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EuxapioTieg

>¢ autd To onueio Ba NBeAa va euXaPIOCTACW KATTOIOUG avOpwWITTOUG TTOU CUVERAAAV
QTTOQACIOTIK& OTNV €MMTUX OAOKARpwon autig Tng Aidaktopiky AlaTtpifrig (AA) kai
OUVETTWG OTNV dIAPNOPPWON TNG ETTIOTNUOVIKAG JOU OKEWNG.

Apxikd, Ba nBeha va euxapiotTiow OBeppd, Tov emPBAETTOVTO Kabnynt pou Ap.
Kapddon AnuAtpn TTOU Q1O TNV TIPWTN OTIYUR TToU HApBa OT0 €pydacTApIlo Tou (wg
METATTTUXIOKOG QOITNTAG) Pou €O8€1EE EUTTIOTOCUVN, Mou £€D0waoe TNV duvaTOTNTA VO EKTEBW O€
TTOAEG BIAPOPETIKEG TEXVIKEG KAl O€ OIOPOPETIKA BIOAOYIKA EPWTHAMATA KAl ATAV TTAVTA EKEI
yla va Je kaBodnyei. Emiong, ek1d¢ amod e€aipeTikdg Kabnyntrg cival kal évag eEaIpeTIKOG
GvOpWTTOC TTOU ME TO BOG KAl TNV €UYEVEIQ TOU OTTOTEAEI TTAPABEIYHA yIa TOV TPOTIO TTOU
TIPETTEI VA DIAPOPPUVOVTAI O OXETEIG EVTOC Kal EKTOG EVOG EpyaoTnpiou.

Ev ouvexeia, Ba nBeAa va suxapioTAow Ta PEAN TNG TpiyeAoUug pou EmTpotng, Tov
Kabnynm Ap. Toatodvn Xprioto kal Tnv AvamA. KaBnynTpia Ap. Zavoudou Aéotroiva, ol
oTroiol ATav TTavra diab<aiyor kal BondnTikoi yia otrolodrTroTe {ATNUa TTPoeKUTITE. ETTiong,
Ba NBeAa va guxapioTiiow Kal Ta UttoAoimma péAn NG EmmrapeAoug pou EmiTpoTtig, Tov ETTK.
Kabnynt Ap. Mmreptoid lMNwpyo, tov AvattA. KaBnynti Ap. XapaAautrémrouAo lwdvvn, Tnv
Emk. Kabnyntpia Ap. [MamoakwvoTtavii EuayyeAia kai Tov AicuBuvty Epeuvwv Ap.
Tahiavidn lwévvn yia TiIG TTOAUTINEG CUMPBOUAEG TOUG.

ISiaitepeg euxapioTieg otov OuodTiuo KaBnynt Ap. Zavvry BaoiAn, o oTroiog pou
TTapEixe TTOAUTINEG CUHUBOUAEG KAB' OAN TNV didpKeia TOu BIBAKTOPIKOU [HoU.

Etriong, Ba nBeAa va euxapiotiow Tov Kadnyntr Ap. HAiéTTouAo AnuriTpn, o 0T1Toiog
Mou £dwae Tnv duvaTtdTNTA va TTPAYHATOTTOINOW KATToIa TTEIPAUATA yia To project Tou let-7b
oto gpyaoTipio Tou o1to UCLA oto Los Angeles. Idiaitepeg cuxapioTieg otov Ap. Kouko
MNwpyo, 0 OTT0I0G €KTOG TOU OTI OpyAvwOoEe KABE TITUXN TNG OUYKEKPIPEVNG ETTIOKEWNG, ATAV
Kal 0 AUECOG OUVEPYATNG HECT OTO EPYACTAPIO TTAPEXOVTAG MOU TTOAUTINEG GUUBOUAEG.

‘Eva EexwpioTd euxapioTw o€ OAa Ta PEAN Tou EpyaaTnpiou Tou Kupiou Kapddon yia
1O €€AIPETIKO KAiMO ouvepyaaoiag Kal ouvadeAQIKOTNTAG TTOU UTTAPXE EVTOG TOU £pyacTnpiou.
>tnv Béta, otnv 'E@n, otnv lwavva, otn NikoAéta, otnv Mapia, otnv Biku, otnv Katepiva, kai
oTov AnuATPN PE TOUG OTToIoUG TTEPACANE TTOANEG Wwpeg padi, culntdyaue yupw atrd 1A
project pog (kai Ox1 MOvO), KAvoue TrEIpdpata Kal  ev TéEAEl  xaipépacTav - Kal
arroyonTteuopacTav padi. Eidika pe tnv Karepiva kal Tov AnuATen TTou OUVETTECQV O PACEIG
TwV OIOAKTOPIKWY Pag, ATav TTOAU peydAn pou xapd TTou Biwoa padi Toug auTéG TIG OTIYUEG.
Emiong ka1 ota utrdéAoimra maudid mou BpEBnkav €iTe yia AIyOTEPO EITE yIA TTEPICOOTEPO OTO
EpPyacThpIo.

EmmpooBeta, Ba ABeAa va guxapioTHowW TO TTPOYPAPKO METATTTUXIOKWY ZTTOUSWY

‘Mopiaky Bdon twv Noonudtwv Tou AvBpwTrou’ TToU Hou €0woe Tnv duvaTtétnTta va



gekiviiow Tnv €peuvnTik Pou Oiadpopr]. 10IaiTEPEG €uXAPIOTIEG OTNV YpPOUUATED TOU
mpoypduuarog, Ka Adaudakn Maipn 1Tou gival TTavTa ekei yia OAOUG pag. Z& autd To onueio
Ba NBeAa va €uxapPIOTACW KAl TIC YPAMUATEIEG TWV METATITUXIOKWY Kal OI6AKTOPIKWY
omoudwv TnG laTpikng ZX0oAAG, Ka. Egevrdkn Nikn, Ka ®Aoupr) Zogia kal TV Ka ZKouAd
Mapia yia Tnv dpiotn cuvepyaaoia TTou gixaue o€ 0An TN didpkela Tou dIGAKTOPIKOU.

ZEXWPIOTEG EUXAPIOTIEG OE KATTOIOUG avOpwITOUG Ol OTToiol €KTOG TOU OTI €ival
ouVvAdEAPOI KAl OTTOTEDNTTOTE TOUG XPEIGOTNKA NTAV €KEI AAAG gival Kal ayaTtTnuévol gilol TTou
aveXOvVToUOav TIG EPWTACEIG JOU OTTOIODATTOTE WPA HECA OTNV NUEPA. M0 CUYKEKPIYEVA TNV
Ap. Kavediva KapaAf, Tn Navtia FewpylAd kai Tov MéETpo TZEPTTO 01 OTTOI0I JE TNV OTAON
TOUG ATTOTEAOUV TTNYI €UTTVEUCNG VIO TOUG OUVADEAPOUG TOUG. =EXWPIOTEG EUXAPIOTIEG OTNV
AfunTpa Maupoegidr, n otroia TTopeUTNKe Padi you o€ OAn auth Tn dIadPOWN, AvEXTNKE Ta
wpdpla Pou, aykAAlooe TNV aywvia pou Kal £mmaige KATaAuTiké pOAO WOTE va apyiow
(emTéNOUG) va ypdow Tnv dlaTpIRr Hou.

Autn n diadpoun dev Ba ITav idla Xwpig TOug ayatTnuévVoug Pag @iAoug. AvBpwTrol
TTou ouvavthenkav Ta dyxn upag otoug dladpduoug Tou lMavemoTtnuiou KpAtng kal atnv
TOAN Tou HpakAcgiou, emAEEaPE va TA QVTIMETWITIOOUKE aTTO KOIVOU Kal KATOQEPAUE VO
ONUIOUPYNOOUPE OUOPYPEG KATOOTACEIS TTOU ATAV N KAAUTEPN OuvTpo@Iid péoa OTnv
KaBnuepivotnTa. Etriong, ayatrnuévor @ihol kai oTig duo GAAEG TTOAEIG TTou £Xw noel, MdTpa
Kal ABriva, TTou KABe @opd TTOU CUVAVTIOUOAOTAV QPOVTICAPE VO «YEUICOUME TIG PTTOTAPIEG
HOG» PE OUOPPEG OTIYHEG.

ZEXWPIOTEG EUXOPIOTIEG OTOUG YOVEIG pou Oupio kal KEAAU TTOU — TTOPG TNV
YEWYPAQPIKN aTTOOTACH- KATAPEPVOUV va gival TTavTa OITTAa Pou Kal va oTnpiouv KaBe BAua
pou! Xwpig Tnv oTpIgn Toug, Ta TTpdypaTa Ba RTav oiyoupa TTOAU diagpopeTikd. ETTiong, oTov
adeppd pou Mepdcoiyo Kal 0TV OUoPPN OIKOYEVEIA TOU TTOU €ival TTavTta OitTAa pou!

KAgivovTag, gival onuavTtiko va eImtwiei mwe autd 1o dISAKTOPIKG TTPAYUATOTTOINONKE
o¢ OUOKOAEG €TTOXEG YIa TNV €AANVIKA Kolvwvia. Méoa o€ auTég TIG OUVOAKEG, 0 POAOG TNG
EMMOTAPNG VIO TNV TTPO0S0 TWV AVOPWTTIVWYV KOIVWVIWY QaVTAel akOua TTI0 onuavTikég. Mia
EMOTAKN TTOU Oa TTPAYUATOTIOIEITAI PE YVWHOVA TNG AVAYKEG Twv avBpwTTwV Kal T
ammoteAéopatd NG Ba eival dueca dIABECINO O AQUTOUG QAIVETAl TTWG ATTOTEAEI avaykaia
ouvenkn yia va emTeuxBei oucIaoTIKA KOIVWVIKA TTpd0odog, OTTou ol AvBpwTrol Kal TO

mepIBAAAoOV Ba {ouv apuoviIKA.



H mmapouca £peuva £xel xpnuatodotnBei atrd tnv Mevikn Mpappateia ‘Epguvag kai
TexvoAoyiag péow Tou péow Tou MpoypdupaTtog «OAAHZ Y, pe kwdikd MIS 377286 oTo
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MepiAnyn

MoAudGpIBuEG €TIONPIOAOYIKEG MEAETEG €xouv Ocgifel OTI Ta XapnAd eTmitTreda Tng
ArToTTpwTEivng uwnAng TrukvotnTag (High Density Lipoprotein — HDL) otov op6 atroteAouv
Ioxupd O¢iktn KIvduvou yia tnv avattuén Kapdiayyelokwy Noonpdatwy (KN). MapdAAnAa,
£XOUV avakaAu@Bei apKETEC TTPOCTATEUTIKEG 1016TNTEG TNG HDL atrévavt oTnv avamTtugn Tng
aBnpookArpwaong, n omoia cival n TaBoAoyikh airia Twv KN. Qotéo0, og acBeveig pe KN, n
XPNon @apudkwy TToU OTOXEUAV OTNV augnon NG ouykévipwong Tng HDL otov opd dev
odnynoe O¢ peiwan Tou KivoUvou ed@Aviong kapdlayyelokwy yeyovotwy. Emmpdobera,
TTPOCQATESG £peuveg aveédeiCav Ot ol aoBeveig pe KN @Epouv ‘Un AEIToupyIKr/dUCAEITOUPYIKEY
HDL, n oTtroia aduvartei va TTpayuaToTToINCEl TIG QUOIOANOYIKEG TTPOCTATEUTIKEG TG OPACEIC.
A6 autd Ta dedouéva TTPOKUTITEI TTWG ATTOd POV TNG N augnon Twv emmmedwy NG HDL dev
QpPKEi yia va TTapéxel aBnpotrpooTtacia aAAd TTpETTel va ouvodeleTal Kal atmmd Tnv Utmapén
Asiroupyikiig HDL. MapdAAnAa, kKatmoia @Aapuaka TTou 0TOXEUOUV OTNV augnan Twv eTITTEdWV
NG HDL TmpokdAecav ONPAVTIKEG TTAPEVEPYEIEG OTOUug aoBeveic avadeikvUioviag Tnv
TTOAUTTAOKOTNTG TwV METABOAIKWY MHovoTraTiIwy OaAAG Kai Tnv €ANITTH, MPEXPI ORuEPQ,

KaTavonaor] Toug.

O1 gpeuvnTIKOi 0TOXOI TNG TTAPOUCOAS BIBAKTOPIKAG BIATPIBAG RTAV OI €EAG:

o KepdAaio 1: Na digukpIvioToUV Ol HOPIOKOI Pnxaviopoi péow Tov otroiwv n HDL
ETMQPEPEI TNV ABNPO-TTPOCTATEUTIKA TNG dpdan oTa evdoBnAiakd KUTTapa. MNa autd Tov

OTOXO, OTIG Evornrec | kai Il TIKEVTPWONKAPE OTNV QViXVEUON YOVIBiWV-OTOXWV TNG

HDL ota evdoBnAiokd KUTTapa aAAG KAl 0Tn PEAETN TWV PNXAVIOUWY PECW Twv
OTTOIWV TTPAYUATOTTOIOUVTOI Ol CUYKEKPIMEVEG pubpioelg, evwy otnv Evdrnra i,
MeAeTAoapE TNV AeitoupylkOTnTa TNG HDL TTOU £X€I atTodovwOei atmd aoBeveic pe yia

XPOvIa @Aeypovwdn vooo (TNV ayKUAOTTOINTIKA OTTOVOUAITION).



o KepdAalo 2: Na digpeuvnBoulv oc poplakd emmiredo véa yovidla kal MiRNAS TtTou
puBuitouv TNV Bioyéveon Tng HDL oTa nmmaTikéd KOTTapd. Na Tov oKoTro autdv, otnv
Evémra IV peAetioaue Tnv puBuion Ttou yovidiou TOU METAYPAQPIKOU TTapAyovTa
LXRa atmd Tov Nmmatikd peTaypa@iké trapdyovia HNF-4a, evwy otnv Evémra V
peAeTAoaue Tov poAo Tou MIRNA let-7b otnv puBuion Tng amoAimotpwreivng E

(apoE) ota nmraTika kutTapa HepG2.

O TtpaupaTiopog i ‘ducAeitoupyiky dpdon Tou evdoBNAioU €xel CUOXETIOTEI PE TNV
évapén kair avdmTuén TG aBnpwpatikig TAdkag. H HDL atoteAei puBuioTh Tng
QUOIOAOYIKNG AsiToupyiag Tou evdoBnAiou Kal EVEPYOTTOIEI NXAVIOHOUG TTPOCTACIAG TOU JETA
atrd Tpauua, evw n ‘OucAcitoupyikry HDL dev éxel autég TIg dpdoceig. MNa autd Tov Adyo, aTov
KepdAhaio 1 OéAape va avixveUOOUUE TOUG HOPIOKOUG WNXaviopoug ©&pdong Tng
@uaoioloyikrig HDL oTo evdoBnAio. Ta yovidia oTa oTroia eTTIKEVTPWONKAPE OTIG U0 TTPWTEG
evoTNTEG, AVTANBNKaV aTTé Microarray dedopéva, Ta OTToia gixav TTapaxOei o TTPONYOUUEVES
MEAETEG TNG €PEUVNTIKA MOG Opadag UoTepa amd emmidpacn evOoBNAIOKWY KUTTApWY UE
avacuoTtabeicoa HDL T1rou @épel v avBpwTrivn amoAimomrpwteivn A-I (rHDL-AI). Epeig
MEAETACAUE TNV AVTATTIOKPION QUTWYV TwV yovidiwv UoTepa atrd eTmidpacn pe Quaikr) HDL
TToU amopovwenke amd  dlayoviIdIaKOUG TTOVTIKOUG TTou  e€&€ppadav  Tnv  avlpwIrivn
atroAirrotrpwreivn-A-l (tgHDL).

Mo cuykekpiyéva, otV evoTNTA | ETTIKEVIPWONKAKE OTN PUBUION Tou yovidiou Tng
Angiopoietin-like 4 (ANGPTL4), to omoio €xel onuavtikd pPOAO OTov METABOAICUO Twv
Ammdiwv kal otnv abnpwudtwon. Mapatnpcaue 611 1600 N Quoikr) HDL (tgHDL) éc0o kai n
avaouoTaBegioa HDL (rHDL-AI) evepyoTtrolouv Tnv ékgpaon Tng ANGPTL4. INa Tnv avixveuon
TWV PNXaviIopwy pPEOW TOou oTroiou n tgHDL evepyoTrolei TO OCUYKEKPIUEVO  YovidIo
XPNOIUOTIOINCANE YVWOTOUG avOOTOAEIG KIVOOWV Kal TTaparnperioaue o1l n dpdon tng tgHDL
yivetal péow Twv povotraniwv NG AKT kai Tng p38-MAPK. EmimrpdoBeta, pe meipduata

OlaXWPICHUOU TTUPNVIKWY OTTO  KUTTOPOTTAQOUATIKEG TTPWTEIVEG KAl AvOoOoIioTOXNMEIOG,



Tapatnpioape o1 n tgHDL £xel Tnv IKavoTnTa, péow Tou PovoTtraTiol Tng AKT, va etrdyel Tnv
PWOEPOPUAIWCN TOUu TTUPNVIKOU peTaypagikou trapdyovra Forkhead Box O1 (FOXO1) pe
OTTOTEAECUO TNV METATOTTION TOU OTO KUTTOPOTTAOCWO KOl TNV QTTEVEPYOTTOINON TNng
METAYPOAQIKNG TOUu dpdong. Zuvoudlovtag OIOPOPETIKEG TTEIPAPATIKEG TTPOCEYYIOEIS yIa TNV
artrevepyoTroinon Tou FOXO1 ota evdoBnAiokd KUTTapa pe TTApGAANAN emmidpaon A X1 TNG
tgHDL, €idape 611 0 FOXO1 éxel avaoTaATikd pOAo OTnv evepyoTroinan Tou yovidiou Tng
ANGPTL4, 61Tou n amevepyoTtroinon Tou ammd tnv HDL odnyei o€ KataoToAr TNG €KPPaong

e ANGPTLA4.

2Tnv evotnTa Il emKevIpWOAKaUE oTnv puBuion Tou yovidiou TnNG evOoBnAIOKNG
Airrdong (LIPG), n otroia eutrAékeTal aTtov KatafoAiopd tng HDL. Apxikd TTapatnprioaue Ot
n @uoiki HDL (tgHDL) peiwve Tnv ékppaon TnG LIPG og avtiBeon pe tnv rHDL-AI tTou Tnv
auéave. EmkevipwOnikaue otnv dpdon tng tgHDL kai diatmotwoape 611 01 aTTAd YEiwve TNV
ékppaon TNG LIPG aAAG €utmddIfe TNV €vepyoTToinon TOUu yovidiou o0& ouvlnkeg EAAEIYNG
BpeTITIKOU 0poU (starvation). MNeipduara ammooiwTNong TnG ékepaong Tou FOXO1 pe siRNAs
odriynoav o€ peiwon Twv emrédwv TnG LIPG, avadeikvuovtag 011 o FOXOL1 gival onuavTikog
yia TNV €VEPYOTTOINCN TOU OUYKEKPIYEVOU yovidiou atrd 1o starvation aAAd kai 611 n HDL
MeElwvel TRV ékppaon TnG LIPG péow Tng amevepyotroinong tou FOXO1. EmmpdoBeta Tng
opdong tou FOXO1, mrapatnpAcaue o1 n HDL eutodidel Tnv €k@pacn evog emITTAEOV

yovidiou woTe va avaoTeilel TV evepyoTroinon g LIPG armd To starvation.

2tnv gvotnta lll digpeuvioape v Asiroupyikdtnta TnG HDL TTOU €x€I atmopovwoOEi
atmé aoBeveic pe aykuhotroinTikry OTTOVOUAITIOa (AZ), uia Xpovia @Aeypovwdn Vvooo.
Mapatnpricaue 611 n HDL T1ou €ixe atropovwBei amd uyiy dtopa gixe TNV IKAvOTNTA VA
Qewo@opuAivel TNV Kivaon AKT evw avtiBeta, n HDL 1Tou atropovwOnke amd aoBeveig pe
AZ odnynoe o€ peiwpévn  Qwo@opuAiwon NG AKT ota evdobnAiokd KUTTOpaQ

uTTodEIKVUOVTAG TNV TTapouadia pn-Acitoupyikric HDL oToug aoBeveic autou.



Mapdm n HDL ouykpoteital €EwKUTTAPIO, TO NATTaP atroTeAei Tnv KUpla TTNyn
TTOPAYWYHGS TWV TTPWTEIVWV TToUu ePTTAéKOVTAl TN PBloyéveon TnG HDL. MNa autd Ttov Adyo,
oto Ke@dAaio 2 ypnoiyotroioape KUTTapa avlpwtrivou nrratopAacTwpatog HepG2 woTe
Va PEAETAOOUNE TOUG PNXAVIOUOUG pUBUIONG TNG EKPPOONG YoVISiwY TTOU CUMPUETEXOUV OTOV
peTaBoAiopo Tng HDL.

21NV evoTtnTa IV HEAETACAUE TOV PNXAVIOWO WE TOV OTTOi0O puBuileTal oTO ATTAP TO
yovidlo Tou peTaypagikou Trapdayovia LXRa. O LXRa (Liver X Receptor a) diadpauarTicel
onpavTiké pOAo oTo PETABOAIOHS Twv AIMISIWY Kal TNG XOANOTEPOANG, SIOTI EAEyXEl GuECQ
TNV éKQPACN TWV YOVIDIWV TTOU EUTTAEKOVTAI O QUTA TA POVOTTATIA (VIO TTOPAdEIYUA TWV
ABCA1, ABCG1, SREBP kAt). MNaparnprioape o1 0 uttokivnThg Tou yovidiou Tou LXRa Tou
avbpwTtrou (hLXRa) evepyotroieitar amd mnv dpdon Ttou HNF-4a, o oTroiog eival évag
METAYPAQPIKOG TTAPAYOVTAG TTOU EKPPACETAI KUPIWG OTO NTTAP KAl ATTOTEAEI YEVIKO puUBUIOTN
TWV yovidlwv TTou evepyoTrolouvtal oto ATap. Me meipduarta ChiP kai DNAP evtoTtticape 1o
onpeio Tpdéodeong Tou HNF-4a otov utrokivntp Tou LXRa otnv Trepioxn -50 pe -40.
MeTGAAOEN OTO CUYKEKPIUEVO HOTIBO TTPOOdECNG 08YNOE O ATTWAELIQ TNG IKAVOTNTAG TOU
HNF-4a va puBuilel BeTikd Tnv evepydtnTa Tou uTtrokivnT Tou LXRa. Amooiwtnon Tou

yovidiou Tou HNF-4a odrynoe o€ peiwon Twyv emmédwy NG TpwTeivng LXRa.

2NV evornTa V ueAetoape TNV IKavotnTa Tou micro-RNA let-7b va puBuiel tnv
ék@paon Tou yovidiou Tng atroAimrotrpwTeivng E (apoE) oe HepG2 kutrapa. H atroE maidel
onpavtiké pPOA0 OTNV ATTOPAKPUVON TWwV UTTOAEIUPATWY TWV NITTOTTPWTEIVWY OTTd TNV
KukAogopia aAAd kal otnv Bioyéveon Tng HDL. YTrepékppaon Tou let-7b TTpokdAece peiwon
Twv emTTEdWY 1600 Tou MRNA 600 Kal TG TpwTeivng TNG apoE. QoTé00, n uTTEPEKPPOTN
Tou let-7b dev etnpéace Tnv evepydTnTa £vég TTAacpIdiou TToU €ixe KAwvoTToiNuévn Tnv 3'-
UTR trepioxr) Tou mRNA tng atmoE utrodnAwvovtag 611 10 let-7b dev puBuilel dueoa, péow
g 3-UTR TmepioxAg, Tnv €k@pacn TnG apoE. Emmpdéobera, oe meipduarta  O1Tou
ouvekgpdoape Tov uttokivnTA TG apoE (-500/+73) pe 10 let-7b cidaue TNV evepydTnTa TOU
UTTOKIVNTH va PEIWVETaI ETIRERAILVOVTAG TOV £UUETO TPOTTO pUBPIoONG auTou Tou yovidiou
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atro 710 let-7b. MNMapdAAnAa, diatmoTwoaue TNV IKAvOTNTA TOU let-7b va puBuilel Tnv €k@pacn
Kal TG atoA-I, n otroia eival n kUpia TpwrTeivn TN HDL. Mapatnprioaue OTI UTTEPEKPPACT
Tou let-7b peiwoe 1600 TO0 MRNA TnG atmoA-l 600 Kai TNV evepydTnTa Tou UTToKIvnTh (-1020/-
24) 1nc. BiomAnpogopiki availuon oto MRNA 1ng ammoA-l dev avédelige kdmmolo onueio
Tpocdeong Tou let-7b Trpoteivovtag OTI n atmmoA-l, OTw¢g Kal n atmoE, pubuiovial pe
O1a@opeTIKO aTTd ToV KAAOGIKS TPOTTO aTTd TO let-7h.

JUNTTEPOCUATIKGA, T €uphpaTa TNG TTapoucag SIaTPIBAS TTPOCEEPOUV VEQ YVWION
TTAVW OTOUG PNXAVICHOUG TToU €Aéyyouv Ta eTTiTTeda Kal TNV Asiroupyikotnta Tng HDL. Ta
yovidla 1Tou BpéBnkav oTtnv TTapouca PeAETN va pecoAapouv oTig dpdoeig g HDL oTa
ev00oONAIOKA Kal aTa NTTATIKA KUTTapa Ba PTropoulcay va €X0UV dIayVwaTIK Kal BEPATTEUTIKI)
afia oe aoBeveig pe xaunAd emimeda HDL 3 pe pn-Aeiroupyikry HDL Ommwg aoBeveic pe

Kapdiayyeiakd NoorjuaTa ] xpovia Aeypuovwdn Voo uara.



Abstract

Numerous epidemiological studies have shown that low levels of High Density
Lipoprotein Cholesterol (HDL-C) in the serum are a strong and independent risk factor for
the development of Cardiovascular Diseases (CVDs). Furthermore, a great number of
reports have revealed that HDL exerts pleiotropic functions protecting against the
development of atherosclerosis, which is the leading cause of CVDs. However, drugs that
were designed to increase HDL-C failed to counteract CVD risk in human clinical studies. In
addition, recent studies showed that HDL isolated from patients with CVDs is “dysfunctional”
and it is unable to exert its known anti-atherosclerotic functions. These findings indicate that
only by raising HDL-C levels is not sufficient for atheroprotection, but it must be
accompanied by the presence of functional HDL. Also, it should be mentioned that some
drugs aiming to raise HDL-C levels caused significant side-effects, highlighting the

complexity of the metabolic pathways as well as their poor understanding.

The main goals of this PhD thesis were:

e Chapter 1: To investigate the molecular mechanisms underlying the atheroprotective
roles of HDL in the endothelium. For this purpose, in parts | and 1l, we focused on
identifying genes targeted by HDL in endothelial cells as well as the mechanisms
through which HDL regulates their expression, while in part Ill we studied the
functionality of HDL isolated from patients with a chronic inflammatory disease
(Ankylosing Spondylitis, AS).

e Chapter 2: To identify novel transcription factors and miRNAs in the liver that control
the expression of genes involved in the biogenesis of HDL. In part IV we studied the
regulation of the transcription factor LXRa by the master hepatic transcription factor
HNF-4a, while in part V we studied the role of the miRNA let-7b in the regulation of

the expression of apolipoprotein E (apoE) gene.



Endothelium injury or ‘dysfunctional’ endothelium has been associated with the
initiation and the progression of the atherosclerotic plaque. HDL not only is a positive
regulator of the physiological function of endothelium, but also protects endothelium against
injury, while dysfunctional HDL is unable to promote these actions. For this purpose, in
Chapter 1, we wanted to elucidate the molecular mechanisms underlying HDL functionality
in endothelium. The genes that we focused on in the first two parts were derived from
microarray data, which had been generated previously by our research group following the
treatment of endothelial cells with reconstituted HDL containing the human apolipoprotein A-I
(rHDL-AI). We studied the expression of these genes after treatment with natural HDL, which
was isolated from transgenic mice expressing the human apoA-I gene (tgHDL).

Specifically, in part | we studied the regulation of the Angiopoietin-like 4 (ANGPTL4)
gene, which plays an important role in lipid metabolism and atherosclerosis. We observed
that both natural HDL (tgHDL) and reconstituted HDL (rHDL-Al) were able to induce the
expression of ANGPTL4. To investigate the molecular mechanisms through which tgHDL
activates the expression of this gene, we utilized known inhibitors for signaling cascades and
we observed that both the AKT and the p38-MAPK pathways are involved in this regulatory
effect of tgHDL. Furthermore, by utilizing the separation of nuclear from cytoplasmic protein
extracts technique as well as immunofluorescence, we revealed that tgHDL, through the
AKT pathway, promotes the phosphorylation of the nuclear transcription factor Forkhead Box
01 (FOXO1) resulting in its translocation to the cytoplasm and, subsequently, its
inactivation. By combining different experimental approaches to inactivate FOXO1 in
endothelial cells followed by treatment with tgHDL, we identified that FOXO1 suppresses the
expression of ANGPTL4, while the FOXO1-mediated inactivation by HDL results in the

induction of ANGPTLA4.



In part I, we focused on the expression of the endothelial lipase (LIPG) gene, which
mediates HDL catabolism. Initially, we observed that natural HDL (tgHDL) inhibited the
expression of LIPG in contrast to reconstituted HDL (rHDL-AI) which induced its expression.
We focused on the effect of tgHDL and we found that not only tgHDL inhibited the
expression of LIPG but also prevented the induction of LIPG by growth deprivation
(starvation). Silencing the expression of FOXO1 by utilizing a specific siRNA led to reduction
of the LIPG mRNA levels indicating that FOXO1 is an important transcriptional activator of
this gene in starvation conditions. TgHDL, by promoting FOXO1 transcriptional inactivation,
inhibits LIPG expression. In addition to FOXO1 inactivation, tgHDL may inhibit the
expression of an additional gene — still uncharacterized- in order to prevent LIPG-mediated

induction by starvation.

In part Il we studied the functionality of HDL isolated from patients with Ankylosing
Spondylitis (AS), a chronic inflammatory disease. We reported that HDL isolated from
healthy people was able to phosphorylate AKT kinase, while HDL isolated from patients with
AS showed reduced AKT phosphorylation indicating the existence of dysfunctional HDL in

AS patients.

Although HDL is synthesized extracellularly, liver is the main source of proteins
participating in HDL biogenesis. Therefore, in Chapter 2 we used the human liver cell line,
HepG2, in order to identify the mechanisms underlying the expression of genes involved in
HDL metabolism.

In part IV we studied the regulation of the transcription factor LXRa in the liver. LXRa
(Liver X Receptor a) is a key regulator of lipid and cholesterol metabolism by controlling
directly the expression of genes participating in these pathways (for instance ABCAL,
ABCG1, SREBP etc.). We observed that the promoter of human LXRa gene (hLXRa) is
activated by HNF-4a, a transcription factor expressed in the liver which regulates the
expression of several liver-specific genes. By performing ChiP and DNAP analysis, we
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identified the binding site of HNF4a in the proximal region of the hLXRa promoter and
specifically in the region from -50 to -40. Disruption of this site in the hLXRa promoter with
site-specific mutagenesis abolished the transactivation by HNF-4a. Moreover, silencing of

HNF-4a in HepG2 resulted in reduction of LXRa protein levels.

In part V, we studied the ability of the micro-RNA let-7b to regulate the expression of
apolipoprotein E (apoE) gene in HepG2 cells. ApoE is a crucial apolipoprotein since it not
only mediates the clearance of triglyceride-rich lipoproteins from the circulation, but also
participates in the biogenesis of HDL. Overexpression of let-7b in HepG2 caused a reduction
in both mRNA and protein levels of apoE. However, let-7b overexpression did not affect the
luciferase activity of a plasmid containing the 3’-UTR region of the mRNA of apoE. This
observation indicates that let-7b does not regulate directly, though the 3’-UTR region, the
expression of apoE. Furthermore, co-expression of a plasmid containing the (-500/+73)
promoter of apoE with let-7b led to reduced luciferase activation confirming the indirect effect
of let-7b in the regulation of apoE expression. Interestingly, we identified that let-7b also
regulates the expression of apoA-l, the main protein of HDL. We found that let-7b
overexpression resulted in a reduction of the mRNA levels of apoA-lI as well as in the
luciferase activity of a plasmid containing the (-1020/-24)-apoA-l promoter. Bioinformatic
analysis in the mRNA region of the human apoA-I gene did not reveal any putative let-7b
binding sites suggesting that apoA-I, similar to apoE, is regulated by let-7b independently of
the 3’-UTR region.

In conclusion, the findings from this PhD thesis provide new insights into the
mechanisms that control HDL serum levels as well as its functionality. Genes found in the
present study to mediate HDL functions in endothelial and liver cells may be of great
diagnostic and/or therapeutic value in patients with low HDL or dysfunctional HDL such as

patients with CVDs or chronic inflammatory diseases.



1. INTRODUCTION
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1.1 Atherosclerosis

1.1.1 Cardiovascular Diseases

Cardiovascular diseases (CVDs) refer to a group of disorders affecting the heart and
blood vessels such as the coronary artery disease, the cerebrovascular disease, heart
failure and cardiomyopathies and are the major cause of mortality globally. According to the
Global Burden of Disease (GBD), in 2017 CVDs had an estimated global prevalence of 73
million people, causing nearly 18 million deaths representing the 31% of all global deaths
(1). In Europe, an epidemiological study in 2016 showed that CVD deaths account for 45%
of all deaths (2). The pathophysiological cause of CVDs is atherosclerosis which is
characterized by the gradual thickening of the arterial wall as a result of lipid accumulation
and chronic inflammation. Both environmental and genetic factors, as well as the interplay
between them, are implicated in the pathogenesis of atherosclerosis and subsequently to
CVDs (3). Many clinical studies have shown that age, cigarette smoking, physical inactivity,
hypertension and obesity lead to an increased risk of presenting CVDs. Similarly,
dyslipidemias and especially high levels of LDL-cholesterol and low levels of HDL-
cholesterol in the plasma are considered as high risk factors for CVDs, since they play a

crucial role for both the initiation and the development of atherosclerosis (4).

1.1.2 The pathogenesis of Atherosclerosis

Atherosclerosis is a pathological disorder of the large and medium-sized arteries (5)
driven by two underlying processes: a build-up of lipid deposit in the wall of arteries followed
by a strong inflammatory response against it. The interplay between these two processes
leads to the formation of the atherosclerotic plague which gradually becomes thicker
resulting in the narrowing of the artery lumen. Consequently, the amount of blood supplied to

the organs is reduced, most commonly affecting the heart and the brain. Plagues can
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abruptly rupture, causing blood clots and often a heart attack or stroke (6). It has been
shown that atherosclerosis starts at a young age, indicating that it progresses slowly and

silently over decades before it results in cardiovascular events (7).

A plethora of factors including lipids (mainly cholesterol), lipid transporters (primarily
LDL which transfers cholesterol from liver to peripheral tissues) and cells (endothelial cells,
leukocytes and smooth muscle cells) are involved in the development of the atherosclerotic
plague (5) which can be divided into three stages: initial lesion, fatty streak and complex

lesion (8) (Fig. 1.1).

Initial lesion: Circulating LDL enters the sub-endothelium layer (intima) either through
passive diffusion or through transcytosis via SR-BI-DOCK4 mechanism (9). There, LDL is
trapped by proteoglycans which are expressed in the surface of endothelial cells (10). The
trapped LDL undergoes a plethora of modifications, mainly oxidation, resulting in the
formation of oxidized LDL particles (oxLDL) (11). Then, these oxLDL particles stimulate
endothelial cells to express adhesion molecules including vascular cell adhesion molecule-1
(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) and various chemokines such as
the monocyte chemoattractant protein-1 (MCP-1) and Interleukin 8 (IL-8). This leads to
monocyte recruitment, adhesion, and transmigration into the intima followed by their

differentiation to macrophages (12).

Fatty streak: In the arterial wall, macrophages engulf the oxLDL particles through the
scavenger receptors CD-36, SR-A and LOX-1. However, macrophages cannot further
catabolize oxLDL resulting in the accumulation of these particles and the formation of
cholesterol-laden macrophages called foam cells. In turn, foam cells secrete
proinflammatory cytokines to recruit additional monocytes, as well as T cells to the vascular
endothelium (12). Interestingly, it has been shown that ox-LDL, by interacting with the
monocytes, provokes epigenetic histone modifications leading to increased production of

proinflammatory cytokines and foam cell formation (13). The accumulated foam cells begin

12



to undergo apoptosis and necrosis, resulting in the release of cellular debris and cholesterol
crystals into the intima of the arteries (14).

Complex lesion: The apoptotic cells and the fatty contents accumulate to form a lipid-

rich necrotic core (14). While the inflammatory response is maintained with the accumulation
of both T and B cells (12), foam cells regulate the migration and the proliferation of vascular
smooth muscle cells (VSMC) in the intima. VSMCs secrete large amounts of extracellular-
matrix components (ECM), such as collagen, resulting in the formation of a fibrous cap over
the lipid core stabilizing the plaque (15). Complex mechanisms triggered by the inflammatory
response, including the inhibition of collagen production by VSMCs, could result in an

unstable lesion that can rupture and lead to thrombosis (16).
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Figure 1.1 The stages of atherosclerotic plaque formation (8)
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1.1.3 The role of endothelial dysfunction in atherosclerosis

Endothelium is a single layer of endothelial cells that covers the inner surface of
blood arteries forming a selectively permeable barrier between circulating blood and the
arterial wall. Besides its function as a barrier, endothelium synthesizes and secretes a wide
range of biologically active mediators (vasodilators, extracellular matrix proteins, growth
factors, cytokines) affecting different aspects of vascular biology (17). The secretory ability of
endothelial cells is under the regulation of a plethora of stimuli such as physical forces
(sheer stress), lipoproteins, hormones, platelet products, and cytokines (18). Alterations in
the endothelial function because of pathophysiological stimuli precede the formation of

plague lesion contributing to the initiation and the maintenance of atherosclerosis (17).

In healthy conditions, endothelium controls vascular tone, blocks leukocyte adhesion

and migration, inhibits platelet activation and thrombosis and suppresses SMCs proliferation
(19). It is noteworthy that these effects are mediated mainly by the vasodilator molecule nitric
oxide (NO). NO is produced by the endothelial isoform of NO synthase (eNOS) during the
conversion of L-arginine to L-citrulline and is then diffused through the endothelial plasma
membrane to the neighboring cells (Fig. 1.2) (17). NO functions mainly through two different
mechanisms: a) by the activation of the soluble guanylate cyclase in the adjacent VSMCs
leading to a profound increase in intracellular cGMP and thus resulting in their relaxation and
vasodilation; and b) by promoting the s-nitrosylation of cysteine residues in a wide range of
proteins (the transcription factor NF-kB, cell cycle controlling proteins, proteins involved in

generation of tissue factor), resulting in their inactivation (20).

Besides NO production, endothelial cells exhibit also anticoagulant and fibrinolytic
properties by releasing additional mediators including prostacyclin (PGl,), heparin-like
molecules, thrombomodulin and the tissue plasminogen activator, as well as by providing a
luminal surface (21). It should be mentioned that the structural and functional integrity of
endothelium is regulated by complex cell-cell junctions such as adherens junctions, gap
junctions and desmosomes (22).
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Figure 1.2 The production and the biological actions of endothelial NO (17).

In_the pathogenic state of atherosclerosis, the endothelial phenotype changes to a

proinflammatory and prothrombotic state, a process referred to as endothelial dysfunction or
endothelial activation (23). Critical step for the development of endothelial dysfunction is the
loss of endothelial integrity (endothelial injury) which leads to the entry and the accumulation
of LDL particles in the arterial wall (19). Numerous proatherogenic factors such as disturbed
blood flow (17), hypercholesterolemia, obesity and hypertriglyceridemia have been

determined to promote endothelial cell injury (24).

As was described above, the trapped LDL particles in the intima are oxidized and
play a crucial role for the development of endothelial dysfunction. On the one hand, oxLDL,
either by inhibiting eNOS activation or by enhancing NO degradation, prevents the
production of NO and subsequently its protective effects (Fig. 1.3) (25). On the other hand,
oxLDL orchestrates the endothelial inflammatory response by inducing the activation of NF-
KB resulting in the overexpression of NADPH oxidase 1 (NOX-1), vascular cell adhesion
molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), monocyte

chemoattractant protein 1 (MCP-1), and other chemokines (Fig. 1.3) (17). As a result of
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these responses, the endothelium permeability is impaired, reactive oxygen species (ROS)
are generated and the adherence and migration of monocytes is augmented. ROS and
cytokines produced by the monocytes also contribute to both the reduction of NO and the

inflammatory response (26).

Injury of the endothelium also triggers thrombotic response by both releasing
thromboxane A2 (TxA2) which promotes platelet aggregation, and expressing adhesive co-
factors for platelets such as von Willebrand factor and fibronectin (27). In parallel, the
expression of antithrombotic substances is decreased. Moreover, activated endothelial cells
can express both the tissue factor, which activates the fibrin-generating coagulation cascade
(21) and the plasminogen activator inibitor-1 (PAI-1) which inhibits the fibrinolytic pathway

(28). These effects facilitate the process of thrombosis, causing devastating consequences.
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1.2 Lipoproteins

1.2.1 The biological role of lipoproteins

Lipoproteins are complex particles of lipids and proteins that serve as vehicles for
lipid transport throughout the body to tissues where they are required. Lipoproteins consist of
non-polar lipids (including cholesterol esters (CE) and triglycerides (TG)), amphipathic lipids
(including free cholesterol (FC) and phospholipids (PL)) and proteins (apolipoproteins) such
as apoA-l, apoA-Il, apoB, apoC-Il, apoC-lll, apoE and apoM (29, 30). The basic structure of
lipoproteins is the spherical one in which the non-polar lipids are in the core of the molecule
surrounded by a single membrane layer of amphipathic lipids. Apolipoproteins are also
enclosed in the membrane, both stabilizing the complex and providing its functional

specificity (31, 32).

The composition and the ratio of lipids to proteins within each lipoprotein molecule
determine its size and density. In general, the size of each patrticle is inversely related to its
density. Based on their density, lipoproteins are classified into five groups (lower to higher
density): chylomicrons, very low density lipoproteins (VLDL), intermediate-density
lipoproteins (IDL), low-density lipoproteins (LDL), and high-density lipoproteins (HDL) (33).
Lipoproteins of each group consist of characteristic apolipoproteins and have distinctive lipid

compositions (Table 1.1).
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Density <0.94 0.94-1.006 1.006-1.019 1.019-1.063 1.063-1.21
(9/ml)
Diameter. 75-1200 30-80 25-50 18-30 5-12
(nm)
Components
Protein (%) 1-2 6-10 18 18-20 45-55
FC (%) 1-3 4-8 29 6-8 3-5
CE (%) 2-4 16-22 32-35 45-50 15-20
PL (%) 3-6 15-20 22 18-24 26-32
TG (%) 80-95 45-65 31 4-8 2-7

Table 1.1 Lipoprotein classification, lipid and protein content (modified from(32))

1.2.2 Pathways of lipoprotein metabolism

The successful transfer of lipids and their subsequent distribution into the body is
achieved by sequential rounds of biosynthesis and catabolism of lipoproteins. Several
proteins including apolipoproteins, plasma enzymes, lipoprotein receptors and lipid
transporters are involved in these processes. The metabolism of lipoproteins is performed
through three distinct but interrelated pathways: the chylomicron pathway, the VLDL/IDL/LDL

pathway and the HDL pathway.

Chylomicrons pathway: through this pathway the dietary lipids are absorbed by the

small intestine and are available for the rest of the tissues. Briefly, dietary free fatty acids
and cholesterol are transferred through different pathways to the endoplasmic reticulum of
enterocytes and undergo modifications resulting in the formation of triglycerides and
cholesterol esters respectively. Then, these lipids interact with apolipoprotein B-48 (apoB-
48) producing chylomicrons, which in turn are secreted into the circulation. In the circulation,

the enzyme lipoprotein lipase (LPL) catalyzes the triglyceride component of chylomicrons
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releasing free fatty acids which now can be absorbed by peripheral tissues. The chylomicron

remnants are subsequently taken up by the liver (34).

VLDL/IDL/LDL pathway: through this pathway the lipids synthesized by the liver are

transferred to peripheral tissues. The newly synthesized triglycerides and cholesterol, as well
as the triglycerides from chylomicrons, interact with apolipoprotein-B100 (apoB-100)
resulting in the formation of VLDL particles which in turn are secreted into the circulation.
VLDL particles are also triglyceride-rich but they have a higher ratio of cholesterol to
triglycerides compared to chylomicrons. As with chylomicrons, the triglycerides of VLDL are
hydrolyzed by LPL in the circulation releasing free fatty acids and converting VLDL to IDL
particles. The triglycerides of IDL are further hydrolyzed by hepatic lipase (HL) resulting in
the formation of the cholesterol-rich LDL particles. LDL is responsible for the transfer of
cholesterol to peripheral cells. Both IDL and LDL particles are taken up by the liver via the

LDL receptor ffor further catabolism (35).

HDL pathway: through this pathway excess lipids from peripheral tissues are
transferred back to the liver. HDL is synthesized extracellularly through a complex pathway
in which many proteins such plasma enzymes and lipoprotein receptors are participating.
HDL is enriched with cholesterol and phospholipids, while the main apolipoprotein of HDL is
apolipoprotein-Al (apoA-1) which is produced and secreted by the liver and the intestine.
HDL particles promote the efflux of cholesterol from peripheral cells and its transfer back to
the liver, a process referred to as the Reverse Cholesterol Transport (RCT). Additionally,
HDL is implicated in the transport of triglycerides and phospholipids, while additional
functions of HDL, such as the anti-inflammatory and anti-oxidative properties, have been
described (36). In the following chapters, we will discuss in detail HDL metabolism and its

functions.
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1.3 The Metabolic Pathway of HDL

1.3.1 HDL structure

HDL comprises a heterogeneous group of macromolecules which differ in
composition, structure and functionality. The main apolipoprotein component of HDL is
apoA-l, representing ~ 70% of the total protein in HDL and plays a key role in the
biogenesis, structure stability and function of HDL (37). However, additional apolipoproteins
have been identified to bind to HDL particles including apoA-Il, apoA-IV, apoC-Ill, apoE,

apoM and apoJ.

In the plasma, HDL particles are found either in discoidal or in spherical structures
(Fig. 1.4). Discoid HDL particles are small and lipid-poor representing the pre-mature forms
of HDL and consisting of phospholipids, free cholsterol and apoA-I in a bilayer conformation
(38). On the other hand, the spherical HDL patrticles are larger consisting of a hydrophobic
core of cholesterol esters and triglycerides surrounded by the polar lipids and apoA-I (38). In

healthy conditions, the spherical type is the most abundant type of HDL in the circulation.

Spherical

Discoidal

Figure 1.4 The discoidal and the spherical type of HDL particles.
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1.3.2 HDL biogenesis/remodeling/catabolism

The pathways of biogenesis, remodeling and catabolism of HDL are complex in
which a variety of membrane-bound and plasma proteins are involved (39). These pathways

are depicted in Fig. 1.5 and briefly described below:

Biogenesis: The initial step for HDL biogenesis is the synthesis and the secretion of
apoA-1 by the liver and the intestine (40). Lipid-free apoA-I interacts with the transmembrane
lipid transporter ATP Binding Cassette Transporter A1 (ABCA1) promoting the transfer of
cellular phospholipids and cholesterol generating the lipid-poor apoA-| particles (41). These
particles are further lipidated via interaction with ABCA1 from peripheral cells resulting in the
formation of the discoidal B-HDL particles. These particles are enriched with unesterified
cholesterol representing the pre-mature type of HDL. In the presence of the enzyme
lecithin:cholesterol acyl transferase (LCAT), these discoidal particles are converted to
spherical ones (maturation) (39). Specifically, LCAT catalyzes the esterification of free
cholesterol with a fatty acid derived from lecithin thus forming the hydrophobic cholesterol
esters, which in turn are inserted into the non-polar core of the particle creating the spherical
type of HDL (42). The spherical type is the most abundant type in the blood circulation of
healthy people. It should be mentioned that apoE and apoA-IV can also interact with the

above mediators and participate in the biogenesis of HDL (43, 44).

Remodeling: In the circulation, the newly synthesized spherical HDL particles are in a
continuous process of remodeling. Specifically, spherical HDL also promotes the efflux of
cellular cholesterol by interacting with the lipid transporter ABCG1 (45). Additionally,
phospholipids are transferred from VLDL/LDL particles to HDL by the action of the
phospholipid transfer protein (PLTP) (46). Both of these processes lead to the generation of
larger HDL particles. On the other hand, a variety of mechanisms are implicated in the
formation of smaller HDL or even lipid-poor apoA-I particles, which in turn can initiate a new
cycle of maturation and remodeling. Specifically, HDL by interacting with the scavenger
receptor class B type | (SR-Bl) mediates the selective uptake of cholesterol esters by the
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cells (47). It should mentioned that in some cases SR-BI can promote the efflux to HDL (47).
Moreover, cholesterol esters are transferred from HDL to VLDL/LDL particles by cholesterol
ester transfer protein (CETP) (48). Finally, the hydrolysis of phospholipids and residual

triglycerides of HDL is mediated by endothelial lipase and hepatic lipase respectively (49).

Catabolism: HDL transfers cholesterol esters back to the liver either through the
VLDL/LDL pathway or through the selective CE uptake via the hepatic SR-BI. Then,
cholesterol is secreted into the bile via the ABCG5/G8 transporters and then to feces for final
removal from the body (39). Besides the removal of CE, the whole particle of HDL can be
removed from the plasma for further degradation through two different mechanisms. The first
one is the endocytosis of HDL holopatrticle by the liver via the synergistic action of the ecto-
F1-ATPase and P2Y13 receptors (50). The second one refers to the lipid-poor apoAl

particles which are removed from the kidney by binding to cubilin/megalin receptors (39).
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Figure 1.5 Schematic representation of the metabolic pathway of HDL (modified (51)).

1.3.3 HDL subpopulations

A consequence of the continuous remodeling of HDL particles is the generation of a
variety of HDL subpopulations which differ in density, size, lipid and protein composition, and
surface charge. Several methods have been developed in order to subfractionate HDL

particles (52).

Using ultracentrifugation, HDL particles are separated on the basis of their density
into two major subfractions: HDL2 (1.063-1.125 g/ml) and HDL3 (1.125-1.21 g/ml) (Fig.
1.6A) (53). To separate HDL particles depending on their size two distinct methods have
been developed. The classical one is by utilizing non-denaturing polyacrylamide gradient gel
electrophoresis (GGE) in which HDL particles are separated into five distinct subpopulations:
HDL2b (~10.6 nm), HDL2a (~9.2 nm), HDL3a (~8.4 nm), HDL3b (~8.0 nm), HDL3c (~7.6
nm) (Fig. 1.6 A, B) (54). The most recent one is by utilizing the nuclear magnetic resonance
(NMR) in which three HDL subclasses can be identified: large HDL (8.8—13.0 nm diameter),

medium HDL (8.2-8.8 nm) and small HDL (7.3-8.2 nm) (55).

Utilizing immunoaffinity-based methods, HDL particles are classified depending on
their apolipoprotein composition into two major subpopulations: HDL containing apoA-I

(LpAl) or HDL containing both apoA-l and apoA-Il (LpA-I:A-ll) (56).

Based on surface charge, HDL can be separated by agarose gel electrophoresis into
three subpopulations (a-, prep- and y- migrating particles). a-migrating particles (a-HDL)
include the spherical particles of HDL. Pre-§ particles (pre-B HDL) are either discoidal or
lipid-poor apoA-l particles, while y-particles (y-HDL) contain the spherical apoE-HDL
particles (57, 58). Additionally, HDL particles can be distinguished based both on their size
and on surface charge. This is performed with non-denaturing two-dimensional gel

electrophoresis (2D-PAGE) and shows the existence of twelve subpopulations: prep-1a,
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prep-1b, preB-2a, preB-2b, preB-2c, a1, a2, a3, a4, prea-1, prea-2 and prea-3 (Fig. 1.6C)
(59).
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Figure 1.6 HDL heterogeneity. A) Distribution of HDL based on their density or their size
(60). B) Schematic representation of the distribution of HDL particles after GGE (52). C) (left
panel) 2D-PAGE in order to separate HDL patrticles based on both their surface charge and
their size. (right panel) Schematic diagram of all the apoA-I containing HDL particles after 2D
PAGE (52).
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1.3.4 The role of apoA-l and apoE in HDL Biogenesis
1.3.4.1 apoA-I-HDL particles

Apolipoprotein A-1 (apoA-I) is the major protein of HDL and plays central roles in all
aspects of HDL biology, from HDL biogenesis to proper HDL functionality. It is synthesized
mainly by the liver and the intestine and secreted in a precursor form (pro-apoA-I) which
undergoes proteolytic processing resulting in the mature apoA-I (61, 62). The structure of
mature apoA-l consists of eight alpha-helical amphipathic domains of 22 amino acids and
two repeats of 11 amino acids (63). These amphipathic domains allow apoA-I to interact with
lipids. Additionally, its structure is characterized by a high degree of flexibility allowing apoA-I
to readily adopt different conformations. This low stability structure facilitates the functional
remodeling of HDL particles as well as the interactions between apoA-I and membrane

receptors or transporters (63)

ApoA-I plays a key role in the formation of HDL particles. Specifically, it interacts with
ABCAL promoting cholesterol efflux and it also functions as the scaffold protein that accepts
these lipids (39). Indeed, structural-functional studies utilizing apoA-1 isoforms with mutations
in the C-terminal segment (amino acids 220-231), which is responsible for the interaction
with ABCAL, resulted in decreased HDL levels due to impaired cholesterol efflux (64-67).
Additionally, apoA-I acts as coactivator of LCAT enzyme (39). Mice expressing the natural
mutations of apoA-l, L141Rpis, and L159Rgy, had decreased HDL-C levels consisting of
small size HDL particles ( preb2 and a3, a4) due to impaired capacity of apoA-I to activate
LCAT (Fig. 1.7) (68). Beyond biogenesis, apoA-I interacts directly with ABCG1 and SR-BI
transporters regulating also the steps of remodeling and catabolism of HDL (39).
Furthermore, apoA-I by directly binding to SR-BI and ecto-F1-ATPase receptors activates
intracellular signaling cascades resulting in a variety of atheroprotective effects (discussed in

detail below).
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Figure 1.7 Characterization of apoA-I-containing HDL subpopulations in the serum of
transgenic mice expressing human apoA-| (wild type or the mutations L41R and L159R) on
chow diet. The serum was analyzed by two-dimensional gel electrophoresis and western
blotting using anti-human apoA-| antibody (68).

1.3.4.2 apoE-HDL particles

Apolipoprotein E (apoE) is an essential apolipoprotein of lipid metabolism in all
tissues and organs. It is synthesized mainly by the liver but also by macrophages, endocrine
tissues and central nervous system (40, 69, 70). Human apoE is a polymorphic protein.
There are 3 isoforms of apoE: isoforms E2, E3 and E4, differing by a single unit of net
charge (71). The three isoforms are expressed from multiple alleles at a single apoE genetic
locus. E3 allele is considered the wild type because it is expressed in highest frequency in all
populations studied (~78%) (72, 73). E2 allele is found in 7.5% of the general population and
is associated with type Il hyperlipoproteinemia (type Il HLP) (72), while E4 is found in
13.4% of the general population and is considered a risk factor for the development of

Alzheimer’s disease (72, 74).

Similar to apoA-I, apoE contains eight amphipathic alpha-helical repeats allowing its
association with lipids and the formation of lipoproteins (75). The major fraction of circulating
apoE is carried by triglyceride-containing lipoproteins where it serves as a ligand for LDL
receptor (LDLr) as well as for other receptors, promoting the clearance of the lipoprotein
remnants (76-78). Furthermore, apoE is a critical component of the RCT pathway (39).

Although apoE is a minor component of HDL, it has the ability to promote cholesterol efflux
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and to form functional HDL particles in a process similar to that of apoA-I (43, 79). Infection
of apoA-I” mice with apoE4-expressing adenoviruses increased HDL-C levels and
generated discoidal HDL particles that were converted to spherical upon co- infection with an
adenovirus expressing human LCAT. ABCA1" mice treated similarly failed to form HDL
particles, suggesting that the biogenesis of apoE-containing HDL particles requires the
functions of both ABCAl1 and LCAT (43). Importantly, apoE is the only apolipoprotein
present in the brain and by generating apoE-HDL particles controls the lipid homeostasis in
this tissue (76, 80). The importance of apoE in lipid homeostasis is evident in mice with apoE
deficiency which develop atherosclerotic lesions spontaneously (i.e. without a high fat diet),
similar to those observed in humans, and these lesions exacerbate when mice are fed a high
fat diet (81). Therefore, apoE™ mice became the best animal model to study atherosclerosis

in cardiovascular research (82, 83).

1.3.5 HDL heterogeneity

Proteomic and lipidomic analysis have shown that many proteins and lipids are
associated with the molecule of HDL affecting its structure and its function. Several
proteomic studies utilizing different methods of HDL isolation have identified up to 80 distinct
proteins associated with HDL (84). Besides apolipoproteins, there are proteins belonging
into several subgroups including enzymes, lipid transfer proteins, acute-phase response
proteins, complement components, proteinase inhibitors and other protein components

(Table 1.2).

The HDL lipidome is dominated by phospholipids that contribute to 27-32% of total
HDL mass. Technological advances in mass spectrometry (MS) reveal more than 200
individual molecular lipids species in the five major HDL subpopulations (85). Table 2
presents the major lipid subclasses. It should be mentioned that among sphingolipids, HDL

binds the important bioactive sphingosine-1-phosphate (S1P).
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Importantly, many studies in the last decade have shown that HDL binds miRNAs
and delivers them to cells and tissues (Table 2). The circulating levels of these miRNAs are

altered in pathophysiological conditions, while some of them have been correlated with

CVDs (86).
> 80 proteins >200 lipid species miRNAs
Apolipoproteins: Phospholipids: miR-223
ApoA-I, ApoA-Il , ApoA-IV, ApoC-I, ApoC-Il, Phosphatidylcholine, PC-plasmalogen, LysoPC, miR-33
ApoC-lll, ApoC-IV, ApoD, ApoE, ApoF, ApoH, Phosphatidylethanolamine, PE-plasmalogen, .
N L miR-24
Apol, Apol-I, ApoM Phosphatidylinositol, Cardiolipin, )
Phosphatidylserine, Phosphatidylglycerol, ml.R—30c
Phosphatidic acid Mir-146a
miR-155
Enzymes: LCAT, PON1, PAF-AH, GSPx-3 Sphingolipids:
Sphingomyelin, Ceramide, Hexosyl Cer ,
Lactosyl Cer, S1P, SPC
lipid transfer proteins: PLTP, CETP Neutral lipids:
Cholesteryl esters, Free cholesterol,
Triacylglycerides, Diacylglycerides
acute-phase response proteins: Minor lipids:
SAA1, SAA4, Fibrinogen Free fatty acids, Isoprostane-containing PC
alpha chain

Complement components: C3

proteinase inhibitors: Alpha-1-antitrypsin, Hrp

other protein components: Transthyretin,
Serotransferrin, Vitamin, D-binding protein,
Alpha-1Bglycoprotein, Hemopexin

Table 1.2 Proteins, lipids and miRNAs that are associated with HDL particles ((38, 86))
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1.4 Molecular Mechanisms Regulating HDL Metabolism

The proper quantity and functionality of HDL in the circulation requires a rigorous
cooperation among the different steps (biogenesis, remodeling and catabolism) of HDL
metabolism. Therefore, the expression of proteins participating in these steps is under a tight
regulation at multiple levels. Indeed, it has been reported that these proteins are under the
regulation of: a) transcription factors including nuclear receptors and SREBPs, at the
transcription level (87), b) several miRNAs at the post-transcriptional level (88), c) long-non
coding RNAs at both transcriptional and post-transcriptional levels (89) and d) enzymes and
ubiquitinases at the post-translational level (87). In the context of this thesis, we will focus on

the role of nuclear receptors and miRNAs in liver HDL metabolism.

1.4.1 The impact of Nuclear Receptors on HDL metabolism

Nuclear receptors (NRs) comprise a superfamily of transcription factors that
transduce different metabolic signals to modulate gene transcription. Forty eight NRs have
been identified in humans and 49 in mice (90). The majority of NRs are activated in a
ligand-dependent manner by steroid hormones, retinoids, thyroids and products of
intermediate metabolism such as bile acids, fatty acids and cholesterol derivatives (91). Still,
some members of this family do not need ligand binding to regulate transcription and are

classified as “orphans” (92).

All proteins of the NR superfamily share a common structure (Fig. 1.8A) that includes
the following domains: a) a N-terminal transactivation domain called Activation Function 1
(AF-1) for interaction with cofactors; b) a conserved DNA binding domain (DBD) that
contains two zinc fingers; c) a variable hinge region that connects the DBD with the ligand-

binding domain (LBD); and d) the LBD which is unique for each NR and also contains a
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second transactivation domain called AF-2 (93). Nuclear receptors bind to specific DNA
sequences called Hormone Response Elements (HRES) on the promoters of target genes
either as homodimers or as heterodimers with the Retinoid X Receptor (RXR) (87). HREs
variously contain direct repeats (DRs), inverted repeats (IRs) or palindromic repeats (PRs) of
the sequence 5’-AG(G/T)TCA-3’. These repeats are separated by one, two, three, four, or
five nucleotides and are designated DR1, DR2, etc. (for direct repeats), IR1, IR2, etc. (for e
inverted repeats), and PR1, PR2, etc. (for palindromic repeats) (94). The exact sequence of
the repeats and spacing as well as the 5 extension of the HREs define the specificity of
different nuclear receptor heterodimers. In the absence of ligand, NRs bind to DNA and
associate with corepressors resulting in the repression of transcription. Upon ligand binding,
NRs undergo conformational changes leading to the recruitment of transcriptional co-
regulators, chromatin remodelers and the general transcription machinery to activate the

target gene (Fig. 1.8B) (95).
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Figure 1.8 A) Schematic representation of structure, dimerization process and DNA binding
of Nuclear receptors, B) Schematic diagram of ligand-dependent activation of nuclear
receptors (92).

Accumulating evidence reveals that the promoters of genes associated with HDL
metabolism, such as apoA-I, apoA-Il, apoE, apoM, LCAT, ABCA1 and SR-BI, are rich in
HREs (51, 87, 92). In vitro and in vivo studies have confirmed the binding of several NRs in
these sites in response to various intracellular and extracellular ligands. The main NRs
binding to HDL-related genes are LXRs, HNF-4a, PPARs, RXR, RAR, T3B and FOXA2,
which control important steps of HDL biology, by regulating the expression of the
corresponding genes (51, 87, 92). An example of the regulation of a promoter by NRs is

depicted in Figure 1.9.
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Figure 1.9. Regulatory elements and Nuclear Receptors that participate in the control of
human apoM promoter (96).
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1.41.1LXRs

Liver X receptors (LXRs) are sterol-activated members of the NR superfamily and
play crucial roles in the transcriptional control of lipid metabolism. There are two members of
LXR family, LXRa (NR1H3) and LXRB (NR1H2), whose genes are located in chromosomes
11 and 19 respectively (97, 98). LXRa and LXRB proteins have considerable sequence
homology, sharing about 77% identity in their DBD and LBD domains both in humans and
rodents, but they present distinct tissue distributions (99). LXRa is highly expressed in
metabolic tissues such as liver, adipose tissue, intestine, kidney and macrophages, while
LXRpB is expressed ubiquitously (100). Activation of LXRs is performed by endogenous
ligands, including cholesterol derivatives such as oxysterols and 24(S), 25-epoxycholesterol,
and by intermediate precursors in the cholesterol biosynthetic pathway, such as desmosterol
(101, 102). Additionally, the synthetic agonists GW3965 and T0901317 have high affinity
and activate LXRs (103). To induce the expression of target genes, LXRs form obligate
heterodimers with RXR and bind to a specific DNA site known as an LXR response element

(LXRE) of DR-4 type (98).

The importance of LXRs in maintaining cholesterol homeostasis was observed when
LXRa-knockout mice were fed a high cholesterol diet and developed cholesterol-rich livers
which resulted in impaired hepatic function (104). Nowadays, it is clear that LXRs control the
expression of a plethora of genes participating in different steps of cholesterol homeostasis
(Fig. 1.10). Specifically, LXRs by inducing the expression of transporters ABCAl1 and
ABCG1 (105-107), the lipoprotein remodeling enzymes CETP, PLTP and LPL (108-110),
and apolipoproteins ApoE, ApoC-I, ApoC-Il and ApoC-1V (111, 112) control the transport of
cholesterol from peripheral tissues to the liver (RCT). Moreover, LXRs induce the expression
of ABCG5 and ABCGS8 that together form a functional heterodimeric protein which promotes
the excretion of cholesterol from the liver to the bile and decreases the absorption of dietary
cholesterol by the intestine (113-115). The absorption of dietary cholesterol is also

decreased by LXRs through inhibition of the expression of the Niemann-pick Cl1-like 1
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(Npclll) transporter (116). Interestingly, it has been reported that LXRs also inhibit hepatic
cholesterol biosynthesis through the induction of the non-coding RNA LXR-induced
sequence (LeXis) (117). In this context, LeXis interferes with a co-activator and RNA-binding
protein, RALY, for the transcription of genes in the cholesterol biosynthetic pathway (117).
Furthermore, LXRs inhibit cholesterol uptake by macrophages by inducing the expression of

IDOL, a degrader of LDL receptor (LDLr) (118).
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Figure 1.10 The impact of LXRs on lipid metabolism via regulation of the expression of a
variety genes in different cells (119).

34



The impact of LXRs in RCT and subsequently in atherosclerosis has been
extensively studied in mice (120). Mice lacking total (121), hepatic (122), intestinal (123) and
myeloid (124) LXRs in an atherosclerotic background (ApoE-/- or LDLr-/-) develop severe
atherosclerosis with increased plague lesions. In contrast, administration of LXR
ligands(125) or tissue specific overexpression of LXRa in the intestine (123) and in
macrophages (126) resulted in attenuation of atherosclerosis. Interestingly, the
atheroprotective role of LXRs in macrophages is not only by promoting cholesterol efflux or
decreasing the uptake of cholesterol, but also by exerting anti-inflammatory functions (120).
Indeed, it has been demonstrated that LXRs activation in macrophages reciprocally
represses a set of inflammatory genes such as COX-2, IL-6, IL-1B, and MCP-1(127),

through inhibition of the NF-kB pathway (128, 129).

In addition to their importance in modulating cholesterol homeostasis, LXRs also
control additional liver-specific metabolic processes (Fig. 1.10). LXRs are key regulators of
de novo lipogenesis in the liver by inducing the expression the central activator of fatty acid
biosynthesis sterol regulatory element binding protein 1¢ (SREBP-1c) (130), as well as of
several lipogenic genes such as the fatty acid synthase (Fasn) and the stearoyl-coenzyme A
desaturase 1 (Scdl) (131, 132). Moreover, LXRs exhibit antidiabetic action by suppressing
the expression of glucose 6-phosphatase (G6Pase) and phosphoenolpyruvate
carboxykinase (PEPCK) and subsequently inhibit hepatic gluconeogenesis (133). Indeed,
LXRs activation has been reported to improve glucose tolerance in diabetic mouse (133)

and rat models (134).

Studies in mice lacking either LXRa or LXRp revealed a preferential role of LXRa in
preserving liver cholesterol homeostasis (104, 135-137). The expression of LXRa is driven
by two promoters giving rise to five transcript variants (LXRal-5), which differ in
transactivation activity and tissue distribution (138, 139). LXRal is the main variant,
however, the contribution of the other variants in the different aspects of LXRa biology is

poorly understood. Interestingly, the expression of LXRa is autoregulated through direct
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binding to three LXREs which are located at 2.9kb, 2.1kb and 1.7kb upstream of the
transcriptional start site of LXRal (140, 141). Furthermore, transcription of LXRa is induced
by PPARy (through a PPARE at the distal region of the promoter) (141) and Thyroid
Hormone Receptor B1 (TRB1) (the site of TRB1 in the human LXRa promoter has not been
identified) (142). Moreover, the expression of liver LXRa is under the regulation of
inflammatory and metabolic stimuli. Specifically, it has been reported that TNFa and IL-13
(143) downregulate the expression of LXRa, while insulin upregulates its expression (144)
suggesting that the stimulatory effect of insulin on hepatic lipogenesis may be partially

mediated via LXRa (145, 146).

1.4.1.2 HNF-4a

Hepatocyte nuclear factor 4 alpha (HNF-4a or NR2A1) is an orphan member of the
NRs superfamily and is highly conserved among species (147). It has been reported that
linoleic acid (LA, C18:2) binds to the LBD of HNF-4a, however the activation of this NR is
independent of ligand-binding (148). HNF-4a forms homodimers and binds to HREs of DR-1
type. Also, it binds to a novel HNF4-specific binding motif (H4-SBM) with the consensus

sequence 5 xxxxCAAAGTCCA 3’ (149).

HNF-4a is essential for embryonic development, since mice deficient for HNF-4a are
embryonically lethal due to impairment in gastrulation (150). The expression of HNF-4a is in
abundance in the liver and to a lesser degree in kidney, intestine and pancreas (151).
Hepatic HNF-4a is a master regulator of liver development, differentiation and functionality
by controlling the expression of a great number of genes. Conditional liver-specific
inactivation of the HNF-4a gene in mice caused weight loss, increased mortality, liver
steatosis, lipid abnormalities, defective ureagenesis and gluconeogenesis due to impaired
expression of genes involved in these processes (152-155). Importantly, HNF-4a not only

regulates genes by directly binding to their promoters and/or enhancers but also appears to
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be fundamental for establishing a network of transcription factors that governs the
expression of additional hepatic mRNAs (156). Furthermore, studies in livers from adult
humans revealed that more than 40% of the promoters of active genes were bound by HNF-
4a (157), whereas reduced expression and/or activity of HNF-4a is associated with all major
liver diseases, such as alcoholic and non-alcoholic steatohepatitis, viral hepatitis, liver
cirrhosis, and liver cancer (158). Additionally, heterozygous mutations in the HNF-4a gene
are associated with an early onset form of type Il diabetes called maturity onset diabetes of
the young 1 (MODY1) characterized by impaired lipid metabolism and insulin secretion (159,
160). Of note, until today no homozygous mutations in human HNF4a gene have been

reported (161).

In vitro and in vivo studies have revealed that HNF-4a is a positive regulator of many
proteins implicated in HDL metabolism, including apoA-l, apoA-Il, apo-A-lIV, apoE and
ABCA1 (87), whereas mice deficient in hepatic HNF-4a are characterized by low levels of
plasma HDL (152, 162). In agreement with this finding, GWAS studies identified a common
variant in the coding region of the HNF-4a gene (rs1899861) associated with low HDL
concentrations in humans (163). Besides the role of HNF-4a in HDL metabolism, it has been
reported that HNF-4a affects also HDL functionality, since HNF-4a induces hepatic apoM
expression through an HRE element in the proximal region of the apoM promoter (Fig. 1.9)
(96). ApoM functions as a carrier for the atheroprotective molecule S1P in the HDL molecule
(164). As we will discuss below, many atheroprotective functions of HDL are mediated

through the apoM-S1P constituent.

The expression and transcriptional activity of HNF-4a are regulated at multiple levels.
At the transcription level, the expression of HNF-4a is driven by two promoters (P1 and P2)
giving rise to 9 isoforms that exhibit varying levels of transactivation activity and are
expressed in a temporal and spatial-specific fashion (165). P2 promoter-driven HNF-4a
isoforms (HNF-4al1-6) are expressed in fetal liver and adult pancreas, whereas P1

promoter—driven isoforms (HNF-4a7-12) are expressed in adult liver. HNF-4a2 is the most
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predominant isoform in adult liver. A complex network of transcription factors are implicated
in the activation of these promoters, while FOXA1 inhibits P1 promoter in embryonic states
and HNF-4al inhibits P2 promoter after birth (161). Moreover, HNF-4a expression is
regulated by a variety of physiological and pathological conditions, including fasting
(upregulates HNF-4a), refeeding (downregulates HNF-4a), hyperinsulinemia (downregulates
HNF-4a) (166) and inflammation (downregulates HNF-4a) (167). HNF-4a transcriptional
activity is regulated by post-translational modifications including methylation,
phosphorylation and acetylation (167). Furthermore, HNF-4a recruits coactivators (such as
PGCl1la), co-repressors (Hes6) and interacts with a plethora of transcription factors (such as

SP1, COUP-TF, SMAD, KLF9) orchestrating cell transcription (167).

1.4.2 miRNAs: novel regulators of HDL metabolism

MicroRNAs (miRNAs) are short (18-25 nucleotides), single-stranded, non-coding
RNAs involved in post-transcriptional regulation of gene expression. miRNAs function,
mainly, as repressors by direct binding to their target mRNA promoting its degradation or
inhibiting its translation (168). This binding is mediated through sequence-specific
complementarity between the 5 ‘seed’ region of miRNA (2-8 nucleotides) and the 3
untranslated region of the target mRNA (3° UTR) (168). Importantly, most mammalian
mMiRNAs bind with either mismatches or bulges (non-canonical interactions), while the mode
of binding determines the type of post-transcriptional repression (169). Additionally, it has
been reported that some miRNAs can interact with other mRNA target regions including the
5" UTR (170) or the coding sequence (171), while other miRNAs increase rather than
decrease translation of their target mMRNA (172). Interestingly, recent data showed that
certain miRNAs are localized in the nucleus and bind directly to promoter (173) or enhancer

(174) regions regulating the transcription of the corresponding genes.

Human genome encodes about 2.000 miRNAs and prediction algorithms suggest
that 60 % of human protein-coding genes have conserved targets for pairing with miRNAs
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within their 3’ UTR (175). Furthermore, computational methods and validation studies have
revealed that a single miRNA can target multiple genes, while a single mRNA may have
different miRNA binding sites (168, 169). Thus, miRNAs are implicated in all cellular
biological processes such as differentiation, proliferation, apoptosis and aging, while
abnormal expression of miRNAs has been associated with the development of several
diseases including cancer, neureodegenerative and cardiovascular diseases (176).
Interestingly, the finding that some miRNAs are circulating in the plasma, indicates that
these miRNAs may also participate in the communication between different organs (177),
and to be potential biomarkers during the progression of pathophysiological processes (178).

Of note, HDL functions as a carrier for circulating miRNAs (177).

Accumulating data revealed that miRNAs are important regulators of HDL
metabolism by targeting several proteins participating in it (179-181). Characteristically, a
number of reports have shown that ABCAL is targeted by several miRNAs including miR-
33a/b, miR-10b, miR-20a/b, miR-144 and miR-148 resulting in impaired cholesterol efflux in
vitro and RCT in vivo (179-181) (Fig. 1.11). Interestingly, silencing of miR-33 (182-184) or
miR-20a/b (185) attenuated atherosclerosis progression in mouse models of atherosclerosis.
Specifically, miR-33 isoforms (miR-33a and miR-33b) play a crucial role in cholesterol
homeostasis overall. On one hand, miR-33a/b inhibit both ABCA1 and ABCGL1 expression
regulating cholesterol efflux, and on the other they regulate the last phase of RCT by
inhibiting factors involved in the synthesis (CYP7A1) and secretion (ATP8B1 and ATCB11)
of bile acids (179) (Fig. 1.11). Besides the regulation of proteins participating in cholesterol
efflux, it has been demonstrated that several miRNAs (miR-185, miR-96, miR-233) also
target SR-BI inhibiting its expression and leading to impaired HDL-C uptake in hepatic cells
in vitro (179, 180) (Fig. 1.11). Recently, it was shown that overexpression of a novel miRNA,
miR-24, decreased hepatic SR-BI expression and promoted plaque formation in apoE™ mice

(186). Besides the proteins participating directly to RCT, miRNAs regulate the expression of
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the master regulator of cholesterol metabolism LXRa (miR-1, miR-206, miR-613, and miR-

155), as well as its partner RXRa (miR-128-2) (179).
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/ miR-148a, MiR-128-1
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Figure 1.11 Schematic representation of regulation of ABCA1, ABCG1 and SR-BI by miRs
in liver and macrophages. MiR-33a/b play key regulatory roles in several metabolic
processes. In the liver, besides the regulation of ABCAl, miR-33a/b regulate also the
expression of genes involved in bile acid metabolism (CYP7Al, ATP8B1, ATCB11).
Additionally, in macrophages they regulate the expression of the key autophagy effectors
ATGS5, ATG7, ATG12, LAMP-1 and LIPA and control macrophage polarization by regulating
the expression of PRKAA1, AMPK and ALDH1A2 (181).

1.4.2.1 Let-7

Let-7 (lethal-7) was one of the first miRNAs to be discovered. It was originally
identified in the nematode C. elegans to control the transition from late-larval to adult cell
fates (187). The let-7 miRNA is evolutionarily conserved across various animal species,
including flies and mammals, but it is not found in plants (188, 189). In humans let-7 family
consists of nine members (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i and mir-98)

encoded by twelve different genomic loci, some of which are clustered together (190). These
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members share an almost identical seed sequence (spans nucleotides 2 through 8)

indicating that at least some targets and functions are common (191).

The most characteristic function of let-7 is as tumor-suppressor. Multiple let-7
members were found to be down-regulated in human cancers and cancer stem cells (190,
192). Additionally, it has been reported that let 7 directly targets oncogenes. Specifically, let-
79 inhibits the Rat sarcoma (RAS) resulting in suppressing tumorigenesis in non-small cell
lung cancer (NSCLC) (193), while all members of let-7 family inhibit the oncofetal High-
mobility group AT-hook 2 (HMGAZ2) which is involved in self-renewal of stem cells (194, 195)
and let-7a suppresses MYC-induced cell growth in Burkitt lymphoma cells (196). Moreover,
let-7 was found to suppress cell-cycle progression in cancer cells by repressing cell cycle

regulators such as cyclins A, D1, D3, and CDK4 (190, 192).

Several studies have revealed an important role of let-7s in cardiovascular biological
processes and cardiovascular diseases (197). Specifically, let-7g levels were found reduced
both in high-fat diet-fedmice and hypercholesterolemic humans (198). Let-7d and let-7i
levels are down-regulated in CAD patients (199, 200), while all members of let-7 family are
up-regulated in patients suffering from atherosclerotic abdominal aortic aneurysm (201).
Interestingly, it was reported that overexpression of let-7g in macrophages inhibited the NF-
KB pathway leading to reduction of foam cell formation, decreased accumulation of
macrophages in atheromatic plaques as well as reduction of the size of these plaques (202).
In contrast, it has been reported that both global and pancreas-specific overexpression of
Let-7 in mice resulted in impaired glucose tolerance and reduced glucose-induced
pancreatic insulin secretion by directly targeting components of the insulin-signaling
pathway, such as Igfir, Insr, Irs2, Pik3ip1, Akt2, Tscl, and Rictor, while specfic knockdown
of Let-7 in Let-7 transgenic mice rescued the phenotype by improving insulin sensitivity in

muscle and adipose tissues (203, 204).
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1.5 The Atheroprotective Properties of HDL

From the early studies about the characterization of CVDs, it appeared that patients
with coronary artery disease had less HDL cholesterol (HDL-C) levels in their plasma (205).
Since then, multiple epidemiological studies have confirmed that low levels of HDL-C are a
strong, consistent and independent risk factor for the development of CVDs (206-208).
Importantly, it has been shown that low levels of HDL-C remains predictive of future CVD
risk even when the concentration LDL-C has been reduced to low levels by treatment with
statins (209). Consequently, HDL is thought to be an atheroprotective molecule and thus
research has focused on elucidating its protective properties. It has been established that
HDL exerts pleiotropic functions in order to protect against the development of
atherosclerosis. These functions include: reverse cholesterol transport, positive regulator of

endothelial biology, anti-oxidant and anti-inflammatory effects (36).

1.5.1 Reverse Cholesterol Transport (RCT)

The most characterized atheroprotective role of HDL is its ability to remove excess
cholesterol from macrophages and to transport it to the liver for excretion in the bile, a
mechanism also referred to as reverse cholesterol transport (RCT) (36). As we discussed in
the chapter 1.1.2, the formation and subsequently the accumulation of cholesterol-laden
macrophages (foam cells) in the intima of the arteries constitutes a crucial step in the
development of atherosclerosis. Thus, HDL through RCT protects both macrophages and
the arterial wall from cholesterol accumulation. In fact, macrophage cholesterol efflux
capacity of HDL has been postulated as a more appropriate predictor for cardiovascular

disease than HDL-cholesterol levels (202).
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A crucial step for RCT is the efflux of free cholesterol from macrophages to HDL
particles (either the mature or the lipid-poor particles). This is performed through four
pathways, two active and two passive, which are depicted in Figure 1.12. The active
pathways are mediated by either ABCA1 or ABCG1 transporters. Specifically, ABCAl
promotes the transport of cholesterol to lipid-free apoA-I or lipid-poor HDL particles (210),
while ABCGL1 delivers cholesterol to the mature HDL particles (45). The impact of these
transporters in RCT and subsequently to atherosclerosis has been described by Yvan-
Chavret and colleagues by utilizing transplantation experiments. They transplanted bone
marrow from ABCA1", ABCG1” and ABCA1"/ABCG1" mice into LDLr" mice and observed
that individual deficiency of each receptor led to atherosclerosis, while the lack of both
receptors resulted in an accelerated atherosclerosis development and extensive infiltration of

the myocardium and spleen with macrophage foam cells (211).

In addition to the active cholesterol efflux pathways, aqueous diffusion and diffusion
facilitated by SR-BI are two passive pathways primarily driven by cholesterol concentration
gradient, in which spherical HDL particles are the major acceptors (212). The main function
of SR-BI is to facilitate the selective uptake of cholesterol esters from HDL particles into the
cells (213). However, it has been shown that in macrophages SR-BI is involved in the
opposite pathway promoting the efflux of free cholesterol to HDL (47). The exact role of SR-
Bl in macrophage RCT is controversial. A study from Wang and colleagues showed that
macrophage ABCA1 and ABCG1, but not SR-BI, promote macrophage RCT in vivo (214).
Interestingly, in another study from Van Eck’s lab in Leiden, they showed, using
transplantation experiments, that in the absence of ABCAL1 the relative importance of SR-BI-
mediated cholesterol efflux from macrophages becomes really apparent under conditions

where the efflux to lipid-poor apoA-I1 via the ABCA1 was also disrupted (215).
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Figure 1.12 Schematic representation of the cholesterol efflux mechanisms (216).

1.5.2 HDL as a positive regulator of endothelial biology

Endothelial cells are highly exposed to HDL, both at the luminal and at the sub-
endothelial side (217). In order to reach the sub-endothelial compartment, HDL particles are
transferred through the endothelium via a mechanism called “transcytosis” which includes
the endocytosis of the particles from one side of a polarized endothelial cells and its
exocytosis from the other side (218). ABCA1 was identified as a limiting factor for binding,
uptake, and transport of lipid-free apoA-I through by endothelial cells while ABCG1, SR-BI,
and endothelial lipase were found to limit binding, uptake, and transport of mature HDL

(219).

The effect of HDL on NO production

The endothelial NO production is an essential feature for the maintenance of the
vascular homeostasis. Therefore, it was of great importance when it was demonstrated that
HDL can directly stimulate the endothelial NO production via interaction with SR-BI (220). It

has been shown that HDL modulates eNOS activity through three mechanisms: a) by
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preventing oxLDL-mediated eNOS displacements from caveolae and restoring enzyme
stimulation (221); b) by direct phosphorylation at Ser1117, which is known to activate the
enzyme (220); and c) by increasing the abundance of eNOS protein by increasing its half-
time but not the mRNA levels (222). Also, the capacity of HDL to activate NO production and
subsequently vasodilation has been confirmed in vivo (223), as well as in humans after

applying intravenous rHDL infusion (224).

The interaction between HDL components and endothelial receptors is critical for the
HDL-mediated eNOS activation. Specifically, HDL-bound apoA-I, but not the lipid-free apoA-I
form, interacts with SR-BI and induces the activation of the tyrosine kinase Src, which in turn
activates the phosphoinositide (PI) 3-kinase (PI3K). Then, the PI3K activates both the Akt
and Erk pathways, which independently provoke the phosphorylation of eNOS at serl177
and subsequently the activation of eNOS (225). In addition to this pathway, the interaction of
HDL with SR-BI activates the AMP-activated protein kinase (AMPK) via the activation of the
calcium/calmodulin-dependent protein kinase (CaMK) and the serine-threonine kinase Bl
(LKB1). Then, AMPK activates the AKT pathway, but not ERKSs, leading to the activation of
eNOS (226). The exact functionality of SR-BI in the HDL-mediated eNOS activation has
been studied further. The ability of SR-BI to promote cholesterol efflux plays important role
for the SR-BI-mediated signaling activation (227). Interestingly, it has been found that SR-BI
through its transmembrane (TM) domain binds plasma membrane cholesterol and acts as
cholesterol sensor allowing the signaling activation (227). A single mutation (Q445A) on this
TM domain reduced its binding to cholesterol by 71% and this resulted in an impaired HDL-
induced signaling without altering cholesterol efflux to HDL (228). Additionally, the binding of
SR-BI through a cytoplasmic domain to the adaptor protein PDZK-I is indispensable for the
downstream signaling activation (227). The absence of either of these domains or both of
them resulted in impaired HDL-mediated signaling activation and subsequently eNOS

stimulation (227).
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Another important mechanism of eNOS activation involves the HDL-associated
sphingosine 1 phosphate (S1P). HDL is the main carrier of plasma S1P and apolipoprotein
M (ApoM) is considered as the sole S1P binding protein on HDL (164) . S1P interacts with
the G-protein-coupled receptors S1P1 and S1P3 activating a plethora of downstream
signaling cascades leading to the production of NO (229, 230). One pathway includes the
activation of the GPCR/Src/RAK1/PISK/AKT axis resulting in the phosphorylation of eNOS at
Serl117 (231). Another pathway implicates the activation of AMPK by CaMK leading to the
PI3K/AKT/eNOS activation (226). Additionally, it has been observed that S1P promotes the
mobilization of intracellular Ca®* which in turn disrupts the inhibitory interaction of eNOS with

caveolin promoting NO production (232).

The interaction of HDL with ABCG1 has also been identified to provoke NO
production in the presence of hypercholesterolemia (233). As observed in mice fed a high-
cholesterol diet, HDL, oxysterols and specifically 7-ketosterol, are accumulated in endothelial
cells and induce the production of reactive oxygen species and the disruption of the active
eNOS dimer (233). The HDL-mediated cholesterol and oxysterol efflux via ABCG1 reduced
the inhibitory interaction of eNOS with caveolin-1 and thereby restored eNOS activity (234).
An overall picture of the mechanisms through which HDL activates NO production is

depicted in Figure 1.13.
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Figure 1.13 HDL activates NO production through (1) SR-BI signaling, (2) S1P signaling and
ABCG1-mediated efflux (235).

The anti-inflammatory effects of HDL on endothelium

At the sites of initial lesions, endothelium obtains a pro-inflammatory state expressing
leukocyte adhesion molecules and pro-inflammatory cytokines. Thus, endothelium
contributes to the migration, infiltration and accumulation of monocytes/macrophages and T
lymphocytes into the arterial intima. HDL prevents endothelial inflammation through different
pathways. In vitro studies have shown that HDL or reconstituted HDL containing apoA-I
(rHDL-AI) inhibits the expression of the key endothelial adhesion molecules VCAM-1, ICAM-
1 and E-selectin that are activated by TNF-a (236, 237) or IL-1 (236). Additionally, the

oxLDL-mediated production of the chemoattractant MCP-1 is prevented in the presence of
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HDL (238), as well as the adhesion of monocytes (U937 cells) to the endothelial monolayers

mediated by oxLDL (239).

Furthermore, the potent anti-inflammatory effects of HDL have been demonstrated by
several in vivo studies. In mouse (240) and rabbit (241) models of acute vascular
inflammation, utilizing carotid artery cuff injury or the implant of non occlusive carotid
periarterial collars respectively, rHDL-Al reduced neutrophil infiltration and endothelial cell
inflammatory activation. ApoA-I infusion after the induction of acute vascular inflammation in
rabbits also inhibited the endothelial VCAM-1 and ICAM-1 expression and the neutrophil
infiltration (242). Additionally, in a rabbit model of vascular inflammation mediated by high-fat
diet, apoA-I infusion suppressed the expression of leukocyte adhesion proteins (243). In
human studies, it has been shown that administration of reconstituted HDL increased the

anti-inflammatory capacity of HDL from patients with type-2 diabetes (244).

Several mechanisms have been proposed to explain the inhibitory effects of HDL on
endothelial inflammatory activation. Most of them focused on the suppression of the pro-
inflammatory transcription factor NF-kB. HDL prevents NF-kB activation by TNFa, through
the activation of the signaling axis SRBI/PI3BK/AKT/eNOS and subsequently the induction of
NO (245). A NO-independent mechanism of NF-kB inhibiton by HDL has also been reported.
Specifically, it was shown that rHDL-AI interacts with SR-Bl and up-regulates the 24-
dehydrocholesterol reductase (DHCR24) and the well-known anti-inflammatory protein heme
oxygenase | (HO-1), both of them preventing the activation of NF-kB by TNFa (246). In
addition to the apoA-I component of HDL, HDL-S1P promotes the formation of a cell surface
S1P,—B-arrestin 2 complex and attenuates the ability of TNFa to activate NF-kB and
increase ICAM-1 abundance (247). Besides the inhibitory effect of HDL to NF-kB, the
ABCG1-mediated cholesterol efflux has been reported to contribute to the anti-inflammatory
effects (248). Interestingly, apoA-I has also been shown to attenuate palmitate-induced NF-

KB activation by reducing toll-like receptor-4 recruitment into lipid rafts (249).
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The phopsholipid constituents of HDL have been also proposed to exert the anti-
inflammatory effects of HDL. The VCAM-1-mediated inhibition by rHDL-Al varied
substantially when different phosphatidylcholine species were compared (250), while the
activation of E-selectin by TNFa was prevented by two lysosphingolipids associated with

HDL (251).

The effect of HDL on endothelial cell apoptotic pathways

Apoptotic cell death following injury of vascular endothelium is assumed to play an
important role in the pathogenesis of atherosclerosis. Notably, it has been reported that HDL
inhibits apoptosis triggered by various proatherogenic factors, such as TNFa (252, 253), and
growth factor deprivation (254). Additionally, in a mouse model of atherosclerosis the

administration of HDL resulted in the reduction of endothelial apoptosis (255).

Several mechanisms have been proposed for the endothelial anti-apoptotic effects of
HDL. Suc and colleagues reported that HDL inhibits ox-LDL cell death by preventing the
oxLDL-mediated increase in intracellular calcium (253). Additionally, HDL has been identified
to suppress the Caspase 3 (Cas-3) activation and as a result, to inhibit the ox-LDL- (256)
and the TNFa- (252) mediated apoptosis. Interestingly, these effects were mimicked by lipid-
free apoA-I which was shownto inhibit apoptosis through binding to the F1-ATPase receptor
(257). However, the exact mechanism of this effect is not clearly understood. It has also
been shown that HDL through the PI3K/AKT pathway upregulates the anti-apoptotic
molecule Bcl-xL preventing from apoptosis which is induced by growth deprivation (255).
Interestingly, this effect of HDL was mediated by the apolipoprotein J (apoJ) in a NO-

independent pathway (255).

Besides the protein component, the lipid component has also been reported to
mediate the anti-apoptotic effects of HDL. Nofer and colleagues observed that the two

lysosphingolipids associated with HDL, sphingosylphosphorylcholine and lysosulfatide,
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mimicked HDL functionality in the inhibition of apoptosis caused by growth deprivation (254).
Specifically, they observed that the inhibitory effect was mediated through the activation of
PISK/AKT pathway which in turn prevented both Cas-3 and Cas-9 activation (254). In
addition to this effect, PI3K/AKT activation inhibited, via phosphorylation, the Bcl-2-
associated death promoter Bad, preventing it from binding to Bcl-xL and thus allowing Bcl-xL
to inhibit mitochondria-mediated apoptosis (254). Moreover, S1P bound to HDL by
interacting with the S1P1 receptor inhibited Cas-3 activation and consequently apoptosis
caused by growth deprivation. This effect was mediated independently by the activation of
PISK/AKT and ERKs (258). Recently, it was reported that plasmalogens, which are a low
abundance lipid subgroup of phospholipids, inhibits the apoptotic effect of growth deprivation

(259).

Effects of HDL on endothelial repair processes

Injury of the endothelium and consequently disruption of endothelial permeability is a
hallmark for the progression of atherosclerosis. It has been demonstrated that HDL induces
endothelial repair mechanisms by affecting the proliferation and migration of adjacent
endothelial cells (260), by recruiting endothelial progenitor cells (EPC) (261) and by

promoting angiogenesis (262).

HDL stimulates endothelial proliferation through both apoA-l1 (263) and S1P (260)
constituents. Interestingly, HDL and mainly apoA-I induces proliferation through binding to
the ecto-F1-ATPase receptor and activating the PI3KB isoform, which in turn activates the

AKT pathway (263).

In vitro studies utilizing wound healing assays or trans-wells have indicated the ability
of HDL to induce endothelial cell migration via the activation of the small GTPase Rac (264,
265). In a work by Seetharam et al., Rac was activated by native HDL or rHDL-AI through

the binding to SR-BI receptor and the following activation of Src, AKT and ERKs. This
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regulation was independent of the NO production (264). Interestingly, in the same study they
observed that Rac activation promoted the formation of lamelipodia, a characteristic feature
of migration (264). Importantly, the SR-BI adaptor protein, PDKZ-I, was required for the SR-
Bl-mediated migration (266). Further studies showed that carotid artery re-endothelialization
after perivascular electric injury was ameliorated in apo-Al” mice, and adenoviral
overexpression of apoA-l rescued normal re-endothelialization (264). Moreover, S1P has,
also, been reported to stimulate migration through the activation of Rac (265). This
regulation was mediated through S1P1 or S1P3 receptors and involved the activation of AKT
and p38-MAPK (265). Recently, an additional mechanism of S1P-mediated migration was
reported. Specifically, HDL-S1P induced both the expression and the activation of VEGFR2

resulting in cell migration (260).

Several studies have demonstrated that, upon injury of the endothelium, the
circulating endothelial progenitor cells (EPCs), which are bone-marrow derived mononuclear
cells, are recruited to the injury areas participating in re-endothelialization and
neovascularization processes (267). Interestingly, in mouse models of atherosclerosis, either
adenoviral overexpression of apoA-l (268) or intravenous infusion of rHDL-AI (261) led to an
increase of the circulating EPCs and the induction of their incorporation into the regenerating
endothelium, while the neointima formation was attenuated. SR-BI deficiency in bone
marrow abrogates EPC incorporation induced by HDL (269). In vitro and ex vivo studies
have confirmed that HDL stimulated EPCs differentiation through the activation of PI3K/AKT
pathway (270) and affects their functionality and viability through NO-dependent pathways
(269, 271). Recently, it has been reported that ABCG1 (272) and ecto-F1-ATPase receptor

(263) also play an important role in EPCs functionality mediated by HDL.

Another beneficial effect of HDL is its capacity to promote capillary tube formation in
vitro (273) and hypoxia-driven angiogenesis in vivo (262). Hypoxia-driven physiological
angiogenesis is critical for tissue neovascularization after ischemic injury such as myocardial

infraction (MI) (274). Of note, both in vivo and in vitro, rHDL augmented hypoxia-induced
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angiogenesis but inhibited the inflammation-induced angiogenesis (275). The molecular
basis of this difference is the conditional regulation of hypoxia-inducible factor-1a (HIF-1a),
VEGF and VEGFR2, which were attenuated in response to TNFa, but augmented by rHDL
in response to hypoxia (275). Furthermore, it has been indicated that HDL augments
hypoxia-mediated angiogenesis through the post-translational regulation of HIF-1a (262).
Specifically, HDL through SR-BI/PISK/AKT axis upregulates the expression of the ubiquitin
ligases Siahl and Siah2, which target and promote the degradation of the prolyl
hydroxylases, PHD2 and PHD3, leading to HIF-1a stabilization, which in turn induces VEGF
expression promoting angiogenesis (Fig. 1.14) (262). Additionally, in mouse models of
impaired ischemic-mediated angiogenesis the intravenous infusion of rHDL-AI restored
blood flow recovery and capillary density, while the topical application of rHDL-AI rescued
impaired wound closure (276, 277). These effects of rHDL-Al implicated VEGF (276) and

HIF-1 (277) regulation and were attenuated in SR-BI” mice (277).
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Figure 1.14 The mechanism of action of rHDL in hypoxia-driven angiogenesis (262)

(9]

2



Effects of HDL on endothelial thrombotic activation

As lesion development progresses, rupture or erosion of the plaque leads to platelets
aggregation and thrombus formation resulting in rapid occlusion of the vessel and
subsequent deleterious effects. Under physiological conditions, endothelium exhibits
anticoagulant and fibrinolytic properties, while injury of endothelium triggers thrombotic
response. An anti-thrombotic effect of HDL in humans was suggested by a study in healthy
subjects where infusion of reconstituted HDL limited their procoagulant state after endotoxin

exposure (278).

The main mechanism contributing to anti-thrombotic effects of HDL is its ability to
induce endothelial prostacyclin  (PGI,) synthesis (279). The vasodilator PGI, acts
synergistically with NO to induce vascular smooth muscle relaxation, inhibits platelet
activation, and diminishes the release of growth factors that stimulate the local proliferation
of smooth muscle cells (280). HDL-mediated release of PGI, occurs by both the provision of
arachidonate (281) and upregulation of Cox-2 expression (279). Interestingly, it has been
reported that HDL through ABCAL activates a sighaling cascade including p38-MAPK, ERKs
and JAK2 activation resulting in Cox-2 upregulation (282). Additionally, it has been
demonstrated that the effect of HDL on Cox-2 expression and PGI, production is mediated

by SR-BI and the activation of PI3BK/AKT/eNOS signaling axis (283).

Besides the HDL-mediated release of PGI,, HDL affects the expression of additional
proteins participating in the thrombotic response. Specifically, HDL inhibits the thrombin-
mediated (284, 285) and TNFa-mediated (286) expression of endothelial tissue factor (TF),
which is the primary initiator of coagulation. Moreover, HDL increased endothelial tissue
factor pathway inhibitor (TFPI) expression and tissue plasminogen activator (tPA) release,
and inhibited thrombin-induced plasminogen activator inhibitor type 1 (PAI-1) expression
(284). These effects of HDL were dependent of NO production (284). Recently, it was shown
that HDL prevents self-association of VWF reducing the extent of VWF fiber formation and
resulting in the inhibition of platelet adhesion to stimulated endothelial cells (287). These
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observations were consistent with in vivo experiments in a mouse model of thrombotic
microangiopathy where HDL was able to reduce thrombocytopenia when co-injected with

VWF (287).

1.5.3 The antioxidant properties of HDL

As we described above, oxidation of the trapped LDL particles in the sub-endothelial
space is a hallmark for atherogenesis. Of note, many studies have shown that HDL prevents
LDL oxidation through different mechanisms (288). HDL directly inhibits oxidation of LDL via
transfer of oxidation products (such as lipid hydroperoxides (LOOH)) from LDL to HDL (289).
This transfer can occur directly between lipoprotein phospholipid monolayers, either
spontaneously or mediated by lipid transfer proteins, including CETP (290). ApoA-I plays a
crucial role in the anti-oxidant effects of HDL since it binds and removes LOOH from LDL
(291). Also, apoA-I inactivates by reduction the HDL-associated LOOH (292, 293). Besides
apoA-I1, other apolipoproteins, including apoE, apoA-Il, apoJ and apoM, have been identified
to have anti-oxidant effects (288). Notably, HDL carries also anti-oxidant enzymes that may
be involved in prevention of lipid oxidation or degradation of LOOH, such as paraoxonase-1
(PON1), LCAT and platelet-activating factor acetylhydrolase (PAF-AH) (294, 295). In
particular, PON1 has been suggested to be crucial mediator of HDL anti-oxidant properties

(296, 297).

1.5.4 The immunomodulatory effects of HDL

In addition to the anti-inflammatory effect of HDL on endothelial cells, accumulating
evidence suggest a critical role of HDL in regulating immunologic functions of both innate
and adaptive immune responses (298). It has been reported that HDL, by suppressing the
expression of the monocyte adhesion molecule CD11b, prevents the adhesion of monocytes

(299) and neutrophils (300) to endothelial cells. These effects were dependent of ABCA1-
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mediated cholesterol efflux leading to disruption of the specific membrane microdomains

enriched in cholesterol and sphingolipids called lipid rafts.

Once monocytes leave the circulation and migrate into the atherosclerotic lesion
area, they differentiate into two main macrophage populations, based on the different
cytokines produced in the microenvironment: M1—classically activated, which promote
inflammation or M2—alternatively activated known to decrease immune reactions (301).
Notably, in a mouse transplantation model of atherosclerosis regression, HDL enhanced
macrophage polarization to the M2 population contributing to atherosclerotic plaque
regression (302). Moreover, many studies have shown that HDL prevents macrophages
from TLR-mediated inflammatory response (298, 303). Toll-like receptors (TLRsS) are
receptors that recognize several conserved pathogen-associated molecular patterns
(PAMPs) and induce a signal transduction cascade resulting in the expression of pro-
inflammatory cytokines (304). TLRs are localized in lipid rafts and thereby one potent
mechanism of the inhibitory effect of HDL is through the disruption of lipid rafts (298). On the
meanwhile, De Nardo and colleagues suggested an additional mechanism, which is
independent of disruption of TLR signaling but depends on the induction of transcription
regulator ATF3 (305). Specifically, they observed that pre-incubation of bone marrow derived
macrophages (BMDMs) with HDL induced both the mRNA levels of ATF3 and its binding to
the genome. Therefore, ATF3, which acts as a negative transcription factor, inhibits the
induction of cytokines in the presence of TLR stimuli (305). In contrast to the anti-
inflammatory effects of HDL, a recent study indicated a pro-inflammatory effect of HDL on
macrophages via passive cholesterol depletion highlightening the complexity of HDL

functionality (306).

Accumulating evidence also indicate the involvement of inflammasome activation in
the process of atherosclerosis (307, 308). Importantly in vitro studies utilizing THP-1
macrophages indicated that both native HDL and rHDL-AI, by decreasing the expression of

several key inflammasome components, such as IL-18 and NLRP3, inhibit the
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inflammasome activation mediated by cholesterol crystals (309). Additionally, in a mouse
model of obesity, adenoviral apoA-I gene transfer led to a decrease in aortic NLRP3 mRNA
levels (310). Again, cholesterol efflux mechanisms in myeloid cells mediated by ABCAL and

ABCGL1 seem to be crucial for the modulation of inflammasome activity (311).

Finally, HDL has been associated with inhibition of T cell and B cell activation (312).
Besides the fact that T-cell receptor (TCR) and B-cell receptor (BCR) are localized in lipid
rafts suggesting that their activity is strictly modulated by alterations in the lipid raft
composition (313), HDL also prevents T cell activation by the antigen presentation cells
(APCs) such as B cells, macrophages and dendritic cells (DCs) (314). This effect is also
mediated through the disruption of lipid rafts and subsequently the reduction in the density of
major histocompatibility complex 1l (MHCII) (314). Interestingly, it has been reported that
rHDL-AI suppresses dendritic cell functionality through the inhibition of NF-kB/MyD88 axis
resulting in a reduction of T-cell proliferation and subsequently attenuating Thl and thl7
autoimmune responses (315). Recent studies in mice identified a key role of apoE
expressed by myeloid cells in dendritic cell functionality and the subsequent T cell activation

regardless of the onset of hypercholesterolemia (316).

The protective properties of HDL against the development of atherosclerosis are

summarized in Figure 1.15.
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Figure 1.15 A schematic representation of the atheroprotective properties of HDL (4).
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1.6 The Impact of Atherosclerosis on HDL Functionality

1.6.1 Dysfunctional HDL in Patients with CVDs

A study from Landmesser group in 2011 demonstrated that HDL isolated from
patients with Coronary Artery Disease (CAD) had lost its protective properties in endothelium
(317). Specifically, they treated primary human endothelial cells (HUVECs) with HDL
isolated from healthy subjects, patients with stable CAD and patients with acute coronary
syndrome (ACS) and they observed that HDL from all patients was unable to promote NO
production (317). As a consequence, HDL from patients (either with CAD or ACS) did not
inhibit TNFa-mediated endothelial adhesion molecule expression (impaired anti-
inflammatory properties), while it also failed to promote re-endothelialization in a mouse
model with carotid artery injury (impaired endothelial repair capacity) (317). Since then, a
broad spectrum of dysfunctions of HDL in patients with CAD has been described (294),
including a reduced cholesterol efflux capacity from macrophages and other cells (318), lack
of the anti-apoptotic (255) and anti-thrombotic (284) effects in endothelium, as well as
impaired anti-oxidative properties (319). In several cases, HDL was not only characterized
by loss or reduced functionality but also by the gain of atypical functions. For example, HDL
from patients with CAD or ACS not only failed to inhibit apoptosis in endothelial cells but also
stimulated pro-apoptotic pathways (255). Besides CAD and ACS, dysfunctional HDL has
been detected in almost all CVDs including heart failure (320), ischemic cardiomyopathy
(321), stroke (322) as well as in many conditions that are known to increase cardiovascular
risk such as type 2 diabetes (323), chronic kidney disease (324, 325), chronic inflammatory

diseases (326), and familial hypercholesterolemia (327, 328).
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1.6.2 Compositional Changes and Modifications in Dysfunctional HDL

The molecular changes that underlie HDL dysfunction may relate to compositional
changes of the lipoprotein’s proteome, alterations of the lipid moiety and other cargo
molecules, or post-translational modifications of the HDL-associated proteins. Many studies
have shown that in the state of chronic inflammation, such as atherosclerosis, the
composition of HDL is altered leading to impaired functionality (329, 330). In fact, proteomic
studies from patients with CAD revealed that HDL particles are enriched in the acute phase
inflammatory proteins Serum Amyloid A (SAA) and Complement C3, while the levels of the
atheroprotective apoA-lI and the anti-oxidant PON1 and PAF-FH are decreased (331-333).
Interestingly, Riwanto and colleagues identified an increase of the pro-inflammatory protein
apoC-Ill in HDL particles with a parallel decrease of the anti-apoptotic clusterin (apoJ)
converting HDL from an anti-apoptotic molecule to a pro-apoptotic one (255). Furthermore,
lipidomic studies also revealed changes in the lipid content of HDL isolated from patients
including higher triglyceride levels and lower total phospholipid levels, while the levels of
oxidized phospholipids were increased (330, 334). Importantly, the levels of HDL-bound S1P

are also decreased in dysfunctional HDL (330, 335).

Under inflammatory and oxidative conditions proteins of HDL undergo certain post-
translational modifications which also compromise the beneficial properties of HDL. Such a
case is the modifications in the apoA-I molecule mediated by MPO resulting in impaired
ability of HDL to promote ABCA1-mediated cholesterol efflux (330). Myeloperoxidase (MPO)
is a heme protein released by macrophages, monocytes and neutrophils, that causes
oxidative modifications to a plethora of proteins (336). MPO targets apoA-I directly, mainly in
the subendothelial compartment (337), causing oxidative chlorination and nitration to
multiple residues of apoA-1 (338). ApoA-I with nitrated or chlorinated residues Tyr-192, Tyr-
18, and Tyr-166 or oxidized Trp-72 has been isolated from human atheroma tissues (338-
341). In vitro and ex vivo studies showed that MPO-mediated modifications of apoA-I

generate HDL particles with impaired atheroprotective properties (330, 338). Interestingly, it
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was demonstrated that in mouse models of atherosclerosis, the infusion of MPO-modified
apoA-I did not promote beneficial alternations to plaque composition compared to infusion

with non-oxidized apoA-I (342).
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1.7 HDL as a Therapeutic Target for CVDs

1.7.1 HDL-based therapies

Pharmacologic intervention for the treatment of atherosclerosis originally focused on
lowering serum LDL-C concentrations as a therapeutic target. Indeed, the use of HMG-CoA
reductase inhibitors (statins) has resulted in reduction of cardiovascular events and overall
mortality (343). However, residual risk among high-risk patients remains (344), while other
individuals have been intolerant to statins either incompletely or completely (345) suggesting
that complementary therapy is needed. Of note, patients with low LDL-C levels, after
receiving treatment with statins, show low HDL-C levels that remain predictive of future CVD
event (209). Based on epidemiological evidence and on the biological properties of HDL, it
was hypothesized that raising HDL-C levels will lead to a decrease in cardiovascular events
(named “HDL hypotheses”). Therefore, research was focused in developing drugs that raise

HDL-C levels.

The first class of drugs utilized for targeting HDL-C levels was the established
hypolipidemic drugs: statins, fibrates and niacin which promote an increase in HDL-C levels
by 2-10%, 5-15% and 15-30% respectively (346). However, this increase was not associated
with a reduction of the risk for cardiovascular events in clinical trials. For instance, the
cardioprotective effects of statins are due to the decrease in the LDL-C levels and not to the
increase in HDL-C (347). Moreover, neither fibrates (348) nor niacin (349) administration

resulted in cardiovascular benefits beyond statin therapy in recent outcome studies.

A different approach to raise the endogenous levels of HDL is the intervention in the
metabolic pathway of HDL and thus a variety of drugs targeting different steps of this
pathway have been developed (Fig.1.16). Among the most promising drugs are: inhibitors

for CETP (HDL remodeling), agonists for LXRs (HDL biogenesis), agonists for PPARs (HDL
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hydrolysis), recombinant LCAT (HDL maturation) and RVX-208 which inhibits the BET
transcription regulatory proteins (apoA-I inducers) (350, 351). There is a considerable piece
of evidence from animal studies that most of the above drugs promote an important increase
in the concentration of HDL which is associated with inhibition or even reversion of
atherosclerosis (352). Nevertheless, these treatments have not been successful in clinical
trials (352-354). Furthermore, some of the interventions caused important side effects such
as torcetrapib (first generation CETP inhibitor) which increased HDL-C levels by 80%, but it
also increased morbidity and mortality (355). In line with the results from clinical trials,
Mendelian randomization studies did not report any relationship between polymorphisms in
genes that influence HDL cholesterol levels (such as ABCA1, SR-BI, LIPG and LCAT) and
cardiovascular event rates (356-358). Interestingly, Zanoni and colleagues observed recently
that a rare variant in SR-BI that abrogates selective HDL-cholesterol uptake, raised HDL-
cholesterol but it increased the risk of coronary heart disease (359). From this result,
combined with the deleterious effects of torcetrapib, we could conclude the following: 1)
intervening with the complexity of the metabolic pathways could produce deleterious side
effects; 2) HDL-C concentration in plasma should no longer be considered to reflect the
atheroprotective capacity of HDL. At this point we should mention the unexpected results
from a recent epidemiological study, in which individuals with extremely high HDL-C levels
were paradoxically associated with elevated mortality as compared to normal HDL-C

individuals (360).

Since the therapeutic approaches targeting only the raising of HDL-C levels were
insufficient to produce the anticipated clinical benefits, the focus has been shifted toward
strategies to improve HDL functionality. ApoA-I is the major functional component of HDL
and so therapies designed to mimic apoA-I function are being developed, and include: full
length apoA-I, mutated variants of apoA-l1 with improved functionality (apoA-I Milano),

reconstituted HDL particles (rHDL) and apoA-I mimetic peptides (Fig. 1.16) (354).
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Figure 1.16. Therapeutic interventions targeting HDL metabolism (350).

As we discussed in previous chapters, nhumerous in vitro, animal and small clinical
studies have reported the atheroprotective effects of rHDL and consequently make it a
promising target for the reduction of CVD risk. Therefore, a variety of rHDL compounds
have been checked in clinical trials with patients with an acute coronary syndrome (ACS)
event. The first rHDL compound that was used in that type of studies was ETC-126 which
consists of the apoA-lyiane variant and phospholpids and it showed promising results (361).
Specifically, administration of ETC-126 over a 5-week period produced a reduction of
atheroma volume by 4.2% compared with baseline (361). However, in a recent larger study
(MILANO-PILOT study), MDCO-216 compound (ETC-216; renamed by the new license

owner) failed to reproduce the previous results since its administration did not result in
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plague regression (362). The main difference between these two studies is that all the
patients from the latter study have received background statin therapy, while this was not the
case for all patients in the former study. According to the authors of MILANO-PILOT study
this fact may reflect a false-positive finding in the former study (362). Furthermore, rHDL
compound containing the wild type apoA-l has also been used in clinical trials in patients
with an ACS event. Among them, the most prominent are CER-001 and CSL-112. CER-001
consists of wild type apoA-I, diphosphatidylglycerol and sphingomyelin and mimics nascent
pre-B HDL (363). The promising role of CER-001 has been reported in studies with patients
with  familial hypoalphalipoproteinemia (FHA) (364) and homozygous familial
hypercholesterolemia (365). In these two small studies, infusions of CER-001 (over a period
of 6 months) resulted in regression of atherosclerosis, as it was assessed with MRI scans of
the carotid arteries. However, in the recent CARAT study with patients following an ACS
event within 14 days, CER-001 did not promote regression of coronary atherosclerosis
(365). Moreover, the prominent compound CSL-112, which consists of wild type apoA-1 and
phospholipids, it is now tested in the ongoing phase Il AEGIS-II study which is expected to

be concluded in 2022 (366).

Till today there is not a large clinical study to confirm that targeting HDL will lead to a
reduction either of CVD risk or an ACS event. However we should take into account that the
majority of these studies were performed in patients with stable cardiovascular disease after
having an ACS event. In this case, there is a great atheromatic environment that affects the
functionality of HDL and probably the functionality of the newly synthesized or infused HDL
particles. As a result, the potential anti-atherogenic effects of the treatment are
compromised. Therefore, different approaches should be followed. Such an approach could

be to target to the mediators or effectors of HDL action.
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1.8 Transcriptomics as a Tool to Understand HDL
Functionality

The transcriptomics applications combined with bioinformatics has contributed
substantially to the understanding of the physiology and pathophysiology of all biological
processes. Specifically for complex disorders, such as CVDs, the use of DNA Microarrays or
RNA-seq technologies helped to: 1) elucidate the molecular mechanisms underlying the
impaired functionality of endothelial cells, vascular smooth muscle cells and macrophages
during the development of atherosclerosis (367); 2) understand the impact of environmental
factors for the initiation and progress of the disease (368); 3) validate the causality of genes
identified from GWAS studies (367); and 4) identify biomarkers in order to improve the

treatment of the disease (368).

In the field of HDL, transcriptomic studies performed by De Nardo and colleagues
revealed that HDL regulates the macrophage inflammatory response at the transcriptional
level (305). Specifically, they observed that HDL induces the expression of the
transcriptional repressor ATF3, which in turn inhibits the pro-inflammatory cytokine-mediated
induction by TLRs (305). In the same context, transcriptomic studies were performed by the
collaboration between Dr. V.. Zannis and Dr. D. Kardassis in order to characterize the
impact of HDL on the global gene expression profile of the endothelium. Specifically,
endothelial cells were treated with rHDL-Al and then microarray analysis was performed
(369). Among the genes that their expression was changed by HDL were the genes for
ANGPTL4 and LIPG. In the context of this thesis, we focused on these genes in order to
validate that they are true HDL-target genes and also to elucidate the mechanisms through

which HDL regulates their expression.

65



1.8.1 ANGPTLA4

Structure and Expression Patterns

Angiopoietin-like protein 4 (ANGPTLA4) is a secreted protein that belongs to the family
of angiopoietin-like proteins (ANGPTL1-8). Like other proteins of this family, ANGPTL4
contains a C-terminal fibrinogen-like domain (CCD) and an N-terminal coiled-coil folding
domain (FLD) which are connected via a cleavage linker (370). ANGPTL4 is expressed in
many cells and tissues, including adipose tissue, liver, endothelium, intestine, and muscle,
whereas the expression patterns of the other members of the ANGPTL family are more cell-
specific (371). The human ANGPTL4 gene is located on chromosome 19p13.3 and is well
preserved amongst various species (372). The encoded full length ANGPTL4 protein
(IANGPTL4), with a molecular mass of 50 kDa, undergoes several post-translational
modifications including glycosylation, oligomerization, and cleavage (373). ANGPTL4 can
form higher order structures such dimers and tetramers through the formation of
intermolecular disulfide bonds (374). After secretion, the IANGPTL4 protein is cleaved into a
37-kD C-terminal (CANGPTL4) and a 15-kD N-terminal (nANGPTL4) fragments by
proprotein convertases (375, 376) (Fig. 1.17). The cleavage of ANGPTL4 is tissue-
dependent and as a result ANGPTL4 can be detected in the bloodstream in different
isoforms such as glycosylated, oligomerized, native, and cleaved. Adipose tissue secretes

full-length ANGPTL4, while the liver secretes nANGPTL4 isoforms (377).
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Figure 1.17 Structure and function of ANGPTL4 domains (378).

ANGPTL4 Function

ANGPTL4 is a protein known primarily for its role as an inhibitor of lipoprotein lipase
(LPL) (371). LPL is an enzyme that hydrolyzes the triglycerides from circulating lipoproteins
(chylomicrons and VLDL) generating free fatty acids which in turn are distributed to the
neighboring tissues for storage or utilization (379). Consequently, ANGPTL4 is an important
regulator of lipid metabolism. Indeed early studies showed that overexpression of ANGPTL4
in mice leads to hypertriglyceridemia, whereas its deficiency leads to reduced circulating
lipids (380). ANGPTL4 inhibits LPL activity through its NANGPTL4 domain (Fig. 1.17), while
it has been reported that ANGPTL4 also promotes the intracellular cleavage and
degradation of LPL in the adipose tissue (381). Besides participating in lipid metabolism,
ANGPTL4 has been also reported to be involved in several biological processes including

angiogenesis, vascular permeability, cell differentiation, tumorigenesis, glucose
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homoeostasis, energy homeostasis, wound healing, inflammation, and redox regulation

(382) (Fig. 1.17).

Accumulating evidence from genetic studies revealed a strong correlation between a
loss-of-function variant of ANGPTL4 (E40K) and CAD risk (383). The E40K mutation
substantially reduces the ability of ANGPTL4 to inhibit LPL, likely by destabilizing ANGPTL4
via cooperative unfolding of the first a-helix of the coiled-coil domain (384). Most large-scale
genetic studies have shown that the E40K mutation in humans results in reduced circulating
TG levels, increased HDL-C levels, and protection against CAD (385-390). There was,
however, one exception in a study, which showed that individuals with E40K mutation have
an increased risk for CAD, despite having an athero-protective lipid profile (391). These
discrepancies could have resulted from variations in the sample size and the ethnic diversity
of the subjects used in the different studies. Moreover, plasma levels of ANGPTL4 have
been shown to be a risk factor CAD independently of other traditional risk factors (392).
Despite the promising results from genetic studies, inactivation of ANGPTL4 in mice causes
a lethal phenotype upon feeding a standard high-fat diet characterized by chylous ascites, a
massive acute phase response, and enlarged mesenteric lymph nodes filled with Touton
giant cells (387, 393, 394). Disposal accumulation of lipids in mesenteric lymph nodes was

also observed in several female monkeys treated with an anti- ANGPTL4 antibody (387).

In contrast to genetic studies, mouse models of atherosclerosis reported an
atheroprotective role of ANGPTL4 through is function on macrophages. Specifically,
Georgiadi and colleagues observed that overexpression of ANGPTL4 in apoE3.Leiden mice
(in a high fat diet background) reduced atherosclerosis by 34% (Fig. 1.18A) by decreasing
foam cell formation, the macrophage content of the plaques and the number of monocytes
adhering to the endothelium (395). Thus, overexpression of ANGPTL4 leads to a less
inflammatory lesion phenotype. An additional study from Fernandez-Hernando lab confirmed
the atheroprotective role of ANGPTL4 expressed by macrophages. In this study, they initially

observed that total deficiency of ANGTPL4 in a mouse model of atherosclerosis attenuated
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atherosclerosis. However, these mice were characterized by severe gut inflammation and
decreased survival. Importantly, they observed that ANGPTL4 deficiency in haematopoietic
cells promoted monocyte expansion and atherosclerosis progression (396). Specifically, it
was shown that ANGPTL4 deletion in haematopoietic cells resulted in larger plaque area
(Fig. 1.18B) with bigger necrotic core and increased macrophage apoptosis. Furthermore,
ANGPTL4 deficiency in macrophages promoted foam cell formation by enhancing CD36
expression and reducing ABCAL localization in the cell surface (396). In contrast, in a
subsequent study from the same lab, it was shown that ANGPTL4 deficiency in adipose
tissue attenuated the progression of atherosclerosis. This effect was mainly by improving the
circulating lipid profile, while no differences in the circulating inflammatory leukocytes were
observed. From both of these studies we conclude that the exact ANGPTL4 functionality is

dependent on the tissue in which it is expressed (397).
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Figure 1.18 The atheroprotective role of ANGPTL4. A) Transgenic ApoE3*Leiden mice
(E3L) overexpressing ANGPTL4 (Angptl4.E3L) had reduced size of lesions compared to E3L
mice after 24 weeks of Western-type diet (WD) (395). E3L mice represent a human-like
model of atherosclerosis. B) LdiIr-/- mice, another model of atherosclerosis, were

transplanted with ANGPTL4-deficient bone marrow (BM) and resulted in significantly larger
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atherosclerotic lesions size compared with the ones transplanted with WT BM after 12
weeks WD (396)

Regulatory mechanisms of ANGPTL4 expression

The expression of ANGPTL4 is under the regulation of a plethora of physiological
stimuli including: fasting, hypoxia, chronic caloric restriction, short-term cooling, high-fat diet,
and free fatty acids (382). Depending on the stimuli, several transcription factors have been
identified to be involved in the regulation of this gene with PPARs and HIF1 act as the main
upregulators. Indeed, a functional PPAR element has been identified at the third intron of
ANGPTL4 gene (2kb downstream of the TSS), through which PPARs activate this gene
(398). A potent mechanism through which PPARSs regulate ANGPTL4 has been proposed by
Jin and colleagues after studies in MEFs (399). Briefly, in the absence of ligand, PPARS is
bound on the PPRE motif of the ANGPTL4 gene recruiting transcription corepressors to
repress ANGPTL4 expression. Ligand binding leads to a conformational change of PPARDY,
which dissociates from co-repressors and associates with the CBP/p300 coactivator. The
recruited CBP/p300 specifically acetylates the histones H3K18 and H3K27 on the ANGPTL4
promoter resulting in the recruitment of Pol Il to initiate transcription. (399) Furthermore,
HIF1 upregulates the expression of the ANGPTL4 gene through the binding to a hypoxia
responsible element (HRE), which is located on the distal region of the promoter (2kb
upstream of the TSS) (400). Of note, Inoue and colleagues reported a synergistic action
between PPARB/® and HIF1 in order to induce ANGPTL4 expression (401). By utilizing
Chromatin Conformation Capture (3C) and ChIP-seq analysis, they observed that this
induction was dependent on the conformational proximity of the two elements (401). This is
not the first report that shows a synergistic action between two transcription factors in order
to regulate ANGPTL4 expression. Previous work in human myofibroblasts revealed that a
novel TGFB-responsive upstream enhancer (TGF-E) which is located at the -8kb region

upstream of the TSS of the human ANGPTL4 gene cooperates with the PPAR-E in the third
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intron of the gene to mediate synergistic ANGPTL4 upregulation by TGFB signalling and

PPARYy ligands the synergistic action between (402).

1.8.2 LIPG
Structure and expression patterns

Endothelial lipase (LIPG) belongs to the triglyceride lipase family which catalyzes TG
from lipoproteins. The other members of this family are the lipoprotein lipase (LPL), which is
the most studied, hepatic lipase (HL) and pancreatic lipase (PL) and they present differential
expression patterns. LPL is mainly synthesized by adipocytes, skeletal muscle cells, and
cardiac muscle cells, HL is found in the liver, PL is produced by the pancreas and LIPG is
primarily synthesized by vascular endothelial cells (403). LIPG gene is located on
chromosome 18 and encodes a 55 kDa protein which undergoes post-translational
glycosylation and then is secreted from the cell as a 68 kDa protein. After secretion, LIPG
binds to proteoglycans on the cell surface where it exerts its function (404). Mature LIPG
shares amino acid sequence similarity of 44% with LPL, 41% HL and 27% with PL. All four
enzymes share a similar catalytic region indicating functional conservation (403, 405). The
main difference between LIPG and the other lipases lies within “lid” region which determines
the substrate specificity. LIPG predominantly catalyzes phospholipids, while LPL, HL and PL
function mainly with triglyceride substrates (403, 405, 406) . Therefore, HDL is the preferred

substrate of LIPG.

LIPG Function

The primary role of LIPG is to mediate HDL catabolism through the hydrolysis of
HDL-phospholipids (HDL-PL). LIPG overexpression in transgenic mice reduced the serum
concentration of HDL-C levels (403, 407), while either LIPG deficiency in mice (408), or
inhibition of mouse LIPG activity(409) resulted in a significant increase in plasma HDL-C and
phospholipid levels, which was attributed to increased HDL patrticle size and reduced HDL

phospholipid clearance. Besides its phospholipase functionality, LIPG maintains a minor
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triglyceride lipase activity and thus is capable of hydrolyzing apo-B containing lipoproteins
(410). By mediating HDL-PL hydrolysis, LIPG supplies cells with free fatty acids (both
saturated and unsaturated) and lysophospholipids supporting cellular metabolism (411).
Interestingly, LIPG-mediated hydrolysis of HDL has been reported to mediate HDL
functionality on endothelium. For instance, Ahmed and colleagues demonstrated that the
LIPG-mediated hydrolysis of HDL activates PPARa, which in turn inhibits VCAM-1
expression in endothelial cells and subsequently suppresses leukocyte adhesion (412).
Researchers from the same lab also reported that endothelial LIPG expression is
determinant for the HDL-S1P mediated angiogenesis (413). Specifically, LIPG-mediated
hydrolysis of HDL releases and activates S1P, which binds to S1P; receptor and promotes
AKT and eNOS phopshorylation resulting in endothelial cell migration and angiogenesis
(413). Additionally, it has been reported that LIPG mediates the IL-6-induced HDL

translocation through the endothelium (414).

Moreover, LIPG has been shown to exert non-catalytic functions that are
independent of its enzymatic activity. Strauss et al. demonstrated the ability of LIPG to
facilitate the binding and uptake of HDL holoparticles, and the selective uptake of HDL-
cholesterol esters (CE) in HepG2 cells (415). LIPG can also mediate the binding and uptake
of apoB-lipoproteins. This process is dependent on heparin sulfate proteoglycans (HSPGSs)
on the cell membrane, which bind to LIPG. In this way, LIPG serves as a bridging molecule

between plasma lipoproteins and cells (415, 416).

LIPG, through both its catalytic and non-catalytic functions, promotes HDL clearance
from the circulation and, as a consequence, is a crucial determinant for HDL-C levels. This
finding has been also supported by genetic studies in humans, in which SNPs in LIPG locus
or loss-of-function LIPG variants are correlated with elevated plasma HDL-C levels (417).
Since low HDL-C levels are correlated with high CVD risk, it was assumed that these
polymorphisms in LIPG locus would be also correlated with CVD risk. However, none of

these polymorphisms have been associated with CVD risk in large GWAS till today (417).
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Additionally, the effect of LIPG in atherosclerosis is still unclear. In one study, LIPG
deficiency in apoE” mice decreased the atherosclerotic plaque (418), while in another study
LIPG deficiency in either apoE™ or LDLR™ mice fed a high fat diet was unable to inhibit
atherosclerosis development (419). Interestingly, Hara and colleagues observed that HDL
particles isolated from LIPG deficient mice have enhanced anti-inflammatory properties
(420). Recently, it was reported that transgenic rabbits expressing the human LIPG gene in
the liver exhibited significantly lower hypercholesterolemia and less atherosclerosis after

feed with HFD compared to wild type rabbits (421).

Regulatory mechanisms of LIPG expression

Both in vitro and in vivo studies have shown that LIPG expression is under the
regulation of inflammatory stimuli. It has been reported that TNFa, IL-13 (422) and IL-6 (414)
upregulate LIPG in endothelial cells, while angiotensin 2 and hypertension (423) induce the
expression of this gene in vascular smooth muscle cells. The activation of NF-kB plays
crucial role in LIPG-mediated induction by cytokines. Studies by Kempe and colleagues
demonstrated that there are two NF-kB sites in the promoter of the LIPG gene located at 467
and 1250kb upstream of the TSS (424). Endothelial NF-kB, after activation by TNFa, binds
to these sites promoting the induction of LIPG expression (424). However, the exact role of

LIPG in inflammatory conditions should be investigated further.

Moreover, it has been reported that systemic cholesterol and lipid levels could
regulate the expression of LIPG. Specifically, in macrophages LIPG is upregulated by the
saturated fatty acid palmitic acid, while the anti-inflammatory polyunsaturated fatty acid,
eicosapentaenoic acid, decreased its expression (425). Furthermore, Kivella and colleagues
showed that endothelial LIPG is upregulated in starvation conditions. This effect was
mediated by the sterol regulatory element binding protein 2 (SREBP-2), which binds to three
binding sites located at 292, 1901 and 2190 bp upstream from the transcription start site
(426). This effect of starvation was inhibited in the presence of VEGFA making VEGFA a
potent endogenous LIPG inhibitor (426).

73



2. MATERIALS AND METHODS
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2.1 Materials

2.1.1 Reagents

Dulbecco’s modified Eagle’s medium, penicillin/streptomycin for cell culture,
Dynabeads M-280 streptavidin, M-MLV Reverse Transcriptase and dNTPs were purchased
from Invitrogen/Life Technologies (Carlsbad, CA, USA). Fetal bovine serum was purchased
from BioChrom Labs (Terre Haute, IN, USA). Restriction enzymes were purchased from
New England Biolabs (Beverly, MA, USA). Modifying enzymes (T4 DNA ligase, shrimp
alkaline phosphatase) and human recombinant TNFa were purchased from Minotech
(Heraklion, Greece). The luciferase assay system was purchased from Promega (Madison,
WI, USA). PCR cleanup system was purchased from Macherey-Nagel (Duren, Germany).
Protein G sepharose were purchased from GE healthcare (Waukesha, WI). The Super
Signal West Pico chemiluminescent substrate was purchased from Pierce (Rockford, IL,
USA). ONPG (onitrophenyl B-D-galactopyranoside), PMSF, aprotinin, benzamidine and the
eNOS inhibitor L-NMMA (M7033) were purchased from Sigma (St. Louis, MO, USA). The
PI3K/AKT inhibitor LY294002 and cycloheximide were purchased from Cayman Chemicals
(Ann Arbor, USA). Lipopolysaccharides (LPS), the JNK inhibitor SP600125 and the p38
inhibitor SB203580 were purchased from Calbiochem/Merck (Billerica, USA). The ERK
inhibitor UO126 and the FOXO1 inhibitor AS1842856 were purchased from Millipore/Merck
(Billerica, USA). Lipofectamine RNAIMAX transfection reagent, Opt-MEM™ | Reduced
Serum Medium and Hoechst 33342 were purchased from Thermo Scientific (Waltham,
USA). Polyethylenimine (PEI) reagent was purchased from Polysciences (Warrington, USA).
Universal cDNA Synthesis Kit Il and LNA-optimized miRNA PCR primer sets were
purchased by Exigon (Vedbaek, Denmark). Biotinylated oligonucleotides were synthesized
at VBC Biotech (Vienna, Austria). The HiPerFect transfection reagent, FOXO1l siRNA
(Hs_FOXO1A_7 FlexiTube siRNA) and the negative control SIRNA (AllStars Negative Contrl
siRNA) were purchased by Qiagen (Hilden, Germany). All other oligonucleotides were
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synthesized at the microchemical facility of the Institute of Molecular Biology and
Biotechnology (IMBB) (Heraklion, Greece) or purchased from Eurofins MGW Operon
(Ebersberg, Germany). HNF-4a siRNA and scrambled si-RNA were also synthesized at
MWG. The 4-20% Mini Protean TGX precast gels (4561095) were purchased by Bio-Rad

Laboratories (Hercpules, USA).

2.1.2 Antibodies

The primary antibodies utilized in this study are depicted in Table 2.1. The anti-
mouse peroxidase-conjugated secondary antibody was purchased from Jackson
Immunoresearch (West Grove, PA, USA), the anti-rabbit peroxidase-conjugated secondary
antibody was purchased from Millipore/Merck (Billerica, USA) and the anti-goat peroxidase-
conjugated secondary antibody was purchased from Sigma (St. Louis, MO, USA). Alexa

fluor488 secondary was purchased from Thermo Scientific (Waltham, USA).

2.2 Animal Models

For the purpose of this study, we utilized transgenic mice carrying the human apoA-
I/apoC-lll gene cluster along with the human apoA-lI gene as they have been described
previously (427). These mice were lacking the expression of the endogenous mouse apoA-I
gene. Mice were maintained at the animal facility of the Institute of Molecular Biology and
Biotechnology of Crete on a 12 h light/dark cycle and fed standard rodent chow. For the

isolation of HDL, blood was collected by cardiac puncture following a 4 h fasting period.
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Table 2.1 Antibodies used for analysis of protein expression.

Cell Signaling; Cat. No. 9570

Antibody Application Dilution* Incubation
anti-phospho-AKT . . 0
Western Blot 1:2000 in 5% BSA Overnight at 4°C
Cell Signaling; Cat. No. 4060
anti-total AKT . . o
Western Blot 1:2000 in 5% BSA Overnightat 4°C
Cell Signaling; Cat. 4691
anti-phospho-ERK . . o
Western Blot 1:1500 in 5% BSA Overnight at 4°C
Cell Signaling; Cat. 4376
anti-total ERK ) ) o
Western Blot 1:1500 in 5% BSA Overnight at4°C
Cell Signaling; Cat. 4695
anti-phospho-p38MAPK . . 0
Western Blot 1:2000 in 5% BSA Overnight at 4°C
Cell Signaling; Cat. 4511
anti-total p38MAPK ) ) o
Western Blot 1:2000 in 5% BSA Overnight at4°C
Cell Signaling; Cat. 8690
anti-phospho-eNOS . . 0
Western Blot 1:10.000 in 5% BSA Overnight at 4°C

anti-total FOXO1
Cell Signaling; Cat. 2880

e Western Blot

¢ Immunofluorescence

¢ 1:1500 in 5% BSA
o 1:35**

e Overnight at 40C
e Overnight at 40C

anti-Histone 3

Abcam; Cat. No. ab131339

Western Blot 1:3000 in 5% BSA Overnight at 4°C
Cell Signaling; Cat. 4620
anti-phospho-JNK _ . o
Western Blot 1:400 in 5% BSA Overnight at4°C
Cell Signaling
anti-total INK . . o
Western Blot 1:1000 in 5% BSA Overnight at 4°C
Cell Signaling
anti-phospho FOXO1 . . o
Western Blot 1:1500 in 5% BSA Overnight at4°C

anti-LXRa
Abcam; Cat. No. ab41902

Western Blot

1:500 in 2.5% BSA

Overnight at 4°C

Chemicon Int.; Cat. No.MAB1501

anti-HNF-4a e Western Blot ¢ 1:1000 in 5% not-fat milk | e Overnight at 40C
Santa Cruz Biotechnology; Cat. No.M19 | e ChIP o 5ug** e Overnight at 40C
anti-ANGPTL4 _ ) o
Western Blot 1:500 in 5% BSA Overnight at 4°C
Novus Biologicus; Cat. No. NBP2-19016
anti-actin ) ) o
Western Blot 1:5000 in TBS-T Overnight at 4°C

anti-human apoA-I
Millipore; Cat No AB740

Western Blot

1:4000 in 5% non-fat milk

Overnight at 37°C

Rhodamine pholadin
Molecular Probes Cat. No.R415

Immunofluorescence

1:100**

40min RT

*Antibodies used for Western Blot were diluted in TBS supplemented with 1% Tween buffer (TBS-T)
** Antibodies were diluted as described in the corresponding protocol
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2.3 Lipoproteins Manipulation Techniques

2.3.1 Serum isolation

Blood from either mice or human was collected in covered test tube containing no
anticoagulant. Then, the blood was allowed undisturbed to clot at room temperature for
about 30 minutes. The clot was removed by centrifuging at 2500 rpm for 15 minutes. After
centrifugation, the supernatant (serum) was transferred immediately into a clean

polypropylene tube. Serum is stored at -80 °C.

2.3.2 Preparation of HDL

HDL was purified from either the pooled serum of transgenic mice expressing human
apoA-I (tgHDL) or from human healthy volunteers (hHDL). We utilized two different protocols

for purifying HDL depending on the downstream application.

> Protocol 1: Separation of HDL from serum proteins

To study the effects of natural HDL on endothelial cells, HDL was separated from the
other serum proteins (albumin, apoB-lipoproteins, lipid free proteins) using the density
gradient ultracentrifugation method as described previously (428). Briefly, 0.3ml of pooled
serum were diluted with 1XPBS (table 2.2) to a total volume of 0.5ml and then was adjusted
to a density of 1.23 g/ml with KBr. This mixture was added in the bottom of centrifugal tubes
(Beckman Coutler, Brea, USA) and then was overlaid sequentially with 1ml of KBr solution of
a density (d) of 1.21g/ml, then with 2.5ml of KBr solution of d= 1.063 g/ml, then with 0.5mlI of
KBr solution of d= 1.019 g/ml and final with 0.5 ml 1XPBS. The mixture was centrifuged for
22h in a SW55 rotor at 30.000 rpm. Following ultracentrifugation, 0.5 ml fractions from the
top of the centrifugal tube were collected separately into 10 plastic tubes. Next the fractions
were dialyzed against 3L of 1XPBS (pH.7) for 22h at 4°C using membranes with a molecular

weight cut-off of 12,000-14,000 Daltons. The apolipoprotein composition of each fraction
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was determined by SDS—-PAGE and Coomassie Brilliant Blue staining (described below).
Fractions containing the lipid bound apoA-I (fractions from 5 to 8) correspond to the different
types of serum HDL (HDL3, HDL,) and therefore they were pooled forming a complete HDL
solution. Then, HDL was sterilized through a 0.22-um filter and stored at 4°C. Since apoA-|
is the main protein that is present in the HDL preparation, HDL concentration was

determined by the Lowry method.

> Protocol 2: Separation of HDL from apo-B Lipoproteins

In order to determine the levels of cholesterol bound on HDL, HDL was separated
from the apo-B lipoproteins (LDL, VLDL) using the dextran-Mg2® method. Briefly, equal
volumes of dextran sulfate (MP biomedicals) and MgCl, stock solutions were mixed to
produce the precipitation solution consisting of 10 g/L dextran sulfate (pH=7.0) and 0.5 M
MgCl, (pH=7.0). Serum samples were mixed thoroughly with precipitation solution at a
volume ratio of 10:1 and incubated for 10 min at RT. After centrifigation at 1.400xg for 40

min at 4°C, the HDL-containing supernatant was collected.

Table 2.2 Composition of 10XPBS

10XPBS (500ml)

5.75g Na,HPO,
1g KH,PO,
40g NacCl

1g KClI

Final volume with dH,0

2.3.3 Plasma lipids and FPLC analysis

Both HDL and total serum cholesterol levels were measured using the Infinity
cholesterol reagent (Thermo Scientific, Waltham, MA), according to the manufacturer’s

instructions. Free cholesterol, phospholipids and triglycerides in the serum were determined
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using the Free Cholesterol E, Labassay Phospholipid and Labassay Triglyceride reagents
(Wako Chemicals Inc., Neuss, Germany), respectively. The concentration of cholesteryl
esters in the serum was determined by subtracting the concentration of free cholesterol from
the concentration of total cholesterol. For FPLC analysis, 40ul of plasma were loaded onto a
Sepharose 6 PC column (GE Healthcare, Freiburg, Germany) and eluted with 1XPBS. A
total of 70 fractions of 50 pl volume each were collected and then total cholesterol levels

were measured.

2.4 Molecular Cloning Protocols

2.4.1 Plasmid constructs

The luciferase reporter constructs containing the human ANGPTL4 promoter, (-
2362/+77)-ANGPTL4 or the human LIPG promoter, (-2097/+171)-hLIPG-luc, were generated
by PCR amplification of the corresponding fragments (table 2.2) using human genomic DNA
as template and subsequent cloning into the Kpnl-Hindll sites of the pGL3basic vector
(Promega Corp.).

The promoter constructs for both the human LXRa promoter, (2625/+385)-hLXRa-
luc, and the mouse LXRa promoter, (-3000/+30)-mLXRa have been previously described
(142) and were provided provided by Dr. Hashimoto. The promoter constructs containing
consecutive 5 deletions of the hLXRa promoter, (-844/+384)-hLXRa-luc, (-457/+384)-
hLXRa-luc, (-300/+384)-hLXRa-luc, (-111/+384)-hLXRa-luc, were generated as described
previously (429). The reporter plasmids (-111/+384)-hLXRa-luc, (-42/+384)-hLXRa-luc and (-
25/+384)-hLXRa-luc were generated by cloning the corresponding fragments into the Kpnl-

Hindll sites of the pGL4 basic vector. These fragments were purified after PCR amplification
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using the (-844/+384)-hLXRa-luc plasmid as template and the appropriate primers (table
2.3).

The (-844/+384)-mut-hLXRa plasmid bearing three point mutations in the HNF-4a
binding site was generated by site-directed mutagenesis using the QuickChange Site-
Directed Mutagenesis Kit (Stratagene) and the primers shown in Table 2.4 according to the
manufacturer’s instructions.

The plasmid constructs containing the wild type of 3-UTR of apoE, hapoE-3’'UTR-luc,
or a mutated isoform of it, hapoE-3'UTRmut-luc and the expression vectors sh-HNF-4a and
sh-scramble were generated as previously described (430). The expression vectors pMT2-
HNF4a and CMV-bgal and the human apoAl, apoE, apoC3 and ABCAI promoter constructs,
(-1020/+24)-hapoAl-luc, (-500/+73)-hapoE-luc, (-890/+24)-hapoC3-luc and (-204/+205)-

hABCAI-luc respectively, were available at the lab.

Table 2.3 Primers used in cloning

Name Seqguence
-2362-hANGPTL4-FW | 5'- GGGGTACCCCCTGGGTCTGTGATGTGTTTTGT -3'

+77ANGPTL4-REV 5'- CCCAAGCTTGGTAAGACCCGCTTGGTTGCA -3'

-2097-hLIPG-FW 5- CGGGGTACCTGCAGGACTACCTTCCAACAAT -3
+171-hLIPG-Rev 5'- CCCAAGCTTCGGTAAGACCCTTCTCTCGG -3’
-111-hLXRa - FW 5- GGGTACCAAGGGAGGAGGAGGGAGG -3’
-42-hLXRa - FW 5- GGGTACCTTTGCTCCACGAGGTGCCTA -3
-25-hLXRa - FW 5'- GGGGTACCCTATGGAGGGGAGGGAA -3
+384-hLXRa - Rev 5'- CCAAGCTTTGTCCAGAAGTCTCGGT -3

Kpnl (GGTACC) and HINDIII (AAGCTT) restriction sites are underlined
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Table 2.4 Primers used in mutagenesis

Name Seguence
(-59/-26)-hLXRa-FW | 5 - CGGGCCGTGCTGGGATATCTGCTCCACGAGGTGC - 3’

(-59/-26) hLXRa-Rev | 5 — GCACCTCGTGGAGCAGATATCCCAGCACGGCCCG -3

Nucleotide substitutions in the primers are in bold and underlined

2.4.2 DNA isolation from agarose gel electrophoresis

PCR products and digestion reactions, run on agarose gels, are purified with the use
of Wizard SV Gel and PCR Clean-Up System according to the manufacturer’s instructions.
In cases a single enzyme is used for vector digestion, 1ul shrimp alkaline phosphatase
(SAP) is added to the digestion reaction followed by incubation at 37°C for 30min to 1h to

catalyze the dephosphorylation of 5’ phosphates from DNA and prevent recircularization.

2.4.3 Ligation reaction

Ligation was performed by combining digested DNA fragment (insert) with digested
plasmid DNA (vector) and the molar ratio of insert to vector was 3:1 molecules by using 50-
100ng of the vector. Then, 1xT4 DNA ligation buffer (New England BioLabs) supplemented
with ATP and 1ul T4 DNA ligase were added to the mixture and the final volume of the
reaction was adjusted to 12ul by adding (dd)H,0. Then, the mixture was incubated overnight

at 4°C.

2.4.4 Transformation

We performed transformation of plasmid DNA into E.Coli DH108 competent cells
using the heat shock method. Briefly, 100ul of frozen competent cells were thawed on ice
and the appropriate amount of DNA (6ul of the ligation reaction or 5-50 ng of plasmid) was
added to the cells. The cells were incubated for 30 min on ice, heat-shocked at 42°C for 45

sec and immediately placed on ice for 2-3 min. Subsequently, 0.9ml of growth medium (LB)
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was added and the cells were incubated at 37°C for 1h. If the DNA that was used for
transformation derived from a ligation reaction, the cells were centrifuged at 3000rpm for 5
min at RT, resuspended in 150ul LB and the entire amount of resuspended bacteria was
spread on LB plate with the appropriate antibiotic. If plasmid DNA was used for
transformation, 100ul of cells were spread on the appropriate selective plate. The plates

were then incubated at 37°C for 16-18 h.

2.4.5 Purification of plasmid DNA

> Mini-preparation

For the preparation of up to 10-20 ug of plasmid DNA, single bacterial colonies were
picked from selective plates and used to inoculate 2ml of the appropriate selective LB
medium. Following 16-18 h incubation at 37°C in a shaking incubator, the mini cultures were
transferred in eppendorf tubes and centrifuged at 15,000 x g for 1min. Plasmid extraction
and purification was performed using the QIAGEN Plasmid Mini Kit according to the
manufacturer’s instructions. Briefly, the supernatant was removed and the cell pellet was
resuspended in the appropriate suspension buffer, lysed and centrifuged to pellet cell debris.
The plasmid-containing supernatant was collected and plasmid DNA was precipitated, air-

dried and resuspended in 40 pl ddH,0.

» Midi-preparation

For the preparation of up to 500 ug of plasmid DNA, a single colony from a freshly
streaked selective plate was used to inoculate a starter culture of 3 ml LB medium containing
the appropriate selective antibiotic. Following 6h incubation at 37°C with vigorous shaking,
the starter culture was diluted and was used to inoculate 200ml| selective LB medium.
Following 16h incubation at 37°C, plasmid extraction and purification was performed

according to the QIAGEN Plasmid Midi Kit.
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2.5 Cell Cultures Protocols

2.5.1 Cell cultures

For the purpose of this study, we used the EA.hy926 (human umbilical vein
endothelial hybrid cell line), the HepG2 (human hepatocellular liver carcinoma cells and the
HEK293T (human embryonic kidney 293T cells) cell lines. The stocks of the cultures are
kept at -80°C. All cell lines were cultured in T75 flasks in complete growth medium
containing Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 2% penicillin/streptomycin solution (P/S) and maintained at 37°C in
a 5% CO, incubator. EA.hy926 cells were grown in low glucose DMEM with GlutaMAX
supplement (Invitrogen, Cat. No. 21885), while HepG2 and HEK293T cells were grown in
high glucose DMEM (Invitrogen, Cat. No. 41966). The growth medium was replenished
every 48h. When the cells in the flask were between 80 to 90% confluent, they were

subcultured to an appropriate concentration by using trypsin/EDTA.

2.5.2 Transient Transfection Assays

> Plasmid DNA transfection of HepG2 and HEK293T cells

Transient transfections of these cells were performed using the calcium phosphate
[Cas(PO,),] co-precipitation method. The experimental procedure is prepared as follows and
the amounts given are for one well of a 6-well plate:

v One day before the transfection, the appropriate number of cells (25*10* HEK293T
and 50*10* HepG2) was seeded in plates and incubated in 1ml final volume of
complete medium (containing FBS and antibiotics).

v' At the day of transfection the desired confluency of the cells should be 60-80%.
Then, 1-6ug of DNA and 15.5ul of CaCl, (2M) were diluted in ddH20 in a final volume

of 125l (pre-mix transfection solution).
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v' The pre-mix transfection solution was added dropwise while vortexing to a tube
containing an equal amount of 2x HBS (274mM NaCl, 10 mM KCI, 1.5 mM
Na,HPO4H,0, 12mM Dextrose, 42mM Hepes, pH 7+0.1). This mixture is the
transfection solution.

v' The transfection solution was incubated for 15min at RT. In parallel, the medium from
the cells was replenished with 0.75 ml fresh complete medium.

v' Then, the transfection solution (250l final volume) was added to the cells dropwise.
Next, the cells were incubated at 37 °C in a CO, incubator.

v After 12-18 h post-transfection, the medium was renewed. The cells were further

incubated for 24h then harvested.

> Plasmid DNA transfection of EA.hy926 cell line

Transient transfections of endothelial cells with plasmid constructs were performed using
the Polyethylenimine (PEI) reagent as described previously (431) with some modifications.
The experimental procedure is prepared as follows and the amounts given are for one well
of a 12-well plate:

v Two days before the transfection, 20*10* endothelial cells were seeded in 12-well
plates and incubated in 0.5 ml final volume of complete medium (containing FBS and
antibiotics). The desired confluency of the cells at the date of transfection is about
70-80%.

v' At the day of transfection, 1.5ug of DNA was diluted in serum free DMEM (tube 1 —
final volume 25ul). Also, 1.5ul of PEI reagent was diluted in serum free DMEM (tube
2 —final volume 25pl).Vortex and flash spin was performed to each tube.

v/ After 5min of incubation at RT, the tube 2 was added to tube 1 (transfection
solution). Vortex and flash spin were performed, followed by 20min incubation at RT.

v' The transfection solution was added to the cells dropwise and the cells were

incubated at 37°C in a CO, incubator.
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v’ After 4h of incubation, the media was replenished with fresh complete media and the

cells were further incubated for 24-48h.

> SiRNA transfection of HepG2 cells

HepG2 cels were transfected with sSiRNA  against HNF-4a (5-
AAAGCGGCCACGCGAGUCAUACUGG -3’) or scrambled SiRNA (5-
UGCGCUAGGCCUCGGUUGC -3) using the Hiperfect transfection reagent (Qiagen). We
performed 2 rounds of transfection utilizing the Fast-Forward protocol as follows:

v' The first round of transfection was performed at the same day of cell plating. HepG2

cells (6*10*) were seeded in 24-well plates in 0.4ml of complete medium (with FBS
and P/S).

v' Then, we prepared the transfection mixes. 6ul of Hiperfect reagent were diluted in
444l of serum and antibiotic free DMEM (tubel). Also, 100nM of siRNA were diluted
in serum and antibiotic free DMEM to a final volume of 50ul (tube2).

v' The tube 2 was added to the tube 1 (transfection solution). Vortex and flash spin
were performed, followed by incubation for 10min at RT.

v' Then, the transfection solution was added dropwise in the plates and the cells were
incubated at 37 °C in a CO; incubator.

v' After 24h of the first round of transfection, we performed the second round of
transfection. The mixes were prepared as described above. Before adding the
transfection solution, the medium of the cells was replenished with 0.4 ml fresh
complete medium.

v Cells were harvested 48h after the first round of transfection. The silencing efficiency

of HNF4a was confirmed by western blotting.

> SiRNA transfection of EA.hy926 cells

EA.hy926 cells were transfected with sSiRNA targeting FOXO1l (Hs_FOXO1A 7

FlexiTube siRNA, Qiagen) or with a control (scrambled) siRNA (All Stars Negative Control
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siRNA, Qiagen) utilizing the Lipofectamine RNAIMAX reagent according to the
manufacturer's instructions with some modifications. FOXO1 silencing was achieved
following two rounds of 100 nM siRNA transfection. Specifically:
v" One day before the first round of transfection, endothelial cells were seeded in 24well
plates (7*10*well) in 0.5ml final volume of complete medium.
v At the day of transfection, the transfection mixes were prepared as follows:
o 1.5ul of RNAIMAX reagent was diluted in 25ul of OptiMEM (tube A). Also,
100nM of siRNA was diluted in 25ul of OptiMEM (tube B).
o Then, tube B was added to tube A (transfection solution). Vortex and flash
spin were performed and followed by 10min incubation at RT.
o In the meantime, medium of the cells was removed followed by two washes
with OptiMEM.
o The transfection solution was added in the cells dropwise. Then, 200pul of
OptiMEM were added in the cells and afterwards the cells were incubated at
37°C in a CO; incubator
o After 6h of incubation, 250ul of complete medium was added in the cells and
the cells were incubated further.
v" Next day, the medium was replenished with fresh complete medium (0.5ml)
v' Two days after the first round of transfection, cells were split and subcultured at 1:2
ratio to new 24-well plates by using the trypsin/EDTA method.
v" Next day, we performed the second round of transfection, which was prepared as
described in the first round.
v’ 24h after the second round of transfection, the medium was renewed and the cells
were further incubated. Cells were harvested at the time indicating at each
experiment. The silencing efficiency of FOXO1 was confirmed by western blot

analysis and gPCR (described below).
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>

Co-transfections with plasmid constructs and siRNAs or miRNAs mimicks

HepG2 cells were co-transfected with plasmid constructs and siRNAs or mimics of

mMiRNASs. For this purpose, the Attractene transfection reagent (Qiagen) was used according

to the manufacturer's instruction. Specifically:

v

One day before the transfection, HepG2 cells were plated in 24-well plates (8*10*
cells/ well) in 0.5ml complete medium.

At the day of transfection, 0.3ug of plasmid DNA was diluted to serum free DMEM to
a final volume of 60pl (pri-transfection solution).

Then, 10nM of miRNA mimics or 100nM of siRNA were added to the pri-transfection
solution (pre-transfection solution).

Next, 1.5 ul of attractene reagent was added to the pre-transfection solution
(transfection solution) followed by incubation 15min at RT. Then, the transfection
solution was added to the cells dropwise and afterwards the cells were incubated at
37°C in a CO; incubator.

After 24h, the medium was replenished. The cells were harvested in the appropriate

time.

2.5.3 Luciferase assays

For the experiments studying the activity of promoters, we performed luciferase

assays using the luciferase assay kit from Promega Corp. according to the manufacturer’s

instructions. Normalization for transfection efficiency was performed by [(-galactosidase.

Briefly, 40h post-transfection cells were lysed in 1X lysis reagent (Promega) and incubated

for 5min at RT in a shaking platform. Cells were scraped, collected and after a cycle of

freeze-thaw the lysates were purified by centrifugation at 13.000rpm for 1min at RT. The

supernatant was collected as total cell lysate and used for measurement of luciferase and 8-

galactosidase activity.
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> Measurement of luciferase activity

60ul of cell extract were mixed with 60ul luciferase substrate (Promega) and the
relative light units (RLU) were measured in the luminometer.

> Measurement of B-galactosidase activity

5ul of cell extracts were mixed with 149ul sodium phosphate buffer (P buffer), 44l
ONPG (8mg/ml) and 2ul Mg*? buffer (table 2.5) and incubated at 37°C using the TECAN
Infinite 200 PRO instrument. B-galactosidase activity was measured from the absorbance at
410nm by TECAN Infinite 200 PRO at different time points until the samples are colored

yellow.

Table 2.5 Buffers used for 3 — galactosidase activity

0.1M NayHPO, pH7.3 (pH is adjusted with 0.1M NaH,PO,)

The appropriate amount of O-nitrophenyl-galactopyranoside
(ONPG) is resuspended in P buffer to a final concentration of 8

mg/mi

1M KCI, 0.1M MgCl,, 352mM f3-mercaptoethanol

2.5.4 Cell Treatments with HDL and Inhibitors

Two days before the treatment, the EA.hy926 cells were seeded in 12-well plates
(20*10* cells/ well) and incubated in complete medium. 3h before the treatment, the medium
was replenished with medium containing 0.5% FBS (starvation medium). Treatments were
performed with either human HDL or a humanized type of HDL (TgHDLapoA-l) and for
various time points. For the experiments with the inhibitors, cells were pre-incubated with
inhibitors in the starvation medium for 1h before the addition of HDL and remained in the

culture medium for the entire duration of the experiment. The following inhibitors were used:
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phosphatidylinositol 3-kinase (PI3K)/Akt inhibitor LY294004, p38 mitogen-activated protein
kinase inhibitor SB203580, extracellular signal-regulated kinase (ERK) inhibitor UO126, c-
Jun N-terminal kinase (JNK) inhibitor SP600125, endothelial nitric oxide synthase inhibitor
(L-NMMA), the protein synthesis inhibitor cycloheximide (CHX) and the forkhead box O1
(FOXO01) inhibitor AS1842856. For the experiments with siRNAs, HDL treatment was

performed 48h after the second round of transfection.

2.5.5 Immunofluorescence

Two days before the experiment, the cells were seeded onto glass coverslips (coated
with 1% gelatin) in 24-well plates (105cells/ well) and incubated in 0.4ml of complete
medium. When the cell-confluency reached approximately 90%, the cells were starved for 3h
and then HDL was added to the cell cultures. At the end of HDL treatment we performed the
immunofluorescence protocol as follows:

v' The cells were washed with 1XPBS and fixed in 4% paraformaldehyde for 10 min at
RT.

v’ After three washes with 1XPBS, cells were permeabilized in 0.1% 1XPBS-T (1XPBS
containing 0.1% Triton X-100) for 5min and then blocked with 0.3% 1XPBS-T
containing 5% normal serum and 0.5% BSA for 1hr at RT while shaking.

v After blocking, cells were incubated overnight with the primary antibody (table 2.1),
which was diluted in 1% normal serum in 0.1% 1XPBS-T, at 4°C.

v" Next day, three washes were performed with 0.1% 1XPBS-T followed by incubation
for 1hr at RT with the appropriate fluorescent-conjugated secondary antibody diluted
to 1:1000 in 0.1%PBS-T.

v Then, the cells were washed three times with 0.1% 1XPBS-T, incubated for 15 min
with Hoechst dye (dilution 1:10.000 in 1XPBS), washed two times with 1XPBS and
mounted on glass slides using mounting solution (1:1 glycerol/1XPBS).

v All washes were performed for 5Sminutes at a rotor at RT.
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Fluorescently-labelled cells were imaged at a Leica TCS SP8 inverted confocal microscope
using a 40x oil-immersion objective lens. Z-projections of images were acquired using Fiji

ImageJ software.

2.6 Purification and Analysis of Protein Extracts

2.6.1 Purification of protein extracts

Depending on the localization of the protein of interest, we used different lysis
protocols to obtain protein extracts from the cells. Protein extracts were then stored at -80°C.

The composition of buffers used for protein extraction is depicted in the table 2.6.

> Purification of whole extracts

To isolate whole extracts, we used the Co-IP lysis buffer. Briefly, cells were washed
with ice-cold 1XPBS and lysed in a Co-IP buffer supplemented with protease and
phosphatase inhibitors. The cell lysates were collected in eppendorf tubes by scraping and
rotated at 4°C for 30 min. After the rotation, cell lysates were centrifuged at 13,000 rpm for
10min at 4°C and subsequently the supernatant containing the protein extracts was collected

in new eppendorf tubes.

> Purification of nuclear extracts

Nuclear proteins were separated from cytoplasmic proteins utilizing a two buffers
protocol (Buffer A and Buffer B). Briefly, cells were washed with ice-cold 1XPBS, lysed in
buffer A supplemented with protease and phosphatase inhibitors and incubated in RT for
10min. After incubation, cells were scraped and centrifuged at 13000 rpm at 4°C for 5 min.
The supernatant containing the cytoplasmic proteins was collected and stored at -80°C,

while the pellet was re-suspended in buffer A and centrifuged. The supernatant was
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discarded and the nuclear pellet was re-suspended in buffer B supplemented with the
protease and phosphatase inhibitors. Extracts were incubated on ice for 30min and then
were centrifuged at 13000 rpm at 4°C for 6min. The supernatants containing the nuclear

proteins was collected.

> Secreted proteins

To detect secreted proteins, the incubation media was collected and the proteins
were precipitated with TCA as described previously (432) with some modifications. Briefly,
TCA (to a final concentration of 10%) was added in 400ul of medium and the mixture was
incubated overnight on ice and centrifuged at 13000rpm for 30 min at 4 °C. The supernatant
was removed, the pellet was washed with ice-cold acetone and centrifuged at 13000rpm at 4
°C for 10 min. The acetone-containing supernatant was removed and the protein pellet was

air dried and diluted in a 4x Laemmli buffer.

Table 2.6 Buffers used for protein extraction

ColP lysis bufer Buffer A Buffer B
20mM Tris-Cl pH7.5 | 10mM Hepes 7.9 20mM Hepes pH7.9
150mM NacCl 10mM KCI 0.4M NacCl

10% Glycerol 0.1mM EDTA 0.1 mM EDTA

1% TritonX-100 0.4% NP40 10% Glycerol

2.6.2 Protein samples preparation

After protein purification, protein concentration was determined by measuring the
absorbance at 750nm in the TECAN Infinite 200 PRO instrument using the DC Protein
Assay kit (BioRad Hercules, CA) according to the manufacturer’s instructions. Before

electrophoresis, protein samples were diluted in a 4x-Laemmli buffer (table 2.7) and boiled
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for 10min. In experiments detecting the ANGPTL4 tetramers, samples were diluted in a non-
reduced 4x Laemmli buffer (table 2.7) without boiling. The samples analyzed by Native
Electrophoresis were diluted in a non-reduced, non-denaturated 4xLaemmli buffer (table 2.7)

without boiling.

Table 2.4 Sample buffers for protein preparation

0.25M Tris 0.25M Tris 0.25M Tris

8% B-mercaptoethanol 8% SDS 20% Glycerol

8% SDS 20% Glycerol 0.004% Bromophenol Blue
20% Glycerol 0.004% Bromophenol Blue

0.004% Bromophenol Blue

2.6.3 Analysis of protein extracts

» SDS-PAGE:

Based on the size, the appropriate amount of protein samples were loaded on 8.5%,
10.5% or 12.5% SDS polyacrylamide gels consisting of the separating and stacking gel
(table 2.8). Then we performed electrophoresis in 1XTGS buffer (table 2.9), at 140 V using
Mini-PROTEAN Tetra Cell System (Bio-Rad). The BenchMark Prestained Protein Ladder
(Invitrogen) was used as a size marker. For visualization of the protein bands, gels were
either stained with Coomassie Brilliant Blue R-250 or used for Western blot analysis as
described below.

> Non-denaturating (Native) PAGE

During Native PAGE all procedures were performed under native conditions,
particularly in the absence of SDS. Briefly, the medium of EA.hy926 cells was collected and

the proteins were precipitated using Amicon Mitra-0.5 Centrifugal Filter Devices (Millipore).
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The concentrated protein samples were diluted with 4x native sample buffer (table 2.7) and
gel electrophoresis was performed in 1XTG buffer (table 2.9), at 110 V utilizing the 4—20%
Mini Protean TGX precast gels. The electrophoretic pattern of apoAl-particles of HDL
(isolated from healthy human donors) was used as a size marker. The protein bands were

visualized utilizing Western blot analysis.

Table 2.8 Buffers used for the preparation of polyacrylamide gels

Tris 18.165 g (1.5 M) 6.05 g (0.5 M)
SDS 0.4 g (0.4% wiv) 0.4 g (0.4% wiv)
pH (with HCI) 8.8 6.8
Final Volume 100 ml 100 mi
(with dH,0)

| Semasel | ssssmmed |

8.5% 10.5% 12.5%

dH20 3.6ml dH20 4.6ml 3.9ml 3.2ml
30% 900yl 30% 2.8ml 3.5ml 4.2ml|
acrylamide acrylamide
Stacking 1.5ml Separating 2.5ml 2.5ml 2.5ml
buffer buffer
10% APS 60yl 10% APS 160pl 160ul 160pl
TEMED 6ul TEMED 8ull 8ull 8ull




Table 2.9 Buffers used for SDS and Native Page

Tris 30.3¢ 30g
Glycine 144.2¢g 1449
SDS 10g )
Final Volume | 1L 800ml
(with dH,0)

» Coomassie Brilliant Blue Staining:

For visualization of the protein bands the Coomasie Brilliant Blue staining was used.
Briefly, polyacrylamide gels were stained with Coomassie Brilliant Blue (2.5 g Coomassie
Brilliant Blue R in 45 % methanol and 10% acetic acid) for 20min and then destained in
destaining solution (50% methanol, 8.5% acetic acid) overnight while shaking. The gels were
rehydrated in dH,O for 4-5h and dried in a Hoefer SE 1160 gel dryer under vacuum at 80 °C

for 1 h.

» Western Blot:

Following SDS and Native PAGE, proteins were transferred onto nitrocellulose
membranes (GE Healthcare Life Sciences) by electroblotting at 400 mA for ~1.5 h using
transfer buffer with or without SDS respectively (table2.10). The transfer was performed
using Mini-PROTEAN Tetra Cell System (Bio-Rad). Membranes were then blocked in 5%
non-fat milk in TBS-Tween 20 (TBS-T) for 1 h. Incubation with primary antibodies was
performed as shown in Table 2.1. After the incubation, the membranes were washed three
times with TBS-T for 10 min per wash. Then, incubation with HRP-conjugated secondary
antibodies diluted 1:10,000 in 5% non-fat milk in TBS-T was performed at RT for 1 h. After
the final incubation, the membranes were washed again with TBS-T for three times followed
by a wash with TBS for 5 minutes. Signals were detected by enhanced chemiluminescence

(Thermo Scientific) and proteins were visualized on a ChemiDoc XRS+ imaging system (Bio-
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Rad) and band intensities were quantified using the Image Lab Software (Bio-Rad). Actin

levels were used for normalization.

Table 2.10 Buffers used for Western Blot

10XTGS 100ml 12.5XTG 80ml NaCl 180g

Methanol 200ml Methanol 200ml Tris 121.14

dH20 700ml dH20 720ml pH (with HCI) 7.3

Final Volume | 1L Final Volume 1L Final volume 1L
(with dH20)

2.7 RNA Purification and Expression

Total RNA was isolated from cells using RNAiso reagent according to the
manufacturer's protocol (Takara, Japan). RNA concentration was determined by measuring
the absorbance at 260nm. To assess the purity of RNA, we measured the absorbance at
280nm and at 230nm and then we calculated the 260/280 ratio and the 230/280 ratio.
260/280 ratio determines the purity of RNA from protein contaminants and the acceptable
range of values is 1.8-2.0. 260/230 ratio determines the purity of RNA from unwanted
organic contaminants such as Trizol and phenol and the acceptable range of values is 2.0-
2.2. All measurements were performed in TECAN’s NanoQuant plate.

Pure isolated RNA (1pg) was reverse-transcribed using the M-MLV reverse
transcriptase and random primers. The cDNAs produced were used for quantitative PCR
analysis with the appropriate pair of primers which were designed using the Lasergene
PrimerSelect software (DNASTAR) (Table 2.11). gPCR was performed on a StepOnePlus
Real-Time PCR system (Applied Biosystems, Foster City, CA) using KAPA SYBR FAST
gPCR Master Mix (Kapa Biosystems, Wilmington, MA). Melting curve analysis was

performed to ensure primer specificity. The expression of the target genes was normalized
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to the expression of the housekeeping gene and the relative gene expression levels were
determined by the comparative Ct method (AACt method), as described in Applied

Biosystems Guide.

> MicroRNA gPCR analysis:

To study the expression levels of let-7 family genes in HepG2, pure isolated RNA
(200ng) was reverse transcribed with Universal cDNA Synthesis Kit Il according to the
manufacturer’s protocol. Then, qPCR analysis was performed as described above utilizing

the specific Exigon PCR Primer Sets. U6 expression was used as an internal control.

Table 2.11 Primers used in Quantitative PCR

ANGPTL4-FW 5'- AAGCCTGCCCGAAGAAAGAG -3
ANGPTL4-REV 5- ACTGTCCAGCCTCCATCTGA -3
HMOX1-FW 5'— CAGTCAGGCAGAGGGTGATAGA -3’
HMOX1-Rev 5— GGGCAGAATCTTGCACTTTGTTG -3
LIPG-FW 5’- GGAAACCCAGCGGAAACTGACA -3’
LIPG-REV 5’- CCATCCCGACACTTGCGAAACC -3’
APOA-I-FW 5'- TGGATGTGCTCAAAGACAGC - 3'
APOA-I-REV 5'- TCCAGGTTATCCCAGAACTCC - 3'
APOE-FW 5- GAACTGAGGGCGCTGATGGAC -3’
APOE-REV 5'- CGGGGTCAGTTGTTCCTCCAGT -3’
GAPDH-FW 5 CTCCTGTTCGACAGTCAGCC -3
GAPDH-REV 5- TTTACCAGAGTTAAAAGCAGCCCT -3
GusB-FW 5'- CACAAGAGTGGTGCTGAGGA -3’
GusB-REV 5 ACCAGGTTGCTGATGTCGG -3’
RPLPO-FW 5'- GGCACCTGGAAAACAACCC -3’
RPLPO-REV 5'- AGCAACATGTCCCTGATCTCA -3’
FOXO1-FW 5- ACTTCAAGGATAAGGGTGACAGCA -3’
FOXO1-REV 5'- CCACCCTCTGGATTGAGCATC -3’
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2.8 DNA Affinity Precipitation

For the in vitro identificaton of DNA-protein interactions, we performed DNA affinity
precipitation (DNAP) utilizing nuclear extracts from HepG2 cells and biotinylated PCR

products or biotinylated oligonucleotides. DNAP protocol is performed in three steps.

> Stepl. Extracts purification and double stranded biotinylated oligonucleotides

preparation

Nuclear extracts were collected as described above. Biotinylated PCR products were
amplified with the use of a biotinylated primer and a non-biotinylated primer (table 2.12) and
isolated by gel extraction. The amount used in the reaction was calculated based on the fact
that for a 600bp fragment, 2 ug of the PCR product is required.

Biotinylated oligonucleotides were prepared by utilizing the annealing protocol.
Briefly, 5 ug biotinylated oligonucleotide, 5 pug unbiotinylated complementary oligonucleotide
and 10xNEB2 buffer were diluted in ddH,0 up to a final volume of 20 ul (synthesis mix). The
synthesis mix was incubated at 92°C for 2 min and then was allowed to cool gradually. The
final concentration was induced to 5 yM by adding the appropriate volume of H,0. Bio-

products and bio-oligos were stored at -20°C.

Table 2.12 Oligonucleotides used in DNAP assays

-111-hLXRa - FW 5- GGGTACCAAGGGAGGAGGAGGGAGG -3
-25-hLXRa - FW 5- GGGGTACCCTATGGAGGGGAGGGAA-3’
+384-hLXRa-Rev-bio 5’- bio TGTCCAGAAGTCTCGGTGGC -3’
-52/-23-hLXRa-bio FW 5’- bio TGCTGGGACCTTTGCTCCACGAGGTGCCTA -3’
-52/-23-hLXRa REV 5- TAGGCACCTCGTGGAGCAAAGGTCCCAGCA -3’
-52/-23-hLXRa-bio mut FW 5’- bio TGCTGGGATATCTGCTCCACGAGGTGCCTA -3’
-52/-23-hLXRa mut Rev 5- TAGGCACCTCGTGGAGCAGATATCCCAGCA -3’
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> Second Step: Beads-DNA interactions

For this purpose we used the M-280 Streptavidin Dynabeads. The DNA-beads

mixture was prepared as follows:

v

v

50ug beads were washed with 1xB&W buffer (table 2.13).

Beads were mixed with 7ul 2xB&W buffer and 7yl biotinylated oligo (0.58uM).
(for control samples beads were mixed with 14ul of 1xB&W buffer)

The DNA-beads mixture was then incubated for 15 minutes at RT, with
occasional shaking.

Washes with 1xB&W buffer were performed twice.

One final wash with BBRC buffer (table 2.13) was performed.

> Third Step: DNA-Protein binding interactions

The DNA-protein mixture was performed as follows:

v

500yl of BBRC buffer supplemented with 1mM PMSF and 0.5mM
benzamidine, 60ug NE and 3ug of competitor poly dI-dC were added in the
mixture of DNA-coupled beads.

Then, the DNA-protein mixture was incubated for 1h on a rotator at 4°C.
Three washes with BBRC buffer supplemented with 1mM PMSF and 0.5mM
benzamidine were performed

After the final wash, the protein-DNA mixture was resuspended in 15pl

4xLaemmli buffer and then boiled for 10min.
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Table 2.13 Buffers used in DNAP assays

10mM Tris-HCL pH7.5 10mM Tris-HCL pH 7.5
1mM EDTA 50mM KCI
2mM NaCl 4mM MgCl,

0.2mM EDTA

10% glycerol

2.9. Chromatin immunoprecipitation (ChiP)

For the in vivo identification of DNA-protein interactions, we performed Chromatin

immunoprecipitation (ChIP). ChIP protocol was performed in six steps as described below:

> Step 1. Chromatin Preparation from HepG2 cells

v

HepG2 cells were seeded in p100 plates (4*10° cells/ plate) and incubated in
complete medium.
Upon reaching the desired confluency (about 90%), the cells were crosslinked
with formaldehyde as follows:
The medium from the plates was replenished with 9ml DMEM (without FBS).
o 1 ml formaldehyde (from 10% stock) was added to the plates followed
by shaking
o Cells were incubated for 10 min at 37°C.
The cross-linking reaction was stopped by adding 1ml glycine (from 1.375M
stock).
The cells were washed three times with ice cold 1XPBS supplemented with
0.5mM PMSF and finally were collected in 7 ml ice-cold 1XPBS

supplemented with 0.5% NP-40 and 0.5 mM PMSF by scraping.
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v After centrifugation at 1000rpm for 5min at 4°C, the pellets were lysed in
swelling buffer (table 2.14) supplemented with complete Protease Inhibitor
Cocktail and incubated on ice for 10min. Subsequently, the cells were
homogenized utilizing a Dounce homogenizer (30 times up-down). To confirm
this process, the nuclei were checked in microscope by mixing 5ul with equal
volume of 0.4%Trypan Blue.

v" The nuclei were precipitated by centrifugation at 2000rpm for 5min at 4°C and
re-suspended in 2ml sonication buffer (table 2.14) supplemented with
complete Protease Inhibitor Cocktail and sonicated for 12 times for 30sec at
50% amplitude on ice.

v' The sonicated chromatin was cleared by two sequential centrifugations at
2000rpm for 15 min at 4°C. After the final centrifugation, 50ul of the sample

were kept for sonication check and the rest was stored at -80°C.

> Step 2. Sonication check

v

The sample with 50ul of chromatin was mixed with 150l H,O and 10.5ul NaCl
(from 4M stock) and incubated overnight at 65°C.

Next day, 2ul RNAse A (10mg/ml stock) were added in the mixture, followed by
incubation for 1h at 37°C.

Then, 2 yl EDTA and equal volume of phenol/chloroform/isoamylalcohol were
added in the mixture and followed by centrifugation at 13000 rpm for 5min.

The upper phase of centrifugation was collected in a new eppendorf and mixed
with equal volume of chloroform and 4 pul glycogen (from 5 ug/upl stock) and
followed by centrifugation at 13000 rpm for 5Smin.

The upper phase was collected again in a new eppendorf and mixed with 1/10
volume Na-acetate (from 3M stock) and 2.5 volume 100% Ethanol, incubated for
30min at -80°C.
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v After centrifugation at 13000 rpm for 10min, the pellet, containing the chromatin,
was washed with 75% Ethanol, air-dried and resuspended in 20 pl sterile dH,O

v' The quality of the fragmented chromatin was checked on a 1.5% agarose gel.

> Step 3. Equilibration and blocking of beads

v" For each sample a total amount of 160ul protein G sepharose beads were used
(40ul for the immunoprecipitation (IP) reaction, 40ul for the control reaction and
80ul for preclearing chromatin).

v The beads were washed three times with 1.5 ml sonication buffer as follows:

o Rotation 10min at 4°C
o Centrifugation at 2000rpm for 3min at 4°C
o Supernatant was removed

v" Then, the beads were blocked with 494l sonication buffer, 5ul BSA (100mg/ml
stock) and 1ul sonicated A DNA (0.5ug/ul stock) and rotated for 2h at 4°C.

v’ After rotation, 200ul from the beads were stored at 4°C, while the rest were used

for preclearing chromatin.

> Step 4. Preclearing and Immunoprecipitation (IP)

v' Chromatin stored at -80°C, was thawed on ice and quantified by measuring the
OD at 260nm and 280nm.

v"In the meantime, the beads that had been kept for the preclearing process were
centrifuged at 6000rpm for 3min at 4°C and the supernatant was removed.

v After preparing chromatin and beads, 1500ul chromatin, 15ul BSA (100mg/mi
stock) and 3ul sonicated A DNA were added in the beads and subsequently the
mixture was rotated for 2h at 4°C.

v' Then, the beads were removed from the mixture by centrifugation at 3000rpm for

10min at 4°C. The supernatant was collected to a new eppendorf tube. One-tenth

102



of the volume of the supernatant (input) was transferred to a new eppendorf tube
and stored at 4°C.

v The remaining volume of the supernatant was used for the IP method.
Specifically, the appropriate amount of the supernatant was mixed with 5ug of a-
HNF4a (IP sample) or with no Ab (control sample) and followed by rotation for 2h
at 4°C. Meanwhile, the equilibrated beads stored at 4°C, were isolated by
centrifugation at 6000 rpm for 3 minutes.

v After the rotation, the immunoprecipitated chromatin (and the control chromatin)

were mixed with the equilibrated beads and followed by overnight rotation at 4°C.

> Step 5. Washes of beads and De-crosslinking

v" Next day, the samples were centrifuged at 6000 rpm for 3 min at 4°C and the
supernatant was removed.
v" Then, the samples were washed twice with buffer A, buffer B, buffer C and TE
buffer as follows:
o 1ml buffer was added
o 10min rotation at 4°C was performed
o The supernatant was removed by centrifugation at 6000rpm for 3 min
at 4°C followed by the addition of the next buffer in the sample
v After the washes, DNA was eluted in 300ul of elution buffer. Then DNA was
mixed with 100ul H,0 and 21ul NaCl (4M stock) followed by overnight incubation
at 65°C so as to promote de-crosslinking.
v' Chromatin kept as input was also mixed with elution buffer up to 300ul, 100ul H,0

and 21ul NaCl and incubated overnight at 65°C.

103



> Step 6. DNA purification and PCR amplification

v" Next day, the samples were subjected to RNAse A treatment for 1h and then
mixed with 2ul EDTA (0.5M) and 2pl Proteinase K (10mg/ml) and incubated
for 2h at 42°C.

v" DNA was purified by phenol-chloroform extraction and ethanol precipitation
as follows:

o 200yl H,O, 1/10 volume Na-acetate and equal volume of
phenol/chloroform/isoamylalcohol 25:24:1 were added in the samples
followed by vortexing.

o After centrifugation of the samples at 13000 rpm for 5 minutes, the
upper phase was collected in new eppendorf tube and mixed with
equal volume of chloroform.

o The samples were again centrifuged at 13000 rpm for 5min and the
upper phage was collected in a new eppendorf tube and mixed with
4ul glycogen (5ug/ul stock) and 2.5 volumes 100% Ethanol and
incubated overnight at -20°C.

v" Next day, the samples were centrifuged at 13000rpm for 30min at 4°C and
the pellet containing the precipitated chromatin was washed with 75%
Ethanol, centrifuged at 13000 rpm for 10min, air dried and re-suspended in
10mM Tri-ClI pH 7.5 (input samples were re-suspended in 100ul 10mM Tri-Cl
pH 7.5, while the IP samples in 50ul 10mM Tri-Cl pH 7.5).

The IP samples and 1% chromatin input were analyzed by the SYBR-Green
quantitative PCR (KAPA SYBR® FAST gPCR kit) utilizing the StepOnePlus™Real-Time
PCR System (Applied Biosystems) according of the manufacturer's instructions. The CT
values of the ChlIP signals detected by q PCR were converted to the percentage of the input
DNA using the “percent input method” as recommended by the manufacturer. Primers used

for ChIP analysis are depicted in table 2.15

104



Table 2.6 Buffers used for ChIP assays

25mM Hepes pH7.9 | 50mM Hepes pH7.9 | 50mM Hepes pH7.9 | 50mM Hepes 20mM Tris-Cl pH8.0
pH7.9

1.5mM MgClI2 140mM NacCl 140mM NacCl 500mM NaCl 1mM EDTA pH8.0

10mM KCI 1mM EDTA pH8.0 1mM EDTA pH8.0 1mM EDTA 250mM LiClI
pH8.0

0.5% NP-40 1% Triton X-100 1% Triton X-100 1% Triton X-100 | 0.5% NP-40

1mM DTT 0.1% Na-deoxycholic | 0.1% Na-deoxycholic | 0.1% Na- 0.5% Na-deoxycholic

acid acid deoxycholic acid | acid
2ug/ml Aprotinin 0.1% SDS 0.1% SDS 0.1% SDS 2pg/ml Aprotinin

0.5mM PMSF

2ug/ml Aprotinin

2ug/ml Aprotinin

2ug/ml Aprotinin

0.5mM PMSF

0.5mM PMSF

0.5mM PMSF

0.5mM PMSF

10mM Tris-Cl pH8.0

50mM Tris-Cl pH8.0

1mM EDTA pH8.0

1mM EDTA pH8.0

2ug/ml Aprotinin

1% SDS

0.5mM PMSF

50mM NaHCOg4

Table 2.15 Primers used in ChlIP assays

-147-hLXRa-ChIP-FW

5- CTAGTGGGGAGAGCTTCTTGG -3

+78-hLXRa-ChIP-Rev

5- CTCCTTACCCAGCGCTCTTAG -3’

+3461-hLXRa-ChIP-FW

5- ATTTGGCCCTGTCCTTAGGTGT -3’

+3694-hLXRa-ChlP-Rev

5- CAAGTACCGTGACTCGAAGCC -3
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2.10 Statistical Analysis

Data are expressed as mean = SD. Statistical significance was determined using
two-tailed Student's t-test or one-way analysis of variance and Tukey's post-hoc test to
evaluate differences between three or more groups. For all results, p < 0.05 was considered
statistically significant. Analysis was performed using GraphPad Prism (GraphPad Software,

Inc., La Jolla, USA).
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3. RESULTS AND DISCUSSION
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Chapter I: Endothelial signaling pathways and genes that

contribute to HDL-mediated atheroprotection.

As it was discussed in the introduction, HDL affects the endothelium functionality in
order to promote atheroprotection by interacting with endothelial receptors. However, little is
known about the ability of HDL to induce changes in the expression of endothelial genes and
whether these genes could mediate the atheroprotective functions of HDL. In the first two
parts of this chapter, we examined the ability of HDL to affect the expression of endothelial
genes. We focused on genes with atheroprotective properties (such as ANGPTL4 and LIPG)
and we investigated the cellular mechanisms that are employed by HDL in order to regulate
these genes. In the third part, we utilized the ability of the functional HDL to activate
signaling pathways and specifically the AKT pathway, in order to examine the functionality of

HDL isolated from patients with inflammatory diseases.
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Part I: ANGPTL4 is a target gene of HDL in the endothelium

Effects of rHDL-AI on global endothelial gene expression

To unravel new target genes of HDL in the endothelium, we utilized the microarray
data that had been produced by the collaboration of Dr. V.l. Zannis and Dr. D. Kardassis as
described previously (369). Briefly, primary Human Aortic Endothelial Cells (HAECs) were
treated for 12h in starvation medium with 250ug/ml of reconstituted HDL containing the
human apolipoprotein A-I (rHDL-AI) and then RNA was extracted. In control experiments,
HAECs were treated with PBS for the same time period. The mRNAs from the rHDL-treated
and PBS-treated cells were purified, labeled and hybridized with GeneChip Human Gene 1.0
ST Arrays (Affymetrix) followed by bioinformatics analysis which was performed in

collaboration with Dr. D. Sanoudou (Bioacademy of Athens).

As depicted in Figure 3.1A, the expression of 410 transcripts was significantly
changed in the presence of rHDL-Al, and more than half of the differentially expressed
transcripts were downregulated by rHDL-Al (263 transcripts or 64% of the total). Gene
ontology classification of the differentially expressed transcripts based on the cellular
localization of the encoded proteins revealed that the majority of the transcripts encoded for
nuclear (186), followed by cytoplasmic (103), plasma membrane (43), secreted (31), as well

as other proteins with unknown localization (47) (Fig. 3.1B).

We focused on the transcripts coding for secreted proteins, since they could mediate
the atheroprotective signal of HDL. Interestingly, we observed that ANGPTL4 was the most
upregulated transcript among them. As presented in the Introduction, ANGPTL4 is a key
player of lipid metabolism that, by inhibiting the lipoprotein lipase (LPL), controls the
triglyceride levels in the circulation (433). Moreover, accumulating evidence indicates that

ANGPTL4 protects against the development of atherosclerosis (395, 396), confirming the
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physiological significance of our observation. Therefore, we focused on the mechanisms by

which HDL regulates the expression of this specific gene in endothelial cells.

Transcripts coding Secreted
/ proteins
//

| symbol | Fold change

ANGPTL4 6,17

A APOL6 4,74
. STC2 4,57
LIPG 3,43

VEGFA 3,35

SLC46A3 2,80

AZM 2,39

ADAMTS4 2,31

IL6 2,22

TSLP 2,20

rHDL-AI treatment to HAECs PTAC;FP?Z 5[1)2
VIP 2,02

Fold Change: BMP2 -1,99

(2.0,-2.0), p-value <0.05 e ;g:g;

i CCBE1 -2,09
Transcripts 410 (1471,263)) FGF5 2,13
ESM1 -2,18

ANGPT2 -2,21

mCytoplasm \\ CXCL1 -2,23

PRSS23 -2,41

m Extracellular Space \\ YL 244

= Plasma Membrane \ ATADS 2,52

= Nucleus AN CxcLs 2,56

Other N MAMDC2 -2,94

\ GDF6 -2,95

\ PLAT -3,24

N, FsT -4,26

\_ TGFB2 -5,53

N DKK1 -5,93

Figure 3.1 Microarray analysis of the response of endothelial cells to rHDL-apoAl.

A) Primary human aortic endothelial cells were treated with 250ug/ml of rHDLA-I for 12 h.
Total RNA was extracted and microarray analysis was performed as described in Materials
and Methods section. Transcripts with a fold change of 2| 2.00| were selected and a false
discovery rate (FDR) threshold of > 0.05 was applied. B) The pie chart shows the
classification of the differentially expressed transcripts based on the cellular localization of
the encoded proteins. The Table shows genes encoding for extracellular proteins that were

differentially expressed in response to rHDL-Al. ANGPTL4 was the gene with the strongest
upregulation.

110



ANGPTL4 is a target gene of all types of HDL

In the circulation HDL is represented in two different types, the spherical type which
is the most abundant type in healthy people and the discoidal one. As rHDL-AI resembles to
the discoidal type of HDL, we wondered whether and the spherical type of HDL affects
ANGPTL4 gene expression. Therefore, we isolated native HDL from the serum of two
different sources: a healthy human donor (hHDL) and transgenic mice expressing the human

apolipoprotein A-1 gene (tgHDL). Native HDL contains mainly the spherical type of HDL.

Initially we examined the concentration, the structure and the functionality of HDL
that is produced from the transgenic mice to make sure that it has no major structural
differences from the HDL that is normally found in mice or humans. It was found that tgHDL
had structural and functional properties similar to human HDL, such as the distribution of
apoA-I in the HDL,/HDL; region and the inhibition of TNFa-induced expression of the pro-
Inflammatory Cytokine Intercellular Adhesion Molecule 1 (ICAM-1) in endothelial cells (Fig.
3.2A-C). These mice had high levels of plasma total and HDL cholesterol, a normal ratio of

CE/TC and normal phospholipids and triglycerides (Fig. 3.2D).
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Figure 3.2 Structural and functional properties of the HDL isolated from the human
apoA-l transgenic mice. (A) Cholesterol distribution to different lipoprotein fractions in
serum isolated from transgenic mice expressing human apoA-l as determined by FPLC.
Data are representative of two independent experiments with identical profiles. (B)
Distribution of apoA-I-containing HDL subpopulations in the serum of human apoA-I|
transgenic mice. Fractionation of the plasma was performed with density gradient
ultracentrifugation. The apoA-I composition of each fraction was determined by SDS—-PAGE
and Coomassie Brilliant Blue staining. (C) EA.hy926 cells were treated with 250ug/ml of
tgHDL or with PBS for 16h and then stimulated with TNFa (1ng/ml) or PBS (control) for
additional 5 hr. Total RNA was extracted and quantitative RT-PCR was performed to
determine ICAM1 mRNA levels, which were normalized relative to the RPLPO mRNA levels.
The relative ICAM1 mRNA levels are expressed as mean (xSD) from at least three
independent experiments. (D) Total cholesterol (TC), HDL-cholesterol (HDL-C), free
cholesterol (FC), cholesteryl esters (CE), triglycerides (TG) and phospholipid (PL) levels in
the serum of human apoA-I transgenic mice (n=5). Data represent mean + SD.
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Next, we determined the mRNA levels of ANGPTL4 following treatment of endothelial
cells for 12h with rHDL-AI, tgHDL, hHDL or PBS (control experiment). For this purpose, we
utilized the endothelial cell line EA.hy926, which has been used extensively in the past as an
endothelial cell model (434). As depicted in Fig.3, all types of HDL were able to induce the

expression of human ANGPTL4 gene when compared to the PBS-treated cells.
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Figure 3.3 Native HDL isolated from either transgenic mice (tgHDL) or human healthy
donors (hHDL) increases the endothelial ANGPTL4 levels. The endothelial human cell
line EA.hy926 was treated with tgHDL or hHDL or rHDL-AI for 12h or with vehicle (PBS,
untreated sample). Total RNA was extracted and quantitative RT-PCR was performed to
determine ANGPTL4 mRNA levels, which were normalized relative to the RPLPO mRNA
levels. The relative ANGPTL4 mRNA levels are expressed as mean (xSD) from at least
three independent experiments and shown as a histograph as fold activations in the
presence of HDL versus in the absence of it. Symbols: *, p < 0.05; **, p < 0.01.
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Relative ANGPTL4 mRNA levels

HDL induces the expression of the ANGPTL4 gene in endothelial cells in a
dose and time-dependent manner

We sought to determine the mechanisms by which HDL regulates the expression of
ANGPTL4 gene in endothelial cells. For this purpose, the endothelial cells were treated with
tgHDL and the ANGPTL4 mRNA levels were monitored. Treatments with two different
concentrations of tgHDL (100 and 250 ug/ml) for 12 h induced the expression of the
ANGPTL4 gene in a dose-dependent manner (Fig. 3.4A). Moreover, treatments with
250ug/ml of tgHDL at different time points revealed a transient increase in ANGPTL4 mRNA,
which reached a peak at 2 h, and started to decline at 12 h post-induction until it was

restored to the original unstimulated levels at 24 h post-induction (Fig. 3.4B).
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Figure. 3.4 HDL induces ANGPTL4 at the mRNA level in a dose and in a time
dependent manner. (A) EA.hy926 cells were treated for 12h with 100 or 250 pg/ml of
tgHDL or with PBS. Total RNA was extracted and quantitative RT-PCR was performed to
determine ANGPTL4 mRNA levels. The normalized ANGPTL4 mRNA levels relative to the
RPLPO mRNA levels are expressed as mean (xSD) from at least three independent
experiments. B) EA.hy926 cells were treated with 250 ug/ml of tgHDL or with PBS for the
indicated time periods. Total RNA was extracted and quantitative RT-PCR was performed to
determine ANGPTL4 mRNA levels, which were normalized relative to the RPLPO mRNA
levels. The relative ANGPTL4 mRNA levels in the absence (white bars) and in the presence
(black bars) of tgHDL (mean £ SD) from at least four independent experiments are shown for
each time point. Symboils: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Next, we examined the effect of tgHDL on the protein levels of ANGPTL4. Treatment

of endothelial cells with tgHDL induced the secreted protein levels of ANGPTL4 both in a

dose (Fig. 3.5A) and in a time dependent manner (Fig. 3.5B upper panel). However, the

cytoplasmic levels of ANGPTL4 were not changed after treatment with the high dose of

tgHDL (Fig. 3.5B middle panel). Interestingly, the secreted ANGPTL4 was found to be

associated with the mature a1 sub-class of tgHDL in native gel electrophoresis experiments

(Fig. 3.5C) in agreement with previous studies which had shown that circulating ANGPTL4

was physically associated with HDL in mice (398). As expected, in the presence of

cyclohexamide (CHX), an inhibitor of protein synthesis, HDL could not induce the secreted

protein levels of ANGPTL4 (Fig. 3.5C, lane4).
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Figure 3.5 HDL induces the secreted protein levels of ANGPTL4 but not the
cytoplasmic one. A) EA.hy926 cells were treated with two different doses (100 and 250
pg/ml) of tgHDL or with PBS. Medium was collected and the secreted ANGPTL4 protein
levels were determined by immunoblotting using ananti-ANGPTL4 antibody. B) EA.hy926
cells were treated with 250ug/ml tgHDL or with PBS for 12h or for 24h. Then, the medium
(upper panel) and the whole cell extracts (middle and below panel) were collected and the
protein levels of ANGPTL4 and actin were determined by immunoblotting with the
corresponding antibodies. C) EA.hy926 cells were pretreated with 5ug/ml cyclohexamide
(CHX) for 1h or left untreated and subsequently treated with tg-HDL (250 pug/ml) or PBS
(untreated) for additional 12 h. Medium was collected and non-denaturing PAGE was
performed. The HDL sub-classes were identified by immunoblotting using an antibody
against human apolipoprotein A-l, whereas purified tgHDL was used as a positive control.
The ANGPTLA4 protein was determined by immunoblotting using the corresponding antibody.
All experiments were performed at least twice, and a representative image is shown.

ANGPTLA4 is a direct transcriptional target of HDL in endothelial cells

We wanted to investigate whether the observed increase in ANGPTL4 mRNA and
protein levels by tgHDL in endothelial cells is direct or indirect by using the protein synthesis
inhibitor cycloheximide (CHX). As shown in Fig. 3.6, treatment of EA.hy926 cells with 5
pug/ml CHX for 12 h increased significantly (19-fold) the basal mMRNA levels of the human
ANGPTL4 gene. Most importantly, induction of ANGPTL4 by tgHDL in the presence of CHX
was much higher (33-fold). CHX did not affect the induction of ANGPTL4 by tgHDL

suggesting that the mechanism by which tgHDL upregulated the ANGPTL4 gene is direct.
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Figure 3.6 ANGTPL4 is a direct transcriptional target of HDL.

(A) EA.hy926 cells were pretreated with 5 pg/ml cycloheximide (CHX) or DMSO (no
inhibitor) for 1 h and then treated with tgHDL or PBS for additional 8 h. Total RNA was
extracted and quantitative RT-PCR was performed to determine ANGPTL4 mRNA levels,
which were normalized relative to the RPLPO mRNA levels. The relative ANGPTL4 mRNA
levels are expressed as mean (xSD) from at least four independent experiments. Symbols:
*, p<0.05; *** p<0.001.

The PI3K and p38 signaling pathways are implicated in the regulation of
ANGPTL4 gene by tgHDL in endothelial cells

We next sought to delineate the signaling pathway(s) that are induced by tgHDL in
endothelial cells and culminate in the overexpression of the ANGPTL4 gene. First we
established that tgHDL was able to stimulate the phosphorylation of the signaling kinases
AKT, p38, ERK and JNK with different kinetics (Fig. 3.7A). Specifically, the activation of MAP
kinases JNK and p38 was very fast, reached a peak at 5 min post-induction and declined
thereafter. The activation of AKT and ERK reached a peak at 30 min post-HDL treatment.
However, ERK phosphorylation was more stable and started to decline after 2 h of

stimulation with tgHDL.

To address the contribution of each kinase in ANGPTL4 regulation by HDL we used
specific inhibitors. As shown in Figs. 3.7B-D, treatment of EA.hy926 cells with specific
inhibitors of PI3 kinase (LY) or p38MAP kinase (SB) independently or in combination
abolished the induction of the ANGPTL4 gene by tgHDL. In contrast, inhibitors for JNK or
ERK kinases had no effect on the upregulation of ANGPTL4 mRNA levels by tgHDL in

endothelial cells (Fig. 3.7E and F).
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Figure 3.7 HDL induces ANGTPL4AmRNA levels through the activation of PI3K/AKT
and p38MAPK pathways. A) EA.hy926 cells were treated with tgHDL (100 pg/ml) for the
indicated time periods. Cell extracts were collected and the total and phosphorylated levels
of kinases AKT, p38, ERK and JNK were determined by immunoblotting using the
corresponding antibodies. The experiment was performed three times and representative
images are shown. B—F) EA.hy926 cells were pretreated for 1 h with 50 uM LY (PI3K/AKT
inhibitor) (B), 20 uM SB (p38 inhibitor)(C), both 50 yM LY and 20 yuM SB (D), 3 uM UO (ERK
inhibitor) (E), 5 uM SP (JNK inhibitor) (F), or with DMSO (no inhibitor) and then treated with
tgHDL or PBS (control) for additional 8 h. Total RNA was extracted and quantitative RT-PCR
was performed to determine ANGPTL4 mRNA levels, which were normalized relative to the
RPLPO mRNA levels. The relative ANGPTL4 mRNA levels are expressed as mean (xSD)
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from at least three independent experiments. Symboils: ns, not significant; *, p < 0.05; **, p <
0.01; ***, p = 0.001
It has been shown previously that HDL by activating the AKT pathway in the

endothelium induces the activation of the endothelial nitric oxide synthase (eNOS) resulting
in the production of NO (220, 229). Therefore, we investigated whether eNOS activation is
required for the regulation of ANGPTL4 gene by tgHDL. We also observed that treatment of
endothelial cells with tgHDL induced a rapid eNOS phosphorylation which peaked at 5 min
and declined after 1 h of stimulation (Fig. 3.8A). Then, we treated endothelial cells with
tgHDL in the presence and in the absence of an inhibitor for eNOS (L-NMMA) and we
determined the ANGPTL4 mRNA levels by RT-gPCR. The data showed that the inhibitor of
eNOS had no effect on ANGPTL4 gene induction by tgHDL (Fig. 3.8B) suggesting that the

eNOS-mediated pathway is not implicated in the HDL-mediated induction of ANGPTLA4.
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Figure 3.8 eNOS activation by tgHDL is not implicated in the HDL-mediated induction
of ANGPTL4 A) EA.hy926 cells were treated with tgHDL (100 pg/ml) for the indicated time
periods. Cell extracts were collected and the phosphorylated levels of kinase eNOS as well
as the protein levels of actin were determined by immunoblotting using the corresponding
antibodies. The experiment was performed three times and representative images are
shown. B) EA.hy926 cells were pretreated for 1 h with 1 mM L-NMMA (eNOS inhibitor) or
with DMSO (no inhibitor) and then treated with tgHDL or PBS (control) for additional 8 h.
Total RNA was extracted and quantitative RT-PCR was performed to determine ANGPTL4
MRNA levels, which were normalized relative to the RPLPO mRNA levels. The relative
ANGPTL4 mRNA levels are expressed as mean (+SD) from at least three independent
experiments. Symbols: **, p < 0.01;
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HDL Induces AKT-mediated phosphorylation of FOXO1 and its translocation to
the cytoplasm

Stimulation of the PI3K/AKT signaling pathway leads to the phosphorylation of
several downstream effectors including the transcription factor FOXO1 (435). To investigate
the potential regulation of FOXO1 localization and functions by HDL, we treated EA.hy926
cells with tgHDL (250 pug/ml) or PBS for a range of time points while monitoring the levels of
phosphorylated and total FOXO1 in cytoplasmic and nuclear extracts by western blotting
using the corresponding antibodies. As shown in Fig. 3.9A, incubation of EA. hy926 cells
with tgHDL caused a very rapid phosphorylation of FOXO1 in the nucleus which peaked at 5
min and declined to non-stimulated levels at 1 h post-stimulation. At the same time point (5
min), the levels of total FOXO1 in the nucleus started to decline and the levels of total
FOXO1 in the cytoplasm strongly increased at 30 min of treatment. This increase in total
cytoplasmic FOXO1 was transient since it returned to pre-stimulated levels at 2 h post-
induction and at the same time, the levels of total FOXOL1 in the nucleus increased. On the
contrary, the mRNA levels of FOXO1 were not changed after treatment of endothelial cells
with tgHDL for different time points (Fig. 3.9B), indicating that tgHDL regulates FOXO1

through post-translational modifications.

The data of the immunoblotting analysis were validated by immunofluorescence
experiments. These experiments showed that prior to treatment with tgHDL, FOXO1 was
localized exclusively in the nucleus of EA.hy926 cells (Fig. 3.9C first row), whereas following
30 min treatment with tgHDL (250 pg/ml) there was a significant nuclear exclusion of FOXO1
(Fig. 3.9C second row). In agreement with the data of Fig. 3.7B nuclear exclusion of FOXO1
by tgHDL was prevented using an inhibitor of PI3K (LY) whereas an inhibitor of p38 MAP

kinase (SB) had a minor effect (Fig. 3.7B third and fourth rows respectively).
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Figure 3.9 HDL induces the phosphorylation of FOXO1 and its translocation to the
cytoplasm. A) EA.hy926 cells were treated with tgHDL (100 pg/ml) for the indicated time
periods. Cell lysates were collected and the nuclear extracts were separated from the
cytoplasmic extracts as described in Methods. The total and phosphorylated levels of
FOXOL1 in both nuclear and cytoplasmic extracts were determined by Western Blotting using
the corresponding antibodies. The protein levels of histone H3 and actin were used as
nuclear and cytoplasmic markers respectively. The experiment was performed three times
and representative images are shown. B) EA.hy926 cells were treated with 250 pg/ml of
tgHDL or PBS for the indicated time periods. Total RNA was extracted and quantitative RT-
PCR was performed to determine FOXO1 mRNA levels, which were normalized relative to
the RPLPO mRNA levels. The relative ANGPTL4 mRNA levels in the absence (white bars)
and in the presence (black bars) of tgHDL (mean + SD) from at least four independent
experiments are shown for each time point. C) EA.hy926 cells were treated with tgHDL (100
pg/ml) in the absence and in the presence of the inhibitors LY (50 uM) or SB (20 uM) for the
indicated time periods. The intracellular localization of FOXO1 was determined by
immunofluorescence using an antibody for total FOXO1. Nuclei were stained with Hoechst
dye. Confocal images were overlaid with Z-projection. Symbols: ns, not significant.

Induction of ANGPTL4 by tgHDL is mediated by FOXO1

Having established that tgHDL regulates FOXO1 phosphorylation and intracellular
localization, we wondered whether FOXOL1 is implicated on the tgHDL-mediated induction of
the ANGPTL4 gene. To assess this question, we utilized the FOXO1 inhibitor AS1842856
(AS), which blocks the transcription activity of FOXOL1. Firstly, we examined the effect of AS
in the regulation of ANGPTL4 gene expression and we observed that treatment of EA.hy926
cells for 9h with increasing concentrations of AS (5 nM to 10 uM), increased ANGPTL4
MRNA levels in a dose dependent manner suggesting that FOXO1 is a negative regulator of
the ANGPTL4 gene in endothelial cells (Fig. 3.10A). We found that low AS concentrations
(50 nM-100 nM) had a moderate effect (1.5-1.8 fold induction) on ANGPTL4 mRNA levels
which was not statistically significant whereas higher AS concentration (5-10 uM) were
required to increase ANGPTL4 gene transcription (Fig. 3.10A). A further increase in AS

concentration to 20 uM apparently had non-specific effects (Fig. 3.10A).

Then, we investigated the effect of AS in the tgHDL-mediated induction of ANGPTLA4.

Therefore, EA.hy926 cells were pre-treated for 1h with two different concentrations of AS or
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with no inhibitor and then treated with tgHDL or PBS for additional 8h. Figure 10B shows that
in the presence of 5uM concentration of AS the mRNA levels of ANGPTL4 were increased
about 2 folds, whereas co-treatment with 5uM AS and tgHDL lead to a higher increase in the
MRNA levels of ANGPTL4. Moreover, we identified found again that in the presence of
10uM of AS, the mRNA levels of ANGPTL4 were increased higher compared to 5uM AS
(Fig. 3.10B). Interestingly, in the presence of 10uM AS, the tgHDL was not able to further

induce ANGPTL4 gene expression (Fig. 3.10B).
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Figure 3.10 FOXO1 inhibition increases ANGPTL4 mRNA levels and abolishes
ANGPTL4 gene induction by HDL. A) EA.hy926 cells were treated with the indicated
concentrations of AS1842856 (AS) for 9h. Total RNA was extracted and quantitative RT-
PCR was performed to determine ANGPTL4 mRNA levels, which were normalized relative
to the RPLPO mRNA levels. The relative ANGPTL4 mRNA levels are expressed as mean
(xSD) from three independent experiments. B) EA.hy926 cells were pre-treated for 1 h with
AS in two different concentrations (5 uM or 10uM) or with DMSO (no inhibitor). Then 250
pug/ml of tgHDL or PBS was added for additional 8 h. Total RNA was extracted and
guantitative RT-PCR was performed to determine ANGPTL4AmRNA levels, which were
normalized relative to the RPLPO mRNA levels. The relative ANGPTLAmMRNA levels are
expressed as mean (xSD) from at least four independent experiments Symboils: ns, not
significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; #, p < 0.05; ###, p < 0.001. In panel B *
indicates the statistical difference between the absence and the presence of tgHDL for each
concentration of inhibitor or no inhibitor. # indicates the statistical difference between the
absence and the presence of the FOXO1 inhibitor (in untreated cells only).
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The role of FOXOL1 in tgHDL-mediated induction of the ANGPTL4 gene was further
established by a gene silencing experiment. The efficiency of FOXO1 gene silencing by a
FOXO1-specific siRNA and the non-specific (scrambled) siRNA was determined by RT-
gPCR and western blotting experiment (Fig. 3.11A and B). As shown in Fig. 3.11C, the
siRNA for FOXO1 increased ANGPTL4 mRNA levels 3-fold in EA.hy926 cells whereas the
scrambled siRNA had no effect on ANGPTL4 expression. Treatment of EA.hy926 cells with
tgHDL caused a 3.5-fold induction in ANGPTL4 mRNA levels but most importantly, this
induction could not be further increased in the presence of the FOXO1 siRNA (Fig. 3.11C).
The combined data of Figs. 9, 10 and 11 indicates that the induction of ANGPTL4 gene by
tgHDL via the PI3K/AKT pathway requires the inhibition of FOXO1 by phosphorylation and

nuclear exclusion.
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Figure 3.11 FOXO1 silencing increases ANGPTL4 mRNA levels and abolishes
ANGPTL4 gene induction by HDL. A-C) EA.hy926 cells were transfected with 100 nM of
FOXO1 siRNA or with a control siRNA (scrambled) or were non-transfected. Endothelial
cells were treated with 250 pg/ml of tgHDL or with PBS (untreated) for 8 h. Total RNA was
extracted and quantitative RT-PCR was performed to determine FOXO1 (A) and ANGPTL4
(C) mRNA levels, which were normalized relative to the RPLPO mRNA levels. The relative
ANGPTL4 and FOXO1 mRNA levels are expressed as mean (xSD) from three independent
experiments. Cell lysates were collected (B) and the protein levels of FOXO1 were
determined by Western Blotting using the corresponding antibody. The protein levels of actin
were used for normalization. The experiment was performed three times and representative
images are shown. Symbols: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p = 0.001;a, not
significant #, p < 0.05; ###, p < 0.001. In panels C * indicates the statistical difference
between treated (with tgHDL) and untreated cells, while a and # indicate the statistical
difference between the transfected and the non-transfected cells.
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The human ANGPTL4 promoter is not activated by HDL

Next, we investigated whether the effect of HDL on ANGPTL4 gene expression is
mediated through regulatory elements in the promoter of this gene. For this reason, we
constructed a plasmid containing the -2.362/+77 region of human ANGPTL4 promoter
upstream to the luciferase gene (-2.362/+77-ANGPTL4 promoter). The EA.hy926 cells were
transfected with this plasmid and then were treated with 250ug/ml tgHDL or PBS for 24h. As
depicted in Fig. 3.12, tgHDL could not induce the activity of the -2.362/+77 ANGPTL4
promoter suggesting that this promoter region is not required for the induction of the
ANGPTL4 gene by HDL in endothelial cells and that either a different regulatory region in

required or the induction is post-transcriptional.
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Figure 3.12 HDL does not regulate the human ANGPTL4 promoter.

EA.hy926 cells were transiently transfected with the (-2362/+77) ANGPTL4 promoter (0.5
Mg) along with a B-galactosidase expression vector (0.5 ug) and 48h after transfection, cells
were treated with 250ug/ml tgHDL or PBS for additional 24h. The (%) normalized relative
promoter activity (+SD) was calculated from at least three independent experiments
performed in duplicates. Symbols: ns, not significant.
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Part I: Discussion

Low levels of plasma HDL cholesterol (HDL-C) are a strong and independent risk
factor for the development of atherosclerotic CVD in humans (207). Additionally, a great
number of reports have revealed that HDL exerts atheroprotection through a wide range of
effects including cholesterol efflux from macrophage foam cells, protection of LDL patrticles
against oxidation, preservation of the physiological function of the endothelium and an anti-
thrombotic role (36). However, till today, drugs that were designed to increase HDL-C levels
failed to counteract CVD risk in human clinical studies (354, 436). Moreover, several studies
showed that HDL isolated from patients with CVDs not only was unable to exert the known
anti-atherosclerotic functions, but in some cases also displayed pro-atherosclerotic
properties (255, 284, 317). These findings indicated that by simply increasing the plasma
HDL-C levels we cannot safely predict CVD risk and that HDL functionality is what
determines atheroprotection. Therefore, a better understanding of the mechanisms
underlying HDL functionality is needed. We focused on the impact of HDL on endothelium,
since endothelium is an important regulator of cardiovascular homeostasis (17, 19), and also
dysfunctional endothelium is associated with the initiation and the progression of
atherosclerosis (17, 23). In vitro and in vivo studies have revealed that HDL protects
endothelium against injury by promoting proliferation, migration and angiogenesis, while it
also promotes the production of eNOS-dependent nitric oxide (NO) and also has anti-

inflammatory, anti-apoptotic and anti-thrombotic effects (4, 235, 255).

Therefore, we aimed at identifying key molecular players mediating the effects of
HDL on endothelium in an effort to better understand its molecular functions and pinpoint
new potential therapeutic targets. As a starting point we utilized microarray data that had
been generated following the treatment of human aortic endothelial cells with rHDL-apoA-I.
Among the 410 significant gene expression changes, corresponding to a range of molecular
pathways and cellular functions, we focused on ANGPTL4 (Fig. 3.1) due to its recently

demonstrated atheroprotective properties (395, 396). ANGPTL4 is a protein known primarily
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for its role as an inhibitor of lipoprotein lipase (LPL) and consequently as an important
regulator of lipid metabolism (433). Additionally, ANGPTL4 is widely expressed in endothelial
cells regulating endothelial cell integrity, vascular permeability and angiogenesis (437).
However, its exact role in these processes is controversial, since Galaup and colleagues
reported that ANPTL4 inhibits the increase in vascular permeability caused by histamine
(438), while another study reported that the C-terminal fibrinogen-like domain of ANGPTL4
(CANGPTLA4) disrupted the integrity of the endothelium by weakening cell-cell contacts (439).
Today, ANGPTL4 is characterized as a ‘gatekeeper’ that regulates vascular integrity and
angiogenesis in a context-dependent manner (440), and thus it emerges as an important
target of HDL. Therefore, we initially validated the microarray data by performing qPCR
analysis in the endothelial cell line EA.hy926 following treatment with rHDL-AI (Fig. 3.3).
Importantly, we observed that both reconstituted and natural spherical HDL isolated either
from transgenic mice (tgHDL) or healthy humans (hHDL) were able to induce the expression
of this gene, indicating that ANGPTLA4 is a true HDL-target gene (Fig. 3.3). Additionally, HDL
was able to induce both the mRNA (Fig. 3.4) and the protein levels of ANGPTL4 (Fig. 3.5A).
Actually, ANGTPL4 seems to be an early response gene in HDL treatment, since its
induction occurred already 1h after the treatment with HDL (Fig. 3.4B). Although we
observed that the secreted protein levels of ANGPTL4 were induced after treatment with
HDL, its endogenous levels were not altered (Fig. 3.5A, B). Most likely, the more ANGPTL4
protein is produced the more is secreted but whether HDL also affects the secretory

mechanism of ANGPTL4 could not be excluded.

Furthermore, we observed that HDL induces the expression of ANGTPL4 through the
activation of both PI3K/AKT (Fig. 3.7B) and p38-MAPK (Fig. 3.7C) pathways. Since several
effects of HDL on endothelium are mediated through the PISK/AKT/eNOS axis (441), we
investigated whether eNOS activation and subsequently NO production is also involved in
ANGPTL4 gene induction by HDL. Although HDL induced the activation of eNOS, the effect

on ANGPTL4 expression was independent of NO-production (Fig. 3.8). An additional

128



downstream target of PI3K/AKT axis is the transcription factor FOXO1l. AKT activation
phosphorylates nuclear FOXO1 promoting its translocation to the cytoplasm and
consequently its inactivation (442). FOXO1 is a widely expressed transcription factor and
regulates directly genes involved in the cell cycle and cellular metabolism (443). In the liver,
FOXO1 promotes gluconeogenesis by positively regulating the expression of
phosphoenolpyruvate carboxykinase 1 (PEPCK) and glucose-6-phosphatase (G6pc) (444),
while in the adipose tissue it induces lipolysis by stimulating the expression of adipose
triacylglycerol (TAG) lipase (ATGL) (445). The importance of FOXO1l in endothelium
metabolism was demonstrated recently, where FOXOL1 reduces the metabolic activity of
endothelial cells maintaining them at quiesecence and restricting their proliferation (446).
Therefore, it was of great interest to observe that tgHDL induced the rapid phosphorylation
of FOXO1 and its nuclear export (Fig. 3.9). The effect of tgHDL was mediated through
PI3K/AKT pathway as expected (Fig. 3.9C). Furthermore, using a specific inhibitor of the
transcriptional activity of FOXO1 and a potent FOXO1-specific SiRNA we were able to
demonstrate that FOXO1 is an inhibitor of ANGPTL4 gene expression in endothelial cells
(Fig. 3.10A, 3.10B, 3.11C). Of note, co-incubation of endothelial cells with tgHDL and
FOXOL1 inhibitor or siFOXO1 did not further increase the expression of ANGPTL4 (Fig.
3.10B, 3.11C) indicating that these two molecules (tgHDL and FOXO1) function in the same

pathway and so, HDL induces the expression of ANGPTL4 by “removing” FOXO1.

How FOXO1 downregulates the expression of this gene remains unexplored. We did
not observe a direct binding of FOXO1 to the promoter region of ANGPTL4 (Fig. 3.12).
However, it cannot be excluded that FOXO1 may bind to an enhancer region. For instance,
in rat ANGPTL4, FOXO1 binds to a FOXO1 site located 6kb upstream of the TTS
upregulating the expression of this gene in the liver (447). An alternative mechanism of
ANGPTL4 regulation by HDL could be indirect and more specific via the nuclear receptor
PPARYy. A functional PPAR-responsive enhancer has been identified at the third intron of

ANGPTL4 gene, through which PPARs activate this gene (402, 448). Additionally, it has
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been reported that binding of PPARP/® to this enhancer, in the absence of its ligand, recruits
corepressors in order to inhibit the expression of ANGPTL4 (399). Interestingly, it was shown
that FOXO1 can be converted from a transcriptional activator to a transcriptional repressor in
adipocytes by trans-repressing PPARy through direct protein-protein interactions (449).
FOXO1 is recruited to PPRE on target genes and interferes with promoter DNA occupancy
by PPARYy. Insulin prevents FOXO1-PPARYy interactions and rescues trans-repression (449).
Moreover, a novel mechanism of FOXO1-mediated transcriptional repression was revealed
in liver cells involving the recruitment of corepressors, such as SIN3A and histone
deacetylases to the promoters of FOXO1 target genes such as the glycolytic enzyme
glucokinase (gck) via physical interactions with FOXO1 (450). Interestingly, no FOXO1
binding site could be identified on the gck gene promoter and it was hypothesized that
FOXO1 associates with the gck promoter indirectly via physical interactions with Hepatocyte
Nuclear Factor 4 (HNF-4), which binds to the gck promoter in liver cells and activates its

transcription (451).

A schematic representation of the proposed model of ANGPTL4 gene regulation by
HDL and FOXO1 via the PISK/AKT signaling pathway is shown in Figure 3.13 These
findings are very important to understand how HDL exerts atheroprotection on endothelium.
Initially, the activation of endothelial FOXO1 has been associated with atherosclerosis (452).
Specifically, FOXO1 downregulates the expression of the eNOS gene by directly binding to
its promoter (453), while it also directly upregulates the expression of the inducible NOS
(iINOS) (454). iNOS produces large quantities of NO for prolonged periods of time and thus
iINOS-derived NO reacts with superoxide to yield peroxinitrite, a highly reactive oxidant
(455). Interestingly, FOXO1 activated by hyperglycemia or a FOXO1 gain-of-function mutant
promotes iINOS-dependent NO-peroxynitrite generation, which leads in turn to LDL oxidation
and eNOS dysfunction (454). Furthermore, in a mouse model of atherosclerosis (LDLr"
mice) the depletion of endothelium-specific FOXO isoforms (FOXO1, FOX0O-3a and FOXO-

4) resulted in reduced endothelial inflammation, oxidative stress and atherosclerosis induced
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by western diet (456). As a consequence, our finding that endothelial FOXO1 inactivation is
mediated by HDL, could be intergraded into the broader atheroprotective program of HDL.
On the other hand, upregulation of macrophage ANGPTL4 also has been characterized as
anti-atherogenic (395, 396). However, how the endothelial ANGPTL4 contribute to the
atheroprotective effects of HDL is not clear and it should be studied further. We could
hypothesize three potent roles of endothelial ANGPTLA4. Firstly, ANGPTL4 may protect HDL
from hydrolysis by LIPG and/or LPL. It has been reported that circulating ANGPTL4 is
physically associated with HDL in mice (398) and we also observed that the majority of the
newly synthesized ANGPTL4 is associated with tgHDL (Fig. 3.5C). Secondly, ANGPTL4
may have an autocrine effect regulating endothelial integrity and angiogenesis. Interestingly,
Prosser and colleagues have demonstrated that rHDL-Al augmented hypoxia-induced
angiogenesis but inhibited the inflammation-induced angiogenesis (275). Since ANGPTL4
has been characterized as a context-dependent modulator of vascular permeability and
angiogenesis (440), it would be interesting to investigate whether ANGPTL4 is the mediator
of these opposite effects of HDL (440). Thirdly, ANGPTL4 may also have a paracrine effect
on the foam cells accumulated in the atheromatic artery. Indeed, macrophage ANGPTL4
reduces foam cell formation as well as the inflammatory content in the lesions resulting in a
reduction of atherosclerosis (395, 396). However, it should be mentioned that the effect of
ANGPTL4 on atherosclerosis is tissue specific, since mice with ANGPTL4 deficiency in
adipocytes presented reduced atherosclerosis (397). Although endothelial ANGPTL4 seems
to be beneficial for the physiology of cardiovascular system, studies with mice deficient for
endothelial-specific ANGPTL4 expression could elucidate the exact role of this protein during

atherosclerosis.

In conclusion, our findings reveal novel molecular mechanisms through which HDL
exerts atheroprotection. Moreover, the identification of ANGPTL4 as one of the most
biologically relevant target genes and the elucidation of the key role of FOXO1 in HDL-

mediated atheroprotection could be exploited for the design of novel therapeutic tools for
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patients with atherosclerotic cardiovascular disease. Additionally, both the induction of

ANGPTL4 and the inactivation of FOXO1 could be utilized as markers of HDL functionality.

Cytoplasm

Nucleus

PPARy

ANGPTL4 geneT

Figure 3.13 Proposed mechanism through which HDL regulates the expression of the
ANGPTL4 gene
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Part |I: The role of HDL in the regulation of the endothelial

lipase gene (LIPG) in endothlelial cells

As shown in Figure 3.1 of this chapter, at rHDL-AI has a great impact on the transcriptomic
profile of endothelial cells as it affects the mRNA levels of 410 transcripts. We focused again
on the transcripts coding for secreted proteins. Besides ANGPTL4, which was studied
extensively in part I, we observed that the transcript for the endothelial lipase (LIPG) was
among the most profoundly upregulated transcripts (Fig. 3.1B). LIPG is a lipase hydrolyzing
mainly phospholipids and it is a characterized negative regulator of HDL levels in the serum
(paper). This observation indicates a negative feedback for the control of HDL levels.
Therefore we focused on the mechanisms through which HDL affects the expression of

LIPG.

Native HDL and rHDL-AI have opposite effects onthe expression levels of LIPG

Initially, we examined whether LIPG is a common gene-target of all types of HDL
(spherical type and discoidal type). For this reason, we utilized rHDL-AI, which resembles to
the discoidal type, and native HDL, which contains the spherical type in abundance. Native
HDL was isolated either from human healthy donors (hHDL) or from transgenic mice
expressing the human apoA-1 gene (tgHDL). The endothelial cell line EA.hy926 was treated
for 12h with the above types of HDL or with PBS (control experiment). In contrast to the
microarray experiments (Fig.1B), rHDL-AI did not affect the expression levels of LIPG (Fig.
3.14). More interestingly, we observed that native HDL (either tgHDL or hHDL) inhibited the
expression of LIPG suggesting an opposite effect on the regulation of LIPG gene by

discoidal and spherical HDL.
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Figure 3.14 Native HDL and rHDL-AIl have opposite effects on the endothelial LIPG
levels EA.hy926 cells were treated with tgHDL, hHDL or rHDL-AI for 12h or with vehicle
(PBS). Total RNA was extracted and quantitative RT-PCR was performed to determine LIPG
MRNA levels, which were normalized relative to the RPLPO mRNA levels. The relative LIPG
MRNA levels are expressed as mean (xSD) from at least two independent experiments and
shown as a histograph. Symbols: ns, not significant;*, p < 0.05; **, p < 0.01

Since the main type of native HDL circulating in the blood of healthy people is the
spherical one, we further investigated the role of native HDL in the regulation of LIPG. For
this purpose, we utilized tgHDL which was shown to be functional (Fig. 3.2) and also mimics
hHDL functionality in the regulation of both ANGPTL4 (Fig. 3.3) and LIPG (Fig. 3.14) genes.
We measured the mRNA levels of LIPG after treatment of endothelial cells with tgHDL in
different concentrations (100ug/ml and 250ug/ml) for 12h. As Fig. 3.15 depicts, LIPG mRNA
levels were decreased in a dose dependent manner in the presence of the different

concentrations tgHDL compared to the PBS-treated cells.
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Figure 3.15 HDL decreases LIPG mRNA levels in a dose-dependent manner.

EA.hy926 cells were treated for 12h with 100 or 250 pg/ml of tgHDL. Total RNA was
extracted and quantitative RT-PCR was performed to determine LIPG mRNA levels. The
normalized LIPG mRNA levels relative to the RPLPO mRNA levels are expressed as mean
(xSD) from at least two independent experiments.. Symbols: **, p < 0.01; ***, p < 0.001.

HDL represses the starvation-mediated induction of LIPG

The expression of LIPG gene has been shown to be induced in endothelial cells
under starvation (426). To identify whether HDL modulates this starvation-mediated
induction of LIPG, we cultured the EA.hy926 cells for 12h either in full medium (DMEM with
10% FBS) or in starvation medium (DMEM, without FBS) supplemented with either
tgHDL(250ug/ml) or PBS (as negative control). In line with the published data, we observed
that starvation provoked a 3-fold induction in the mRNA levels of LIPG (Fig. 3.16A).
Interestingly, we observed that in the presence of tgHDL this induction was abolished (Fig.

3.16A).

Next, we monitored the mRNA levels of LIPG after culturing the endothelial cells in
starvation medium supplemented with either PBS or tgHDL for different time points. T=0h
corresponds to the starting time point at which tgHDL was added to the cells. We considered

the expression levels of LIPG at t=0 as the basal levels for this gene. As shown in Fig.
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LIPG mRNA levels

3.16B, at early time points (t=1h, t=4h) starvation did not affect the mRNA levels of LIPG.
However, after culturing the cells for 8h in starved conditions, the mRNA levels of LIPG were
induced compared to the starting time point (Fig. 3.16B). We observed that as the starvation
period was extended, the induction of LIPG was increased, reaching a peak after 24h of
starvation (Fig. 3.16B). Importantly, we determined that the starvation-mediated induction of
LIPG at 8h and 12h was prevented in the presence of tgHDL (Fig. 3.16B). However, this

inhibitory effect of tgHDL was attenuated after 24h of treatment.
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Figure. 3.16 Starvation induces the expression of LIPG, while in the presence of
tgHDL this effect was blocked. A) EA.hy926 cells were cultured for 12h either with
complete medium, or with starvation medium supplemented with either tgHDL (250ug/ml) or
PBS. Total RNA was extracted and quantitative RT-PCR was performed to determine LIPG
MRNA levels. The normalized LIPG mRNA levels relative to the RPLPO mRNA levels are
expressed as mean (xSD) from two independent experiments. B) EA.hy926 cells were
cultured in starvation medium in the presence and in the absence of tgHDL (250ug/ml) for
the indicated time periods. At the time point t=0h (starting time point), cells were either
collected or treated with tgHDL (or PBS) respectively. Total RNA was extracted and
guantitative RT-PCR was performed to determine LIPG mRNA levels, which were
normalized relative to the RPLPO mRNA levels. The relative LIPG mRNA levels are
expressed as (mean * SD) from four independent experiments are shown. Symbols: ns, not
significant; #, p < 0.05; ** or ##, p < 0.01; ***, p < 0.001.. In panel B ns and * indicate the
statistical difference between treated (with tgHDL) and untreated (with PBS) cells within
each time point, while # indicates the statistical difference between the starved cells without
tgHDL and the cells at the starting time point.
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Protein synthesis inhibition prevents the induction of LIPG by starvation

Next we wanted to investigate whether the observed increase in the mRNA levels of
LIPG by starvation and the inhibitory effect of tgHDL are facilitated by directly affecting the
expression of the LIPG gene or not. Therefore, we utilized the protein synthesis inhibitor
cyclohexamide (CHX). Specifically, endothelial cells were treated with either CHX or DMSO
(negative control) in starvation medium for 1h and then (at time point t=0) tgHDL was added
for additional 8h. Figure 3.17 depicts that in the presence of CHX the mRNA levels of LIPG
were equal to those of the time point t=0, indicating that the starvation-mediated induction of
LIPG was abolished. Moreover, we observed that the co-treatment of endothelial cells with
CHX and tgHDL did not promote further downregulation of LIPG mRNA levels (Fig. 3.17),
indicating that CHX and tgHDL prevent the effect of starvation in the expression of LIPG via
similar mechanisms. The above results suggest that LIPG is a direct transcriptional target
neither of starvation nor of tgHDL. So, we can hypothesize that the regulation of the
expression levels of an intermediate transcription factor is required, which in turn affects the
expression of LIPG. Importantly, it seems that both tgHDL and starvation target, with

differential effects, this intermediate transcription factor.
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Figure 3.17 LIPG is not a direct transcriptional target of neither starvation nor tgHDL.
EA.hy926 cells were pre-treated with 5 ug/ml cycloheximide (CHX) or DMSO (no inhibitor)
for 1h in starvation medium and then treated with tgHDL or PBS for additional 8 h. At the
time point t=0h (starting time point), cells were either collected or treated with tgHDL (or
PBS) respectively. Total RNA was extracted and quantitative RT-PCR was performed to
determine LIPG mRNA levels, which were normalized relative to the RPLPO mRNA levels.
The relative LIPG mRNA levels are expressed as mean (+SD) from at least three
independent experiments. Symbols: ns or a, not significant; ** or ##, p < 0.01. In the panel
ns and * indicate the statistical difference between treated (with tgHDL) and untreated (with
PBS) cells, while a and # indicates the statistical difference between the starved cells without
tgHDL and the cells at the starting time point.

FOXO1 regulates the basal levels of LIPG expression

In the first part of this study, we established that tgHDL by promoting the
translocation of FOXOL1 to the cytoplasm inhibits its transcriptional activity and subsequently
induces ANGPTL4 expression (Fig. 3.9). Therefore, we wondered whether FOXOL1 is also
implicated in the regulatory effects of HDL on the expression of LIPG. For this purpose, we
performed gene silencing experiments by transfected EA.hy926 cells with siFOXO1. The
efficiency of this siFOXO1 was confirmed in the first part of this study (Fig. 3.11A and B). Of

note, we observed that silencing of FOXOL1 eliminated the basal expression of LIPG (3.18).
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The effect of 8h-starvation in the expression of LIPG was abolished in the presence of
siFOXO1, while co-treatment of siFOXO1 and tgHDL could not promote a further decrease
in the expression levels of LIPG (3.18). These results indicate that FOXOL1 is an important
activator of LIPG and is participating in the regulation of LIPG by starvation. Additionally, one

mechanism of the inhibitory effect of tgHDL in this gene is by inactivating FOXO1.
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Figure 3.18 FOXO1 inhibition prevents LIPG expression. EA.hy926 cells were
transfected with 100 nM of FOXO1 siRNA or with a control siRNA (scrambled). Then,
endothelial cells were treated with 250 pg/ml of tgHDL or with PBS (untreated) for 8 h in
starvation medium. Total RNA was extracted and quantitative RT-PCR was performed to
determine LIPG mRNA levels, which were normalized relative to the RPLPO mRNA levels.
The relative LIPG mRNA levels are expressed as mean (+SD) from at least three
independent experiments. Symbols: ns, not significant; ***, p < 0.001;
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As we discussed above, the starvation-mediated induction of LIPG requires the
participation of an intermediate transcription factor which is inhibited by tgHDL. To address
whether FOXOL is this intermediate transcription factor, we measured the mRNA levels of
FOXO1 at different time points after culturing the endothelial cells in starved conditions. We
observed a slight but not statistically significant induction of FOXO1 mRNA levels after 1h
and 12h of culture (Fig. 3.19). Moreover, we studied whether tgHDL affects the mRNA levels
of FOXO1. In line with Fig. 3.9B, we, observed that FOXO1 mRNA levels are not affected in
the presence of tgHDL (Fig. 3.19). The results from Fig. 3.9B and Fig. 3.19 suggest that
FOXOL1 is important for the starvation-mediated induction of LIPG but its transcriptional

induction during starvation is not required for this function.
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Figure 3.19 The mRNA levels of FOXO1 were not affected either by starvation or by
tgHDL. EA.hy926 cells were treated with 250 ug/ml of tgHDL or PBS for the indicated time
periods. At the time point t=0h (starting time point), cells were either collected or treated with
tgHDL (or PBS) respectively. Total RNA was extracted and quantitative RT-PCR was
performed to determine FOXO1 mRNA levels, which were normalized relative to the RPLPO
MRNA levels. The relative FOXO1 mRNA levels are expressed as mean (£SD) from two
independent experiments.
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ERK and JNK kinases are not implicated in the regulation of LIPG

HDL exerts its function in the endothelium through the activation of various signaling
cascades and in the first part of this study we observed that tgHDL activates the signaling
pathways of ERK and JNK by promoting the phosphorylation of the relative kinases (Fig.
3.7). To address the contribution of the above kinases in the inhibitory effect of tgHDL on the
starvation-mediated induction of LIPG, we utilized specific kinase inhibitors. Specifically,
endothelial cells were pre-treated with these inhibitors in starvation medium and were then
treated with either tgHDL or PBS for additional 8h. We observed that the inhibitors for the
above signaling cascades had no effect either on the upregulation of LIPG by starvation or in

the subsequent inhibitory effect of tgHDL (Fig. 3.20).
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Figure 3.20 ERK and JNK kinases are not implicated in the regulatory mechanisms
underlying LIPG expression. EA.hy926 cells were pre-treated for 1 h with 3 yM UO (ERK
inhibitor) (A), 5 uM SP (JNK inhibitor) (B), or with DMSO (no inhibitor) and then treated with
tgHDL or PBS (control) for additional 8 h. At the time point t=0h (starting time point), cells
were either collected or treated with either tgHDL or PBS respectively. Total RNA was
extracted and quantitative RT-PCR was performed to determine LIPG mRNA levels, which
were normalized relative to the RPLPO mRNA levels. The relative LIPG mRNA levels are
expressed as mean (+SD) from at least three independent experiments. Symbols: * or # p <
0.05; ** or ##, p < 0.01; ™ or ###, p < 0.001. *,** and *** indicate the statistical difference
between treated (with tgHDL) and untreated (with PBS) cells, while ### and ### indicates
the statistical difference between the starved cells (without tgHDL) and the cells at the
starting time point
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Part Il; Discussion

Endothelial lipase (LIPG) is a phospholipase that belongs to the triglyceride lipase
family and its preferred substrates are the phospholipids of the HDL particles (457, 458).
Several studies have reported that LIPG facilitates HDL catabolism and thus it is considered
as a major determinant of HDL concentration in the plasma (457, 458). Specifically,
hydrolysis of HDL-phospholipids by LIPG results in the generation of smaller HDL or lipid-
poor apoA-I particles, which in turn are cleared from the circulation either by the SR-BI
mediated selective uptake in the liver or by the kidney leading to the final catabolism of
apoA-1 (459, 460). Moreover, GWAS studies have shown a strong correlation between loss-
of-function LIPG variants and elevated plasma HDL-C levels (417). Therefore, it was of great
interest that we observed that tgHDL downregulates the expression of LIPG in endothelial

cells (Fig 3.14) indicating a potential protective mechanism of HDL against its catabolism.

Of note, we observed that tgHDL had the opposite effect in the regulation of LIPG
expression compared to rHDL-AI. Microarray data from endothelial cells treated with rHDL-
Al showed LIPG among the most upregulated genes (Fig. 3.1). On the contrary, treatment of
endothelial cells with natural HDL isolated either from human subjects (hHDL) or from
transgenic mice overexpressing human apoA-l (tgHDL) resulted in the downregulation of
LIPG (Fig 3.14). The molecular basis of this discrepancy could be explained by the different
protein and lipid cargo among the two types of HDL. As we discussed in the introduction,
several proteins, lipids and miRNAs are associated with the natural HDL affecting its
functionality (38, 86), while rHDL-Al particles consist only of apoA-l, cholesterol and
phospholipids. For instance, the apoM-S1P complex which is naturally bound to HDL and
has been identified to exert a plethora of atheroprotective functions by activating cellular
signaling cascades (164) is missing from rHDL-AI particles. Whether HDL subpopulations
have differential effects on the regulation of the LIPG gene is not known and should be
studied further. In our experiments, the majority of tgHDL particles are detected in the HDL3

subfraction which contains the most dense HDL particles with characterized atheroprotective
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roles (60). Thus, plasma LIPG levels could be potentially utilized as a marker of HDL

structure and functionality.

Since the main type of native HDL circulating in the blood of healthy people is the
spherical one, we investigated further the role of native HDL in the regulation of LIPG.
Previous studies have reported that endothelial LIPG expression is induced by growth
deprivation (starvation) (426). In our study, we observed that tgHDL inhibited the induction of
LIPG by starvation (Fig 3.16A, B). Interestingly, we found that the mechanisms underlying
this regulation of LIPG by tgHDL involve both FOXO1 inactivation (Fig 3.18) and active
protein synthesis (Fig 3.17). In the presence of a specific SIRNA for FOXO1 (siFOXO01), the
MRNA levels of LIPG were strongly reduced indicating that FOXOL1 is important for the basal
expression of this gene (Fig. 3.18). FOXO1 has also been identified to upregulate the
expression of another member of triglyceride family, the lipoprotein lipase (LPL), in skeletal
muscle (461). It has been reported that starvation promotes endothelial FOXO1 activation
(454) and it appears that FOXO1 mediates the effect of starvation by upregulating the
expression of LIPG. In contrast, as we observed in the first part of this study (Fig. 3.9),
tgHDL promotes the inactivation of endothelial FOXO1 and consequently the downregulation
of LIPG. Besides FOXOL1 inactivation, tgHDL may also block the induction of an intermediate
transcription factor in order to inhibit LIPG expression. This hypothesis is supported by two
observations: 1) treatment with cyclohexamide (protein synthesis inhibitor) mimics the effect
of tgHDL on the starvation-mediated induction of LIPG (Fig. 3.17); 2) the mRNA levels of
FOXO1 were not changed after treatment with tgHDL (Fig. 3.9B and 3.19). Further studies
should be done in order to identify which is this intermediate transcription factor and its exact
role in the regulation of LIPG. However, since FOXO1 regulates the basal levels of LIPG
expression, it is more likely that it also regulates the expression of this intermediate

transcription factor.

There are controversial results on the exact role of LIPG in the development of

atherosclerosis (418, 419). In addition, it is not clear whether LIPG exerts pro-inflammatory
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or anti-inflammatory properties. Although LIPG is upregulated by inflammatory stimuli, some
studies have reported that LIPG enhances monocyte adhesion to the vessel wall (418, 462),
while another study revealed that LIPG decreases endothelial adhesion molecules (412).
However, it is clear that LIPG is overexpressed in the aortas during atherosclerosis (463)
thus contributing to the development of an environment that is not ‘friendly’ for HDL. Our
findings elucidate a mechanism through which HDL tries to ‘escape’ from the inhibitory effect
of LIPG. Taking into consideration the results from the first part of the study, HDL both
downregulates the expression of LIPG and upregulates the expression of ANGPTL4, which
is a physical inhibitor of LIPG (Fig. 3.21). It seems that HDL regulates its own catabolism
while FOXO1 emerges as a crucial mediator of the atheroprotective effects of HDL on the

vascular endothelium.
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Figure 3.21 Proposed model through which HDL regulates the inhibitory effect of LIPG.
Black arrows indicate the untreated state, while red arrows indicate treatment with HDL.
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Part Ill: HDL functionality is disturbed in patients with

Chronic Inflammatory Diseases

It is well established that HDL is a molecule with beneficial effects against the
development of atherosclerosis. However, numerous studies have shown that HDL from
patients with cardiovascular diseases fails to induce its atheroprotective program (255, 317,
441). In the first two parts of this chapter, we investigated the ability of native HDL to activate
signaling pathways and change the expression of genes in order to mediate its
atheroprotective properties. In the third part, we utilized these properties and specifically the
HDL-mediated activation of AKT pathway, in order to examine the functionality of HDL

isolated from patients with chronic inflammatory diseases.

The Effect of HDL isolated from patients with Ankylosing Spondylitis on the
AKT-activating pathway

Ankylosing spondylitis (AS) is a chronic inflammatory disease affecting mainly the
spine (464). Many clinical studies have shown that there is a strong correlation between AS
and the development of cardiovascular diseases such as ischemic heart disease, congestive
heart failure, peripheral vascular disease, arterial hypertension and cerebrovascular disease

(465, 466).

Therefore, we examined the functionality of HDL that was isolated from these
patients (HDLas). Specifically, we examined the ability of HDL,s to induce the
phosphorylation of AKT in endothelial cells compared to HDL isolated from healthy human
donors (hHDL). For this purpose, HDL was isolated from 70 donors (35 healthy and 35 with
AS) and then endothelial cells were treated with each HDL separately for 30 min. The
activation of AKT from all treatments was compared to the untreated cells. We observed that
HDL from AS patients caused a lower activation of AKT than HDLs from healthy donors,
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indicating complications in its functionality (Fig. 3.22). In line with our results, it has been

shown that additional functions of HDL from patients with AS are affected (467).
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Figure 3.22 Differential activation of AKT kinase by HDL from patients with AS and
healthy donors. HDL was isolated from 70 donors (35 healthy and 35 with AS). 40ug/ml of
each HDL was used for separate treatments of EA.hy926 cells for 30minutes. Cell extracts
were collected and the total and phosphorylated levels of the kinase AKT were determined
by immunoblotting using the corresponding antibodies. The quantification of the bands in
immunoblots was performed by using the Image Lab software, whereas the levels of pAKT
were normalized against the levels of total AKT. The normalized levels of pAKT in the
treated cells are shown as fold activation relative to the non-treated cells (left Panel). A
representative set of Western blot image is shown (Right Panel).
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Part Ill; Discussion

Autoimmune rheumatic diseases have been associated with atherosclerosis and
increased risk of cardiovascular morbidity and mortality (468). Importantly, the existence of
impaired/dysfunctional HDL in some of these diseases has been reported. Specifically,
patients with rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) were found
to have proinflammatory HDL (469, 470). In addition, the cholesterol efflux capacity of HDL
was impaired in RA patients with high disease activity, as well as in SLE patients with the
disease under control (326, 471). Although the pathogenesis of Ankylosing spondilitis (AS)
differs from RA and SLE (464), AS is also a chronic inflammatory disease and has been
associated with increased cardiovascular risk (472). Interestingly, previous studies reported
changes in the composition of HDL isolated from patients with AS. Particularly, the levels of
HDL-associated serum amyloid A were found to be increased, while the levels of PON1
were reduced, suggesting impaired HDL anti-atherogenic functions (473-475). In line with
these findings, we observed that HDL patrticles isolated from patients with AS caused a
lower phosphorylation of AKT and subsequently its activation compared to the particles
isolated from healthy subjects (Fig. 3.22). Further studies from Gkolifinopoulou et al. (467)
revealed that HDL,s particles had decreased antioxidant capacity and decreased ability to

promote cholesterol efflux from macrophages compared to healthy controls.

These findings contribute to the understanding of HDL functionality in healthy
humans and its dysfunction in disease. Nowadays, it is clear that under an inflammatory and
oxidative environment the protein and lipid cargo of HDL is altered (329, 330). As described
above, HDL patrticles from patients with AS are enriched in the SAA, while PONL1 levels are
reduced (473-475). In addition to composition changes, proteins and lipids of HDL undergo
modifications which compromise their physiological role (330). For instance, dysfunctional
apoA-l containing post-translational modifications mediated by MPO has been detected in
atherosclerotic aortas (338, 340). Taking into account that several chronic inflammatory

diseases such as atherosclerosis progress slowly and silently and are not early detectable,
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the assays validating HDL functionality could be utilized as a marker of both the presence of

the disease and its progress during the treatment.
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Chapter Il: The regulatory mechanisms controlling the

expression of hepatic genes participating in HDL metabolism.

As we discussed in the introduction, many therapeutical approaches for the prevention
against cardiovascular diseases focus on the increase of HDL levels in the serum.
Therefore, many drugs have been developed affecting different steps of HDL metabolic
pathway. However, several clinical trials in patients with Coronary Heart Disease using
selective CETP inhibitors or other HDL raising drugs (fibrates, niacin) did not prove that
these drugs have beneficial effects for them and even worse caused significant side effects
(476) indicating that a better understanding of the mechanisms controlling HDL metabolism
is needed. In this Chapter, we wanted to elucidate novel regulatory mechanisms controlling
the expression of genes that participate in HDL biogenesis. In part IV, we focused on the
regulatory mechanism underlying the transcription of LXRa, which by controlling the
expression of ABCAL is master regulator of HDL biogenesis (105, 106). In part V, we

investigated the role of the microRNA let-7b in the expression of apolipoprotein E gene
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Part IV: Regulatory mechanisms involved in the regulation

of hLXRa expression by HNF-4a

The hLXRa promoter is regulated in hepatic cells by a combination of negative
and positive regulatory elements

Our first objective was to map the region upstream from the human LXRa gene that
could contribute to its transcriptional regulation in hepatic cells. For this purpose we
performed a deletion analysis of the (-2625/+384)-hLXRa promoter and measured the
activity of each promoter fragment by luciferase assays in human hepatoblastoma cell line
HepG2. We generated by PCR the following serial deletions of the hLXRa promoter: -844/
+384, -457/+384, -300/+384, -111/+384, -42/+384 and -25/ +384 (Fig. 3.23A). As shown in
Fig. 3.23B, deletion of the hLXRa promoter to position -457 caused a gradual increase in its
activity from 2,1- to 4,1-fold relative to the larger promoter fragment tested (-2625/+384)
suggesting the presence of negative regulatory elements inside the -2625/+457 region. The
LXRa promoter activity did not decrease further by extending the deletions to positions -300
and -111. However, a significant drop in the activity of the promoter was observed when the
region between nucleotides -111 and -42 was deleted suggesting the presence of strong
positive regulatory elements inside the -111/+42 region. Finally, deleting the LXRa promoter

to nucleotide -25 caused only a minor drop in LXRa promoter activity (Fig. 3.23B).
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Figure 3.23 The human LXRa promoter is regulated by a combination of positive and
negative regulatory elements. A) Schematic representation of the hLXRa promoter. The
two transcription start sites, the distal LXREs and the PPRE are depicted. The hLXRa
promoter fragments which were used in transfection experiments are shown at the bottom.
B) HepG2 cells were transiently transfected with the hLXRa promoter constructs indicated
along with a B-galactosidase expression vector. The (%) normalized relative promoter
activity (£SD) was calculated from at least three independent experiments performed in
duplicate. Symbols: **, p < 0.01; ***, p < 0.001.
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HNF-4a binds to a novel HNF-4-specific binding motif present in the -50/-40

region of the human LXRa promoter

Close examination of the human proximal LXRa promoter region -111/-42 revealed

the presence of a DNA motif in the -50/ -40 region (5 TGGGACCTTTG 3’) with significant

homology to the previously identified HNF-4a-specific binding motif or H4-SBM (149) having

the sequence: 5 TGGACTTTG 3’ (Fig. 3.24A and B). The binding of HNF-4 to this proximal

hLXRa promoter region is also supported by previous ChlP-seq data (Fig. 3.24C red

rectangle) obtained from the ENCODE project. Furthermore, by utilizing the Biobase

platform for conserved transcription factor binding sites we observed that in the proximal

region there is a conserved binding site for the transcription factor COUP-TF, which binds to

the same regions as HNF-4a (Fig. 3.24C grey rectangle).
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Figure 3.24 The human LXRa promoter contains a putative HNF-4a specific binding
motif. A) Sequence of the proximal hLXRa promoter region spanning nucleotides -123 to
+67. The putative HNF-4a binding site in the -50/-40 region of hLXRa promoter is underlined
and in bold. B) Homology of the putative HNF-4 binding site in the -50/-40 region of the
human LXRa promoter with the consensus H4-SBM. Identity in the nucleotide sequence is
indicated with the asterisks. C) Bioinformatical analysis of the -300/+384 region of the
human LXRa promoter. UCSC genome data were utilized to identify transcription factors
binding to the hLXRa promoter. ChIP seq data as well as data for conservation of sites for
transcription factors in the -2625/+384 promoter region were obtained from UCSC browser
using the ENCODE project (v2.0) and Transfac Matrix Database (v7.0, Biobase). For the
analysis, the Feb. 2009(GRCh37/hg19) genome assembly was used.

In order to confirm that HNF-4a binds to the proximal region of the human LXRa
promoter in vivo, we performed chromatin immunoprecipitation (ChlP) experiment in HepG2
cells. We utilized primers for the region -147/+48 of the human LXRa promoter which
contains the putative HNF-4a binding site (Fig. 3.25A). As shown in Fig. 3.25B, an antibody
against HNF-4a immunoprecipitated a chromatin fragment containing the above region. In
contrast, this antibody did not immunoprecipitate a distal region of the human LXRa gene (-
3461/-3694) that was used as a negative control suggesting that binding of HNF-4a to the

proximal LXRa promoter was specific.

Next, we performed DNA affinity precipitation (DNAP) assays so as to validate the
functionality of the -50/-40 element of the hLXRa promoter. For this purpose, we generated
biotinylated LXRa promoter fragments covering the regions -111/+384 and -25/+384 (Fig.
3.25A). As shown in Fig. 3.25C, HNF-4a bound to the -111/+384 but not to the -25/+384
promoter fragment. As anticipated, HNF-4a bound to a wild type but not to a mutated -
40/+14 apoM oligonucleotide (96) that were used as positive and negative controls
respectively (Fig. 3.25C). We then performed DNAP assays using biotinylated
oligonucleotides corresponding to the wild type -53/-23 region or to the same region bearing
three point mutations in the putative motif (Fig. 3.3D). We observed that HNF-4a bound to

the wild type oligonucleotide but not to the mutated one. Furthermore, we examined whether
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the wild type -53/ -23 bio-oligonucleotide, we did not observe binding of LXRa in this region
indicating that this motif appears to be specific for HNF-4a (Fig. 3.3E). For positive control of
this experiment, we utilized a biotinylated oligonucleotide corresponding to the -71/-38 region
of the ABCAL gene, which contains an established LXRa element (477) and we observed

the binding of LXRa in this site.
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Figure 3.25 HNF-4a binds to the hLXRa promoter in vitro and in vivo.

A) Schematic representation of the human LXRa promoter showing the HNF-4a binding site
(bold and underlined). The mutations that were introduced into the site are shown above the
sequence. The DNA fragments used for the experiments of panels B-F are shown at the
bottom. B) HepG2 cells were subjected to chromatin immunoprecipitation using the a-HNF-
4a antibody or no antibody as a negative control. The immunoprecipitated chromatin was
detected by both standard PCR (top) and quantitative PCR (bottom) using primers
corresponding to the human LXRa promoter -147/+48 or to a distal region inside the LXRa
gene. Results from gPCR are expressed as binding relative to the input (%). Each data point
represents the average (xSD) of three different chromatin samples. C) DNA-affinity
precipitation experiment using nuclear extracts from HepG2 cells and biotinylated PCR
products corresponding to the -111/+384 or -25/+384 regions of the hLXRa promoter.
Biotinylated oligonucleotides (wt and mut) corresponding to the (-40/-14) region of
apolipoprotein M promoter were used as positive (wt) or negative (mut) controls respectively.
D) DNA-affinity precipitation experiment using nuclear extracts from HepG2 cells and
biotinylated oligonucleotides (wt and mut) corresponding to the -53/-24 region of the hLXRa
promoter (their sequence is depicted in panel A). E) DNA-affinity precipitation experiment
using whole extracts from HEK293T overexpressing the hLXRa protein and biotinylated PCR
product corresponding to the -111/+384 region of the hLXRa promoter. Biotinylated
oligonucleotide corresponding to the (-71/-38) region of ABCAl promoter was used as
positive control. In all DNAP experiments, the uncoupled beads were utilized as negative
control (beads). HNF-4a or LXRa binding was detected by Western blotting using the
corresponding antibodies. The arrow shows the position of HNF-4a. IP, Immunoprecipitation.
Symbols: *, p < 0.05.

The novel H4-SBM present in the -50/-40 region of the human LXRa promoter is
required for the transactivation of this promoter by HNF-4a

We then performed transactivation experiments in human embryonic kidney
HEK293T cells that do not express endogenous HNF-4a. As shown in Fig. 3.26A, HNF-4a
transactivated the full length -2625/+384 hLXRa promoter 2,8-fold confirming that this
nuclear receptor plays a role in the regulation of this promoter. The data of Fig. 3.26A also
shows that all LXRa promoter deletion fragments that contain the HNF-4 binding motif were
transactivated by HNF- 4a. In contrast, the -42/+384 promoter deletion fragment that does

not include the HNF-4a binding motif could not be transactivated by HNF-4a.

To investigate the regulatory role of the triple mutation in the HNF-4 binding site (Fig.
3.26A and D) in the HNF4-a-mediated transactivation of LXRa promoter, we introduced the
triple nucleotide substitutions in the corresponding sites of -844/+384-hLXRa construct.

Interestingly, HNF-4a could not transactivate this mutated construct (Fig. 3.26B).
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Comparative sequence analysis of the mouse and human LXRa promoters revealed
that the novel H4-SBM is conserved between the two species (Fig. 3.26C). In order to
confirm that this motif is also functional in mice, we used the mouse LXRa promoter -
3000/+30 in transactivation assays. As shown in Fig. 3.26D, HNF-4a transactivated the -
3000/+30 mouse LXRa promoter in HEK293T cells about 24-fold. In conclusion, the
combined data of Figures 3 and 4 suggest that the DNA sequence of the proximal LXRa
promoter between nucleotides -50 and -40 is a true HNF-4 binding motif that mediates the

transactivation of this promoter by HNF-4a.
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Figure 3.26 HNF-4a transactivates the hLXRa promoter through the HNF-4a binding
site. A) HEK293T cells were transiently co-transfected with the indicated hLXRa reporter
plasmids along with an expression vector for HNF-4a or an empty vector (control). The (%)
normalized relative promoter activity (xSD) was calculated from at least three independent
experiments performed in duplicate. B) HEK293T cells were transiently co-transfected with
the (-844/+384)-hLXRa construct or with its mutant form (-844/+384)mut-hLXRa in the
presence of an expression vector for HNF-4a or an empty vector (control). The (%)
normalized relative promoter activity (+SD) was calculated from three independent
experiments performed in duplicate. C) Alignment of the human and mouse LXRa promoter
in the region of the HNF-4a binding site. D) HEK293T cells were co-transfected with the (-
3000/+30)-mouse-LXRa luc reporter construct along with an expression vector for HNF-4a
or an empty vector control). The (%) normalized relative promoter activity (xtSD) was
calculated from three independent experiments performed in duplicate. Symbols: ns, non-
significant **, p < 0.01; ***, p < 0.001.

Silencing of the HNF-4a gene is associated with reduced LXRa protein levels
and promoter activity in hepatic cells

Having established that HFN-4a is a positive regulator of the promoter of hLXRa in
hepatic cells, we investigated further the effect of HNF4a on the expression levels of
endogenous LXRa. For this purpose, HepG2 cells were transfected with a HNF-4a-specific
siRNA or with a non-specific (scrambled) siRNA and the protein levels of LXRa were
measured. Silencing of HNF-4a caused a statistically significant decrease in the protein
levels of HNF-4a and LXRa (30% and 42% decrease respectively, Fig. 3.27A), indicating

that LXRa is a transcriptional target of HNF-4a.

Moreover, we examined the effect of silencing HNF-4a in the basal activity of LXRa
promoter constructs in HepG2 cells. The HNF-4a specific ShRNA reduced the basal activity
of the hLXRa promoter fragments -300/+384 and -111/ +384 bearing the HNF-4a binding
motif by 35% but not of the -42/+384 promoter fragment lacking this motif (Fig. 3.27B).
Finally we showed that the triple mutation in the -50/-40 HNF-4a binding motif of the human
LXRa promoter reduced the basal activity of the -844/+384 promoter by 40% but most
importantly, we showed that the activity of this mutated promoter could not be reduced

further by the HNF-4a specific SiRNA (Fig. 3.27C).

157



relative luciferase activity (%)

3 siScramble

Bl siHNFda
& o
S & — 150+
]
- e 100 100
B % WB:anti-HNF4a & 1004 69
£ 58
=
- - 2
WB: anti-LXRa a 504
=
"
e s \WB: anti-actin @ 0
1 |
HNF4a prote:inlI LXRa protein I
3 shScramble C.
shHNF4 :
- 3 siScramble
ns g 150 Il siHNF4a
125 &k R 105 %" ns
5 100
100 100 100 ® 1004 o
100+ ® 73 wax 64
62 o 57
754 64 K T
=] 50
50 - 3
s
25+ E o
0 . | | | :
I I I (-844/+384)-hLXRa  (-844/+384)
(-300/+384)  (-111/+384) (-42/+384) mut-hLXRa

Figure 3.27 Silencing of the endogenous HNF-4a gene in HepG2 cells results in the
downregulation of both hLXRa protein and hLXRa promoter activity. A) Left: HepG2
cells were transfected with 100 nM of scrambled (siControl) or HNF-4a specific si-RNA
(siHNF-4a). Cell extracts were analysed for the protein levels of HNF-4a, LXRa and actin by
immunoblotting using the corresponding antibodies. Right: the density of the bands was
normalized to the density of actin and the normalized relative protein levels (xSD) were
calculated from three independent experiments. B) HepG2 cells were co-transfected with the
indicated hLXRa reporter plasmids along with a vector expressing a shRNA for HNF- 4a
(shHNF-4a) or a vector expressing a shRNA with non-related sequence (shScramble). The
(%) normalized relative promoter activity (+SD) was calculated from three independent
experiments performed in duplicate. C) HepG2 cells were transiently co-transfected with the
(-844/+384)-hLXRa construct or with its mutant form (-844/+384)mut-hLXRa in the presence
of 100 nM of scrambled (siScramble) si-RNA or HNF-4a specific si-RNA (siHNF4a). The (%)
normalized relative promoter activity (+SEM) was calculated from three independent
experiments performed in duplicate. Symbols: ns, not significant; *, p < 0.05; **, p < 0.01; ***,
p < 0.001

158



Part IV: Discussion

LXRs play critical roles in intracellular and plasma cholesterol homeostasis regulating
the expression of a large number of genes in various cell types and tissues such as the
macrophages, the liver and the intestine (119, 120, 478). In the liver, LXRs by inducing the
expression of ABCAL gene are master regulators of HDL biosynthesis, the first step of RCT
(119, 120, 478). Additionally, they control the last phase of RCT by activating the expression
of the hepatic bile acid transporters ABCG5 and ABCGS8 facilitating the transfer of excess
cholesterol to the bile (119, 120, 478). Interestingly, the same two transporters are also
targets of HNF-4a, which binds to HREs present in the intergenic promoter and activates the
expression of the two genes in a coordinate manner (479), suggesting a dual mechanism of

regulation of these bile acid transporters by HNF-4a in the liver.

The conservation of the newly identified H4-SBM (149) in the LXRa promoter in
human and mouse DNA suggested that HNF-4a may be essential for the regulation of the
LXRa gene. Indeed, overexpression of HNF-4a in HEK293T cells caused a strong
transactivation of both the human (hLXRa) and mouse (mLXRa) LXRa promoters containing
the H4-SBM (Fig.3.26A and D). Disruption of the H4-SBM site in the hLXRa promoter with
site specific mutagenesis abolished the transactivation by HNF-4a (Fig. 3.26B) Furthermore,
silencing of HNF-4a in the human hepatic cell line HepG2 resulted in reduction of LXRa
protein (Fig. 3.27A). However, inactivation of the mouse HNF-4a gene in adult mouse liver
was not associated with a statistically significant decrease in the mRNA levels of the mouse
LXRa gene (152, 162). Interestingly, a recent study revealed that inactivation of the HNF-4a
gene in the liver was associated with an increase in the expression of the paralogous gene
HNF-4y (480) which is not normally expressed in the liver (481) suggesting that HNF-4y
could replace HNF-4a in its absence. This is supported by previous ChiP-seq data which
showed that both HNF-4a and HNF-4y are recruited to the proximal LXRa promoter (Fig.
3.24C). HNF-4a and HNF-4y share high homology in their DNA binding and ligand binding

domains and they also regulate common sets of genes (480, 481).
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In the present study we provide new evidence for the regulation of gene expression
by the sequential action of two different members of the hormone nuclear receptor
superfamily: HNF-4a and LXRa. A similar mechanism of coordinated nuclear receptor action
has been demonstrated in the past (141, 142, 482-486). In the majority of these cases, the
promoter of one nuclear receptor gene harbors HREs that serve as binding and regulatory
sites for the same (autoregulation) or other nuclear receptors thus leading to the formation of
a large network of interactions controlling the expression of hundreds of genes (485). A well
characterized example is the HNF-4a/PPARa cascade. The promoter of the human PPARa
gene contains a regulatory element consisting of a degenerate hexamer repeat with a single
nucleotide spacer (direct repeat 1), termed alphaHNF4-RE, which binds HNF-4a and PPARa
and mediates the induction of this promoter by HNF-4a and PPARa itself (autoregulation)
(487). These findings were confirmed recently in vivo using HNF-4a liver-specific knockout
mice (486). The latter study showed that HNF-4a controls a transcription factor network in
the liver that coordinates the reciprocal expression of fatty acid transport and metabolizing

enzymes during fasting and feeding conditions (486).

Beside the beneficial effects of LXRs in the induction of HDL biosynthesis, they also
induce de novo lipogenesis in the liver by directly mediating the transcription of the master
regulator of fatty acid biosynthesis SREBP-1c, as well as other lipogenic genes (119, 120,
478). As a consequence, synthetic ligands that were produced to activate LXRs, although
they increased HDL-C levels in the plasma and reduced atherosclerosis, they also resulted
in an increase of liver triglycerides promoting hepatic steatosis (350, 488). Therefore, several
strategies were developed to minimize the adverse effects of pan-LXR activation. Recently,
a strategy focusing at post-translational modifications of LXRa was described (489).
Specifically, mice deficient for the tetratricopeptide repeat (TPR) domain protein 39B
(TTC39B) which promotes the ubiquitination and degradation of LXR protein, stabilize LXRa
and activates a beneficial profile of gene expression that promotes cholesterol removal and

inhibits lipogenesis (489). Our strategy focuses on the elucidation of the mechanisms
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governing LXRa transcription. It has been reported that the expression of LXRa is driven by
two promoters, with approximately 9.0 kb distance between each other, that give rise to five
transcript variants (LXRal-5) (Fig. 3.28) (138, 139). Promoter 1 is considered as the main
promoter, since it transcribes the main transcript variants LXRa1 (138, 141). Although it has
been observed that LXRa variants differ from each other in transactivation activity and tissue
distribution (138, 139), their roles in the different aspects of LXRa biology remain
unexplored. Additionally, transcription of LXRal gene is induced by LXRs (autoregulation)
(140, 141) and PPARs (141) through their corresponding binding sites in a distal region of
the promoter 1 of hLXRa gene (Fig. 3.28). In contrast to the distal localization, we detected a
functional HNF-4a site in the proximal region of the main promoter of LXRa making HNF-4a
a potent master regulator of this gene (Fig. 3.28). It would be very interesting to investigate
further whether HNF-4aq, either through its site or after conformational proximity with the
other sites, promotes differential expression among LXRa transcript variants. Of note, liver-
specific inactivation of HNF-4a was associated with decreased plasma HDL levels in mice
(152, 162). Given the strong and reverse association between plasma HDL levels and the
risk for CVDs, our findings suggest that HNF-4a could be a novel target for therapeutic

interventions in patients with low HDL levels and increased risk for CVDs.
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Figure 3.28 Summary of the regulatory elements that participate in the control of human
LXRa gene transcription.
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Part V: The role of let-7b in the regulation of apolipoprotein

E gene expression

apoE mRNA and protein levels are affected by let-7b overexpression

Previous studies have shown an opposite correlation between let-7b and apoE
expression levels. Specifically, a dominant negative isoform of c-Jun promotes the induction
of apolipoprotein E gene expression while downregulating the mRNA levels of let-7b in
hepatic cells (490, 491). Therefore, we asked whether apoE expression is under the
regulation of let-7b.

To investigate the above question, we measured both the mRNA and protein levels
of apoE after overexpressing let-7b or by inhibiting its expression in HepG2 cells. As shown
in Fig. 3.29A, the expression levels of let-7b were increased after transfection of HepG2 cells
with a double-stranded RNA that mimics the mature let-7b (let-7b mimics) compared to the
cells that were transfected with a scrambled molecule (NC-miR), while the transfection of
HepG2 cells with an antisense inhibitor for let-7b (as-let-7b) caused a 4-fold downregulation
of the expression levels of let-7b compared to the cells transfected with the control
scrambled molecule (as-miR-NC). Interestingly, we observed that both the mRNA and
protein levels of apoE were reduced to half after overexpression of let-7b in HepG2 cells
(Fig. 3.29B, C). However, in the presence of let-7b inhibitor neither the mRNA nor the protein

levels of apoE were affected.
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Figure 3.29 Let-7b overexpression decreases the mRNA levels of apoE.

A-C) HepG2 cells were transiently transfected with 50nM let-7b mimics, 50nM NC-miR,
50nM as-let-7b or 50nM as-miR-NC. 48h after transfection, total RNA was extracted, and
guantitative RT-PCR was performed to determine let-7b (A) and ApoE (B) mRNA levels. Let-
7b microRNA levels were normalized relative to 5S microRNA levels. apoE mRNA levels
were normalized relative to the RPLPO mRNA levels. The relative let-7b and apoE mRNA
levels are expressed as mean (+SD) from three independent experiments. Cell lysates were
collected (C) and the protein levels of apoE and tubulin were determined by Western Blotting
using the corresponding antibodies. The experiment was performed two times and
representative images are shown. Symbols: ns, not significant; *, p < 0.05.
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The mRNA of apoE is not a direct target of let-7b

miRNAs exert their function by directly binding to the 3’-untranslated region (3'-UTR)
of the mRNA-target resulting in the degradation or translation inhibition of this transcript
(168). The binding is achieved through complementarity between the sequence of the
miRNA and a corresponding site in the 3’-UTR (168) . For this reason, we examined
whether the mRNA of apoE is a direct target of let-7b. Bio-informatic analysis performed by
Dr Dimitris lliopoulos (Center for Systems Biomedicine, David Geffen School of Medicine at
the University of California at Los Angeles, USA) revealed complementarity between let-7b
and the site 33-53 of the 3'UTR of apoE indicating a potential binding of let-7b to this site

(Fig. 3.30).

To confirm this in silico prediction, we utilized a plasmid containing the 3’'UTR of
apoE downstream of the luciferase gene (apoE-3'UTR) or a mutated isoform containing two
serial mutations in the potential let-7b site (apoE-3'UTR mutated) and we measured their
activity following let-7b overexpression in HepG2 cells. As Fig. 3.31 depicts, let-7b
overexpression did not affect the luciferase activity of none of the constructs, suggesting that

the mRNA of apoE is not a direct target of let-7b.

3’ UGGUGUGUUGGAUGA G G -5’ let-7b
[N B
5’-ACCCCGT- GCCTCCTGC -3’ 33-53 apoE
G

Figure 3.30 Conserved let-7b sites in the 3’-UTR of the mRNA of apoE.

Alignment of the let-7b sequence and the 3'UTR region of apoE. Nucleotide substitutions in
the seed base-pairing sequence of the predicted let-7b target site generated in the apoE-
3'UTR reporter are indicated by arrows
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Figure 3.31 let-7b does not target the 3’'UTR of apoE mRNA.

HepG2 cells were transiently co-transfected with the apoE-3UTR or apoE-3’'UTR mutated
luciferase plasmids along with 50nM let-7b or NC-miR. The (%) normalized relative promoter
activity (+SD) was calculated from three independent experiments performed in duplicate.
Symbols: ns, non-significant
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let-7b is a negative regulator of the transcriptional activity of the apoE

promoter

Next, we investigated whether let-7b affects the transcriptional activity of the apoE
gene. For this purpose, HepG2 cells were co-transfected with a plasmid containing the (-
500/+73) region of the apoE promoter in the absence or in the presence of let-7b mimics. As
a positive control for the experiment, HepG2 cells were also transfected with a plasmid
expressing a promoter with 3 binding sites of NF-kB (3x-kB), as NF-kB has been indicated to
be targeted by let-7b (492). The luciferase activity of the apoE promoter was downregulated
after overexpression of let-7b (Figure 3.32). This result confirms that let-7b affects the
expression of apoE, however does not seem to be mediated by directly targeting the 3' UTR

of the apoE mRNA.
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Figure 3.32 let-7b decreases the luciferase activity of the apoE promoter.

HepG2 cells were transiently co-transfected with the -500/+73 apoE reporter plasmid or with
3x-kB reporter plasmid (as a positive control) along with 50nM let-7b or NC-miR. The (%)
normalized relative promoter activity (xSD) was calculated from three independent
experiments performed in duplicate. Symbols: **, p < 0.01.
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let-7b is a negative regulator of apolipoprotein A-l gene expression

Next, we questioned whether let-7b affects the transcriptional activity of other
apolipoproteins and so we focused on apolipoprotein A-I (apoA-l) and apolipoprotein C-llI
(apoC-lll). Firstly, we examined the promoter activity of these genes in HepG2 cells by
overexpressing let-7b along with reporter plasmids containing the (-1020/-24) region of the
apoA-I promoter and the (-890/+24) of the apoC-Ill promoter. As shown in Fig. 3.33, let-7b
overexpression downregulated the activity of the (-1020/-24)-apoA-l promoter, while the

activity of the (-890/+24)-apoC-Ill promoter was not affected.
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Figure 3.33 let-7b downregulates the promoter activity of apoA-I but not of apoC-lii
genes. HepG2 cells were transiently co-transfected with the (-1020/+24)-apoA-I promoter or
the (-890/+24)-apoC-Ill promoter along with 50nM let-7b or NC-miR. The (%) normalized
relative promoter activity (+SD) was calculated from three independent experiments
performed in duplicate. Symbols: ns, not significant; *, p < 0.05.
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To investigate further the let-7b-mediated regulation of apoA-I, we monitored the
MRNA levels of apoA-I after overexpressing let-7b or inhibiting its expression in HepG2
cells. As shown in figure 3.34 apoA-I mRNA levels were also downregulated in the presence
of let-7b. We also observed that inhibition of let-7b resulted in an increase of apoA-l mMRNA
levels, however this increase did not reach statistical significance. The above results indicate

that the transcriptionof apo-Al is targeted by let-7b.

ns

1.9

1.0 1.0
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Figure 3.34 let-7b decreases the mRNA levels of apoA-I.

HepG2 cells were transiently transfected with 50nM let-7b mimics, 50nM NC-miR, 50nM as-
let-7b or 50nM as-miR-NC. 48h after transfection, total RNA was extracted, and quantitative
RT-PCR was performed to determine apoA-I mRNA levels, which were normalized relative
to the RPLPO mRNA levels. The relative apoA-I mMRNA levels are expressed as mean (+SD)
from three independent experiments. Symbols: ns, not significant; *, p < 0.05.
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Part V- Discussion

ApoE is an apolipoprotein with a central role in cholesterol and triglyceride
homeostasis (493, 494). On the one hand, apoE is bound to triglyceride-rich lipoproteins and
mediates their clearance from the circulation (76-78). On the other hand, apoE by promoting
cholesterol efflux generates HDL-apoE particles contributing to RCT (43, 79). Meanwhile,
the maintenance of apoE concentration into normal levels is equally important. Deficiency of
apoE in mice promotes hypercholesterolemia and spontaneous atherosclerosis under
normal diet (81, 495), while overexpression of apoE results in hypertriglyceridemia (496).
Interestingly, epidemiological studies showed that low levels of apoE have been associated
with high risk of dementia (497, 498), while high levels of apoE have been associated with
high risk of ischemic heart disease in men (499) and these results were independent of
APOE genotype. These findings highlighted that the expression of apoE should be under
strict regulation.

Therefore, it was of great interest to observe that hepatic apoE mRNA levels were
negatively associated with let-7b levels (490, 491), indicating a potential regulatory
mechanism of apoE by this microRNA. We focused on hepatic apoE, since liver is the major
source of plasma apoE and we validated that both mRNA and protein levels of apoE are
decreased after let-7b overexpression (Fig. 3.29). However, this effect was not mediated by
direct binding of let-7b to the 3-UTR of apoE mRNA (Fig. 3.31). This observation suggests
that let-7b inhibits directly an upstream regulator of apoE expression. In line with this result,
we observed that the promoter activity of apoE was downregulated after let-7b
overexpression (Fig. 3.32). Although the main hypothesis suggests an indirect regulation of
apoE by let-7b, we could not exclude a direct effect through promoter binding. Interestingly,
it has been shown that another member of let-7 family, let-7f, was bound to microRNA
response elements found in the promoters of two E2F target genes, CDCA8 and CDC2, and
by cooperating with retinoblastoma (Rb) suppressed their transcription in an argonaute2-

dependent manner in senescent fibroblasts (500).
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Importantly, in addition to the regulation of apoE, we observed that let-7b controls
also the transcription of the apoA-lI gene, which is the major component of HDL (39).
Overexpression of let-7b decreased the mRNA levels of apoA-l (Fig. 3.33) as well as the
transcriptional activity of its promoter (Fig. 3.34). Bioinformatic analysis in the 3’-UTR region
of apoA-I mRNA did not reveal a conserved site for let-7b (data not shown) indicating that
alternative mechanisms may be involved in this regulation by let-7b. This is not the first
evidence that a single microRNA can regulate the expression of more than one genes
participating in the same biological process. For instance, miRNA-33a/b is known to regulate
the expression of several genes involved in the pathway of cholesterol metabolism such as
ABCAl, ABCG1 and CYP7A1l (181). Since the expression of both apolipoproteins is
regulated by let-7b independent of their 3’-UTR, we could hypothesize that either a common
upstream inducer of both apoE and apoA-I is a direct target of let-7b or a novel mechanism
implicating miRNA-promoter binding could be occurred.

Our findings reveal new potent roles for all participants in this regulatory mechanism.
Let-7b is mainly known as a tumor-suppressor since low levels of let-7b is a poor prognostic
indicator of survival in serous ovarian cancer, acute lymphoblastic leukemia and melanoma
(192, 501-503) and thus possible roles of apoA-1 and apoE beyond lipid metabolism could
not be excluded. Inversely, since both apoE and apoA-lI are major apolipoproteins in the
formation and function of lipid particles, from our results let-7b emerges as an important
regulator of cholesterol homeostasis. However, the functional consequences of the let-7b-
driven downregulation of apoE and apoA-lI expression have not been tested. Given the
important functions of these apolipoproteins in lipid metabolism and protection from
atherosclerosis and the need for identification of new mechanisms to treat atherosclerosis-
associated diseases, the potential roles of let-7b on reverse cholesterol transport,

triglyceride clearance and atherosclerosis development need to be explored.
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