regions
between the enhancer and promoter (Int.1 and Int.2),
ChIP signals significantly above background levels were
detected inimmunoprecipitates produced by antibodies
against the enhancer binding factors (HNF-1a, C/EBPq,
and HNF-3) but not by the antibody against HNF-6, the

—
/ \ to the transcription start site.

(B) Chromatin immunoprecipitation (ChIP)
assays. Soluble chromatin from crosslinked
cells was immunoprecipitated with the indi-
cated antibodies, and the DNAs in the immu-
noprecipitates were amplified (19-25 cycles)
with the indicated oligonucleotides. Auto-
radiographic images of the products sepa-
rated on 5% polyacrylamide gels are shown.

factor which associates with the promoter only (Figure
3B). The signals at the Int.1 and Int.2 regions first ap-
peared in the samples from 40 hr postconfluent cells.
Their intensity decreased and disappeared in samples
from 80 and 110 hr postconfluent cells, respectively.
Collectively, these data suggest that the HNF-4a en-
hancer DNA-protein complex is in close proximity to the
intermediary regions for a short period of time before it
reaches the promoter.

Recruitment of General Transcription Factors

and RNA Pol-ll to the HNF-4a Promoter

in Differentiating CaCo-2 Cells

We next investigated the order of recruitment of a num-
ber of PIC components to the HNF-4a regulatory re-
gions. TFIIA, TFIIB, and TBP were found to be associ-
ated with the proximal promoter from hour 0 (Figure 4).
Interestingly, TAF1 and TAF10 (formerly called TAFII1250
and TAFI130) (Tora, 2002) occupancy could be detected
only from the 20 hr time point and onward, indicating
that the TBP associated with the promoter at the 0 hr
sample is not part of the classical TFIID complex. TFIIH,
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the mediator component TRAP-220, and RNA pol-1l were
also recruited to the promoter in 20 hr postconfluent
cells, long before transcription initiation. As evidenced
by the ChIP results with antibodies recognizing carboxy-
terminal domain (CTD) phosphorylated forms of RNA
pol-ll, the enzyme was phosphorylated at the Ser5 resi-
due of the CTD from the time of its recruitment, while
Ser2 phosphorylation was detected only at the time of
transcription initiation (hour 80). The Ser5 phosphory-
lated form was observed selectively on the promoter,
while the presence of the Ser2 phosphorylated form
was also evident on the coding region of the gene, in
agreement with previous findings demonstrating that
the elongating polymerase is phosphorylated at Ser2 of
the CTD (Komarnitsky et al., 2000). None of these factors
appeared to associate with the intermediate region
(Int.1) at any time of the differentiation program. Remark-
ably, however, crosslinked enhancer region DNA was
observed in all samples prepared from cells 60 hr after
reaching confluence (Figure 4). Similar to the result ob-
tained by the promoter-associated factor HNF-6, the
strongest ChlIP signal with the enhancer probe was de-
tected in samples corresponding to 80 and 110 hr post-
confluent cells. These findings provide further proof for
stable enhancer-promoter complex formation at the
time of active transcription. The presence of enhancer-
binding factors (HNF-33 and C/EBPo) and promoter-
bound factors (TBP and TFIIB) in the crosslinked mate-
rial was also confirmed by Western blot analysis (data
not shown).

In order to confirm unequivocally the existence of
the enhancer-promoter complex in the same cell, we
performed sequential immunoprecipitation (re-ChiP) ex-
periments. In these assays, chromatin that was first pre-

IP: TAF1 Figure 4. Order of Recruitment of General

CAFTI250 Transcription Factors and RNA Pol-Il to the

o8 ‘?@o?;?, HNF-4a Promoter in Differentiating CaCo-2
Cells

- Chromatin immunoprecipitation assays were

performed with the indicated antibodies as
detailed in Figure 3B. Note that the antibody
labeled RNA pol-Il (Santa Cruz Biotechnolog-
ies, sc-9001) was raised against the N termi-
nus of the protein and recognizes both un-
phosphorylated and hyperphosphorylated
forms of the molecule, while CTD-Ser5P and
CTD-Ser2P (Covance H14 and H5) specifi-
cally recognize the carboxy-terminal domain
of pol-ll phosphorylated at Ser5 and Ser2,
respectively.

g =

cipitated by antibodies against either enhancer- (C/EBP«
and HNF-3B) or promoter-associated (TBP, TFIIB, HNF-6)
factors were eluted from the protein G-Sepharose beads
and subjected to a second immunopurification with anti-
bodies against promoter- or enhancer-associated fac-
tors, respectively. As shown in Figure 5, in 80 hr postcon-

a o
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Figure 5. Stable Enhancer-Promoter Complex Formation in 80 Hr
Postconfluent Cells

Complexes immunoprecipitated with the indicated first antibodies
were eluted from the protein-G-Sepharose beads and, after dilution,
were reimmunoprecipitated with the indicated second antibodies.
PCR reactions were performed with primer sets amplifying the HNF-
4a enhancer (Enh), proximal promoter (Prom), and coding region
(Cod).
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Figure 6. Histone Modifications and Recruitment of Acetyltransfer-
ases and the Brg-1 Chromatin Remodeling Factor to the HNF-4«
Regulatory Regions in Differentiating CaCo-2 Cells

Chromatin immunoprecipitation experiments were performed as in
Figure 3B, with antibodies raised against histone tail peptides bear-
ing the indicated modifications (A) or antibodies recognizing CBP,
P/CAF, and Brg-1 (B).

fluent cells, specific re-ChlP signals could be observed
with all combinations of sequential immunoprecipitations.

Histone Modifications at the HNF-4a
Regulatory Regions
We next examined the state of histone (H3 and H4)
acetylation and that of H3-lysine 4 methylation at the
HNF-4a regulatory regions. By using antibodies recog-
nizing acetylated histones in our ChIP assays, histone
hyperacetylation could be detected as early as at 20 hr
of the differentiation program. At this time, hyperacetyla-
tion of both H3 and H4 was limited to the enhancer
region only (Figure 6A). At subsequent periods, in-
creased acetylation was also observed at the intermedi-
ary regions and finally at the times of transcription (80
and 110 hr) at the proximal promoter region. This spread-
ing was unidirectional, from the enhancer toward the
promoter, since we could not observe anincreased ChlIP
signal at the region upstream of the enhancer (Figure
6A). Analysis of histone methylation levels revealed that
the nucleosomes at the proximal promoter region were
constitutively methylated at the lysine 4 residue of H3
from the beginning of the differentiation program (Figure
6A). We also observed a K4-methylated H3 signal at
the enhancer region after the 60 hr time point, which
provides an additional indication for the enhancer-pro-
moter interaction.

To understand how the above pattern of histone acet-
ylation is generated, we examined the association of
two acetyltransferases, CBP and P/CAF, with the HNF-

4a regulatory regions. Both CBP and P/CAF were first
recruited to the enhancer region at 20 hr. In the subse-
quent periods (40 to 80 hr), these factors were also found
to be associated with the intermediary regions (Figure
6B). Finally, beginning from the 60 hr time point, an
association with the promoter region was also observed.
As seen with other enhancer-recruited factors, the ChIP
signal at the promoter was more pronounced in samples
prepared from 80 and 110 hr postconfluent cells, and no
associations with the upstream (Upst.) or coding (Cod.)
regions could be detected (Figure 6B). This temporal
pattern of association of CBP and P/CAF is not only in
agreement with the above mentioned progressive move-
ment of the enhancer protein-DNA complex toward the
proximal promoter but also provides a mechanistic ex-
planation for how the observed spreading of histone
hyperacetylation is generated.

In experiments analyzing the association of the chro-
matin remodeling complex component Brg-1, we ob-
tained results very similar to those of CBP and P/CAF
(Figure 6B), indicating that Brg-1 is also recruited to the
enhancer and then progressively attains close proximity
to the intermediate regions and, finally, at the time of
transcription initiation, to the proximal promoter region.

Discussion

Transcriptional activation of eukaryotic genes is in most
cases coordinated by control elements that reside in
large, complex regions and act over long distances to
establish a permissive chromatin environment for the
assembly of an active preinitiation complex. Specific
models that address the question of how certain ele-
ments from remote locations can regulate transcription
include the so-called looping, scanning, and linking
mechanisms. The looping model, which is based on
extensive studies of well-defined systems, assumes di-
rect physical contacts between protein-DNA complexes
formed on distant enhancers and proximal promoters
(Ptashne, 1986). These contacts may be generated by
random collisions that loop out the intervening DNA and
are stabilized by productive protein-protein interactions
(Ringrose et al., 1999). One of the drawbacks of the
looping model is that it does not take into account the
energetic burden of moving a segment of the chromatin
several kilobases away. In addition, it is difficult to ex-
plain the function of boundary elements or insulators,
which restrict the activation potential of eukaryotic en-
hancers to the relevant target promoter (West et al.,
2002; Dillon and Sabbattini, 2000; Dorsett, 1999). The
scanning model, which assumes that regulatory proteins
(transcription factors, coactivators, or pol-ll) are first
recruited to the enhancer and then slide along the DNA
until they encounter the proximal promoter, would be
more consistent with the enhancer-blocking properties
of insulators. The model akin to the scanning hypothesis,
which is referred to as the linking model, can more di-
rectly explain different aspects of insulator function,
such as how boundary elements establish the limits
of distinct chromatin domains and define unidirectional
enhancer action (Bulger and Groudine, 1999). This model
proposes that enhancer-promoter communication in-
volves facilitator proteins, which are recruited by en-
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Promoter

Enhancer

Figure 7. Model Depicting the Sequential Steps Involved in the For-
mation of an Active Preinitiation Complex on the HNF-4« Regulatory
Region

1. Poised or committed state of the HNF-4a gene.

2. Recruitment of CBP, P/CAF, and Brg-1 to the enhancer region
and assembly of the RNA pol-Il holoenzyme at the proximal pro-
moter region.

3. Unidirectional movement of the DNA-protein complex formed on
the HNF-4a enhancer along the intervening sequences and spread-
ing of histone hyperacetylation.

4. Formation of a stable enhancer-promoter complex, hyperacetyla-
tion of nucleosomes located at the promoter, remodeling of the
nucleosome located at the transcription start site, and release of
RNA pol-Il from the promoter. See Discussion for details.

hancer binding factors and then propagated along the
DNA, thus organizing the chromatin structure of the in-
tervening sequences in a way that allows the transmis-
sion of the enhancer signals to the promoter (Bulger
and Groudine, 1999). The major concern regarding both
the scanning and linking models is that they assume
no physical interactions between the enhancer and the
promoter, a feature that has been substantiated by a
number of experimental approaches (Dillon et al., 1997;
Gribnau et al., 1998; Mahmoudi et al., 2002; Tahirov et
al., 2002; Shang et al., 2002).

In order to provide experimental evidence for one or
the other models of long-distance gene activation, we
studied the assembly of factors on the HNF-4« regula-
tory regions before the initial activation of the gene dur-
ing enterocyte differentiation. Our rationale was that, if
we can dissect the temporal order of events that lead
to an enhancer-dependent active preinitiation complex,
more detailed insights into the mechanism would be
obtained. Using chromatin immunoprecipitation assays,
we were able to differentiate at least four temporally
distinct steps in the process of HNF-4« activation. The
chronological order of events, which are schematically
presented in Figure 7, culminate into a model originally

proposed by Blackwood and Kadonaga as the facili-
tated tracking hypothesis (Blackwood and Kadonaga,
1998).

Poised or Committed State of the HNF-4a. Gene

At the very beginning of the differentiation program (time
0), we found that both the enhancer and the promoter
were already occupied by the cognate DNA binding pro-
teins. At this stage at least three basal transcription
factors, TFIIA, TFIIB, and TBP, were also detectable at
the proximal promoter. This complex may be viewed as
a signature structure that creates a so-called poised or
committed state to mark the gene for subsequent events
(Soutoglou and Talianidis, 2002). The nucleosomal orga-
nization of the HNF-4 regulatory regions also indicates
that the gene is in a transcriptionally competent state
from the beginning of the program. Unlike in nonex-
pressing cell lines, where positioning of nucleosomes
was random, in CaCo-2 cells the proximal promoter was
occupied by an array of positioned nucleosomes, while
at the enhancer area two positioned nucleosomes were
followed by a nucleosome-free region. In addition, the
H3 component of the nucleosomes at the proximal pro-
moter was found to be methylated at the lysine 4 residue,
a modification that has been proposed to correspond
to an epigenetic mark for active chromatin (Noma et al.,
2001; Wang et al., 2001). Another interesting feature of
this state is that the binding site of HNF-3, a so-called
pioneer factor which can disrupt higher order chromatin
structure (Cirillo and Zaret, 1999; Cirillo et al., 2002), is
located at the nucleosome-free region of the HNF-4a
enhancer. As HNF-3-mediated disruption of internucleo-
somal interactions can affect the length of linker DNA,
the formation of a nucleosome-free region at the en-
hancer may well be the result of HNF-3 action at an
earlier stage of differentiation. Consistent with the above
is the fact that the CaCo-2 cell culture model mimics only
terminal enterocyte differentiation, as the line originates
from enterocytes that have already passed through early
developmental decisions determining lineage commit-
ment (Peterson et al., 1993).

Independent Maturation of the Enhancer

and Promoter Complexes

In the second temporally separable phase, we observed
a selective recruitment of histone acetyltransferases
(CBP and P/CAF) and the Brg-1 chromatin remodeling
protein to the enhancer (20 hr time point). This coincided
with the first histone H3 and H4 hyperacetylation signals
confined to the enhancer region. At the same time, other
components of TFIID, TFIIH, the mediator component
TRAP-220, and RNA pol-ll were recruited to the proximal
promoter. Since in the previous step TAF1 and TAF10
were absent from the promoter, we speculate that the
TBP detected at time 0 was not part of the classical
TFIID complex (Albright and Tjian, 2000; Bell and Tora,
1999). Whether the TFIID detected at the 20 hr time point
is generated by a progressive assembly of TAFs onto
promoter-bound TBP or by an exchange of a TAF-less
or nonclassical TFIID by a TAF-containing TFIID is not
known. The key characteristic of this early stage is that
all the major components of the general transcription
machinery as well as CTD serine 5-phosphorylated RNA
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pol-ll were stably assembled at the promoter, without
initiating transcription. This indicates that recruitment
of pol-ll to the transcription start site is not sufficient
for transcription, and other factors or events are also
required for its escape from the promoter. In this regard
it is important to note that at this period there was no
indication for potential enhancer-promoter synergy,
suggesting that the assemblies of the complexes of dif-
ferent compositions at the two regions were indepen-
dent of each other.

Unidirectional Movement of the DNA-Protein
Complex Formed on the HNF-4a Enhancer

along the Intervening Sequences and

Spreading of Histone Hyperacetylation

At the following time period (40-80 hr), the immunopre-
cipitates of all enhancer-associated factors (HNF-1q,
C/EBPq, HNF-33, CBP, P/CAF, and Brg-1) contained
DNA fragments corresponding to the regions between
the enhancer and the promoter. Since at the same time
these factors were also found to be associated with the
enhancer region, this finding points to the formation of
a binary crosslinked DNA complex composed of the
enhancer and intermediary region DNA, bridged by the
factors associated with them. Importantly, none of
the factors recruited to the proximal promoter were de-
tected in the intervening regions at any time of the differ-
entiation program. The potential scenario that multiple
molecules of the enhancer-recruited proteins first asso-
ciate with the enhancer and then, at least part of them,
may escape the enhancer DNA and scan freely toward
the promoter, while others remain associated with the
enhancer, is rather unlikely considering the sequence-
specific DNA binding properties of HNF-33 and C/EBPq,
which can associate selectively with the enhancer re-
gion. Furthermore, in the next step (80-110 hr) the immu-
noprecipitates of all of the promoter-recruited factors
contained enhancer DNA fragments, and immunopre-
cipitates of all of the enhancer-binding factors contained
promoter DNA segments. In other words, if the detection
of these two distant DNA sequences in the immunopre-
cipitates of factors that are recruited to one or the other
region were to be interpreted as the result of either
independent recruitment or free diffusion from one re-
gion to the other, then one would have to assume that
general transcription factors or RNA pol-ll would sud-
denly be recruited to a far-upstream location at the time
of transcription initiation, a possibility which is hard to
conceptualize. The reduction and subsequent disap-
pearance of the ChIP signals of the enhancer-associated
factors from the intervening regions at the times of active
transcription (80-110 hr) is also inconsistent with the
continuous escape of DNA binding factors from the en-
hancer. The possibility of direct recruitment of RNA pol-
Il followed by a long-range transfer to the promoter
(Johnson et al., 2001) or the activation of a cryptic pro-
moter at the upstream region could also be ruled out,
since recruitment of RNA pol-Il together with other gen-
eral transcription factors to the proximal promoter could
be observed long before enhancer-promoter complex
formation and since no transcript corresponding to up-
stream sequences could be detected at any time of the
differentiation program. Therefore, the direct evidence

provided by the continuous ChIP signal observed with
the enhancer DNA, together with the above-mentioned
considerations, corroborate the claim that the signals
detected at the intervening regions correspond to a
complex containing enhancer DNA. These observations
thus indicate that the entire DNA-protein complex
formed on the enhancer tracks along the intervening
region toward the promoter, a process that is in agree-
ment with the recently proposed facilitated tracking hy-
pothesis (Blackwood and Kadonaga, 1998). This model
assumes that the enhancer-bound complex tracks via
small steps along the chromatin until it encounters the
cognate promoter, at which stage a stable looped struc-
ture is formed. Important components of the tracking
complex are the histone acetyltransferases CBP and
P/CAF. These proteins may modify the chromatin as
they move along the DNA. The unidirectional spreading
of H3 and H4 hyperacetylation from the HNF-4a en-
hancer toward the promoter in a temporally identical
manner to CBP and P/CAF occupancy demonstrates
that this is indeed the case. Cooperation between his-
tone acetyltransferases and ATP-dependent chromatin
remodeling complexes has been proposed to be impor-
tant for gene activation (Hassan et al., 2001; Narlikar et
al., 2002; Fry and Peterson, 2001; Dhalluin et al., 1999;
Jacobson et al., 2000). The presence of Brg-1, a catalytic
subunit of the human SWI/SNF complex, in the tracking
complex provides important clues with respect to the
dynamics of the process. The coordinated action of the
acetylases and Brg-1 should lead to the acetylation of
the histone tails of the neighboring nucleosome, which
in turn would create a new interaction surface for the
bromodomains of Brg-1, CBP, and P/CAF. This would
facilitate the propagation of the complex to the next
nucleosome, thus creating sequential signals for a step-
wise process, powered by the ATP-ase activity of Brg-1.
An important characteristic of the HNF-4a enhancer
tracking is its unidirectional path. Although the results
of this work do not provide an answer for the question
of how this one-way course is controlled, we speculate
that sequences upstream of the HNF-4a enhancer may
act as insulators that block the movement of the en-
hancer complex toward the opposite direction.

Molecular Events that Trigger Transcription

Initiation of the HNF-4« Gene

At the proximal promoter, ChIP signals of enhancer-
recruited factors (HNF-1a, C/EBP«, HNF-33, CBP, P/CAF,
and Brg-1) were first observed at 60 hr of the differentia-
tion program, with an increased intensity at 80 and 110
hr. Concurrently, immunoprecipitates of proximal pro-
moter-associated proteins (HNF-6, TFIIA, TFIIB, TBP,
TAF1, TAF10, TFIIH, TRAP-220, and pol-ll) contained
DNA fragments corresponding to the enhancer region.
As discussed above, in the experimental system em-
ployed, the simultaneous presence of the two DNA frag-
ments in immunoprecipitates of this variety of factors
demonstrates that the two regions come into close prox-
imity to form a higher order complex by looping out the
intervening DNA. This stable enhancer-promoter com-
plex formation coincides with promoter hyperacetyla-
tion, phosphorylation of pol-Il at the serine 2 position
of its carboxy-terminal domain, remodeling of the
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nucleosome located at the transcription start site and
finally with the release of pol-Il from the promoter.

Comparison of the sequence of events that lead to
HNF-4a activation with those described for the activa-
tion of the «-1-antitrypsin (a1-AT) and interferon-g8
(IFN-B) genes, reveal both common and unique path-
ways (Soutoglou and Talianidis, 2002; Agalioti et al.,
2000). For example, the recruitment of RNA pol-Il to the
promoter at an early stage in the process has been
observed in all three cases. The incomplete GTF com-
plex, termed poised structure, was also evident at the
«1-AT promoter before RNA pol-Il recruitment. Delayed
association of histone acetyltransferases and histone
acetylation of the promoters are also shared features.
Finally, perhaps the most important similarity concerns
the key role of the nucleosome located at the transcrip-
tion start site. This nucleosome may act as a barrier that
controls the escape of RNA pol-ll from the promoter;
relieving this barrier is achieved either by sliding it off
its original position, as shown for the IFN-$3 promoter, or
by reconfiguring it, as shown for the a1-AT and HNF-4«
promoters (Lomvardas and Thanos, 2001, 2002; Souto-
glou and Talianidis, 2002).

In summary, our results on HNF-4a enhancer-medi-
ated activation demonstrate a dynamic mechanism,
which accounts for many features of long-distance gene
regulation that have been described for other genes. Our
ability to dissect the process to at least four temporally
separable steps, all of which could be influenced by
physiological signals, further emphasizes the complex-
ity of the pathways that have evolved to regulate differ-
ential gene expression.

Experimental Procedures

Cell Culture and Differentiation

CaCo-2 cells were grown in Dulbecco’s Modified Eagle Medium
supplemented with 20% fetal calf serum. The cells were seeded at
high density, so as to reach confluence within 1 day. After the cells
reached confluence (0 hr), the medium was changed every 10 hr.
Differentiation was followed by alkaline phosphatase activity mea-
surement and marker gene expression (Soutoglou and Talianidis,
2002). An indirect immunofluorescence assay with an HNF-4a anti-
body (Ktistaki et al., 1995; Soutoglou et al., 2000) was used to esti-
mate the percentage of cells expressing HNF-4a. Expression was
evident in less than 1% of the cells 60 hr postconfluence and in
about 60%-80% of the cells 80 hr postconfluence.

For RT-PCR analysis, total RNAs from cells collected at different
times after confluence were first treated with 10 units of DNase-|
(Gibco-BRL) for 30 min. cDNA synthesis was performed by Super-
Script reverse transcriptase (Gibco-BRL) using an oligo-dT primer.
The cDNAs were directly used for PCR amplification (21 cycles) in
the presence of 10 uCi a-*2P dCTP. For normalization, the human
acidic ribosomal phosphoprotein (ARP PO) was amplified (Hatzis
and Talianidis, 2001).

Chromatin Structure Analysis
To map the DNase-| hypersensitive sites in the proximal and distal
promoter region, nuclei prepared from cells at different times after
confluence were partially digested on ice for 10 min by 0 to 20 units
of DNase-| (Gibco-BRL) in a buffer containing 60 mM KCI, 15 mM
NaCl, 15 mM Tris (pH 7.5), 0.5 mM spermidine, 0.15 mM spermine,
and 5 mM B-mercaptoethanol. Genomic DNA was prepared and
digested with either EcoRl or Hindlll and analyzed in Southern blots
with probes corresponding to the —3855 to —4144 nt fragment
(Hindlll/EcoRl) or to the —5225 to —5732 nt fragment (EcoRI/Pstl)
of the human HNF-4a upstream region.

For nucleosome mapping, CaCo-2 cell nuclei were reconstituted

in a buffer containing 15 mM HEPES (pH 7.5), 60 mM KCI, 15 mM
NaCl, 0.34 mM sucrose, 0.15 mM spermine, 0.5 mM spermidine,
and 0.15 mM mercaptoethanol. After addition of CaCl, to 3 mM final
concentration, the samples were partially digested with 0 to 170
wM units of micrococcal nuclease (USB) for 2 min at 37°C. After
purification, genomic DNA fragments were digested either with Accl
or Mscl and processed for Southern blot hybridization with probes
corresponding to the —45 to +110 nt fragment (Accl/Bglll) or to the
—6409 to —6236 nt fragment (Pvull/Mscl) of the human HNF-4«
upstream sequences.

A second aliquot of the nuclei was reconstituted in a buffer con-
taining 10 mM Tris (pH 7.4), 15 mM NaCl, 60 mM KCI, 0.1 mM EDTA,
5 mM MgCl,, 5% glycerol, and 1 mM DTT. Samples were digested
with 50 units of Bglll for 20 min at 25°C. Total DNA was extracted
and digested with Accl before Southern blot hybridization analysis
with the Accl/Bglll probe.

Chromatin Immunoprecipitation
To crosslink chromatin, the cells were treated with 1% formaldehyde
for 10 min at room temperature. Crosslinking was stopped by the
addition of glycine to a final concentration of 0.125 M. Then nuclei
were prepared as described in Hatzis and Talianidis (2001) and
resuspended in sonication buffer containing 50 mM HEPES (pH 7.9),
140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate,
0.1% SDS, and protease inhibitors. The extract was extensively
sonicated on ice to obtain DNA fragment lengths ranging from 200
to 1000 bp (9 times 30 s bursts at 80% output in a Vibra-Cell ultrason-
icator with microtip). After centrifugation the soluble chromatin was
precleared and subjected to immunoprecipitation as described
(Hatzis and Talianidis, 2001; Soutoglou et al., 2001). Re-Chip assays
were performed as described (Soutoglou and Talianidis, 2002). In
brief, after washings of the protein G-Sepharose beads from the
primary immunoprecipitation, the complexes were eluted by incuba-
tion with 10 mM DTT at 37°C for 30 min and diluted 40 times with
sonication buffer. Eluates were then reimmunoprecipitated with the
second antibody. The antibodies used in this study were described
in Hatzis and Talianidis (2001) and Soutoglou and Talianidis (2002)
except the following: anti-MeK4-H3 (Upstate Biotechnology); anti-
HNF-6-H100, anti-C/EBP« -14AA, and anti-HNF33-M20 (Santa Cruz
Biotechnology); and anti-TFIIA, which was a kind gift from F. Pugh.
The primers used for PCR amplification were: Upst. 5’ (—9899 nt)
GGGATTTCTGAGTCCAGACACAGTGAGG; 5’ (—9584 nt) TGGAGA
TGCTTCCATAGCAGCTGAGAGC; Enh. 5' (—6756 nt) GGCTCTGAC
ACTGCAGAGTTCTAGAAC; 5’ (—6393 nt) CCAAACTTACCCAGCTG
CTAATCATTGG; Int.1. 5’ (—4411 nt) AGATCTATCTGACCCACAAGG
TCTGTGG; 5 (—4145 nt) CTTTCTGTGGACTGAGTGGGTGTTAGCC;
Int.2. 5 (—2617 nt) ATGCAGATTGTGCATTTGGTAAGTCAGG; 5’
(—2390 nt) GATCAATGTCATGTCAGAATTTCACTGG; Prom. 5' (—444
nt) TCGAGGCAGCCTTATCTCTGCAAAAGC; 5 (—97 nt) TCGAGG
GGTGGGGGTAATGGTTAATCGG; Cod. 5’ (+3731 nt) AATGCGGGA
GGGCCCGGACATCTCCAGC; 5' (+3963 nt) CCCACCATCCACGCC
CATCCTCACCTGG; Enh. —3' 5’ (—6371 nt) GGAGGGAGGAAGG
AGGCCCAGGGATGG; 5’ (—6095 nt) GCTCAAGTCCACGCAGCGGT
GGTGGGTG; HNF-4a mRNA 5’ (+119 nt) GACATGGCCGACTACA
GTGCTGCACTG; 5’ (+346 nt) CTCCGGAAGAAGCCCTTGCAGCCG.
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