ITANENIXTHMIO KPHTHX2-IATPIKH XXOAH

METAIITYXIAKO ITPO'PAMMA KYTTAPIKH KAI

FENETIKH AITIOAOTIA, AIATNQXTIKH KAI

OEPAIIEYTIKH TQN AXOENEIQN TOY ANOPQIIOY

AIAAKTOPIKH AIATPIBH

MEAETH TOY POAOY THX IIPQTEINHX BCRP1 XTA KYTTAPA

TOY IIAEYPIKOY IIAHOYXMOY THX KAPAIAX

KQNXETANTINA-IQANNA XEPETH

N[ V]EJ(R] L W TAS]

IOYNIOX 2012




UNIVERSITY OF CRETE-SCHOOL OF MEDICINE

GRADUATE PROGRAM IN CELLULAR AND

GENETIC ETIOLOGY, DIAGNOSIS AND

TREATMENT OF HUMAN DISEASES

PhD THESIS

THE ROLE OF BREAST CANCER RESISTANCE PROTEIN 1

(BCRP1) IN THE CARDIAC SIDE POPULATION CELLS

KONSTANTINA-IOANNA SERETI

N[ V]EJ(R] L W TAS]

JUNE 2012




Evyaplotisg

Oa NBeAa va eK@EPAow EALKPLVY] EVYVWHOOUVT 0TV eTIBAETOVCH KABNYyNTPLA TOV
Stdaktopkov pov Ap. Roglih Liao yia tnv kaBodiynon g kaboAn ) Sidpkela Twv
oTIOVSWV LoV KABWE KaL yla TNV VTTOGTNPLEN NG TOOO GE EMAYYEAUATIKO OGO KAl OE

TIPOOWTILKO ETILTESO.

Elpat Babitata evyvopwv otov Ap. BaciAn Zavvi) kal 0TO HETATTUXLAKO
TPOYPAUUA TIOV oV eTETPEPAV va SLEVPUV® TOUS 0pI{OVTES [LOU KAl YLA TT) GUVEXN

VOO TNPLEN KABOAN TN SLAPKELX TWV UETATITUXLAKWY OV GTIOVSWV.

[Slaitepeg euyaplotieg oe OAa Ta pEAN Tou epyaoctnplov CMRL mouv mépa amd
ouvvaded@ol elvat Kat @iAo, yia TNV ToAUTIUN BonBeld Toug Kat T dnuovpyia evog

e€alpeTikoL epyaoiakoV mepBdAiovTog.

[Tavw am’6Aovg BEAW va euXAPLOTHOW TNV KAAVTEPT OLKOYEVELA TOU KOO0V, TOUG
yoveig pov, Niknta kat Ntiva, Kot Tig KaAUTEPES Pov @IAES, TIG adeA@eg pov Tévvu

Kat Avtlu yla TNV Ao TEIPELTN AYATN KAL UTTOOTHPLEN TOUG.

TéAog, éva HEYAAO ELXAPLOTW OTN VEX OV OLKOYEVELX KL GLUVOSOLTTOPO 0€ OA0 QUTO
To TagidL, Tov Ayyedo. H aydamn, n fonfeiax kat ) ovveyrn evBdppuvor| Tou pov divouv

SUvaun va Eemepvm TIG SUOKOALEG KL KAVOUV TNV KABE Pov HEPA EVTUXLOUEVT).



Acknowledgments

[ would like to express my sincerest gratitude to my thesis supervisor Dr Ronglih
Liao for her mentorship and guidance throughout my PhD as well as for her support

in both professional and personal level.

I'm deeply grateful to Dr Vassilis Zannis and my graduate program for giving me the
opportunity to expand my horizons and for their continuous support throughout my

graduate studies.

Special thanks to all the members of the CMRL lab for their valuable assistance, for

creating a great work environment and for being not just colleagues but friends.

[ cannot thank enough the best family in the world, my parents Nikitas and Ntina
and my best friends, my sisters Penny and Angie for their unconditional love and

support.

Last, I would like to thank my new family and partner throughout this journey,
Angelos. His love, help and constant encouragement give me strength to overcome

difficulties and make my every day a celebration.



ZTNV OLKOYEVELX [LOV



CONTENTS

TTEPIANUIN s ssssssssssssnsnsnsnsm e e e ss s anasananasanananane 4
SUMMATY i ———————————————————— 8
INtroduction ... ————————— 11
CardioVaSCUIAT QISEASES .....owcuriereereeureeeesressessssses e sssssssssss bbbt s s s s ba bbb s bbb 11
Cardiac TEMOAEIING ..cvvueuieecereeretseesseeseessees s e s s sss e s bbb s a s bbb bbbt 11
ThEraPEULIC STTAtEZIES. . .curiereeeeereereeereieeseee et seese et es bbb bbbt 12
Cell-DaSEd theIaPIies ... ceeeeeseerrerrees s esseessees s s s s s s s s s s n s 13
CArdiac CEIL LUIMIOVET ...cvueeeeeneeseeseessreessens s seesssssssssssess s sssess s seesss s s s s s ssssssssss s sssssss e sssessssesseees 14
Cardiac progenitor/STEM CELLS ... s e s sasenees 18
CKIt POSITIVE CEIIS vt s s s 19

SCAL POSITIVE CEIIS .ot bbb s 20
Cardiosphere-derived stem/progenitor CElLS ... sessesees 21

[SI1 and W1 POSItiVe CElIS .. sssssssssss s ssssssssssssssssssanes 22
Cardiac side popUlAtion CEIIS.....eeree e sessssesseneas 23
Embryonic and Induced Pluripotent Stem CellS .......coeerneeneeneernsereesseesseesseeesessesssesssessnees 28

W S O 0 ¢ 141 010 oo PP 30
ABC transporters and Side Population phenotype ....ceeernmermeesseesseesseernsesssessseesssesssees 31

ABC transporters and progenitor Cell fate...... e ssessseessesssees 35

WX 000 o720 1o T ¢ LT (U= ) o PPN 36
Stem CEll NOMEOSTASIS ....eureueereenreereesseeseesseeses e e se st b s s s bbb 38
Symmetric and aSyMMEric AiVISION. ..o sses e ss s sssssesaees 38
Extrinsic mechanisms of asymmetric division: stem cell niche.......ccoonorinecsenncniennenns 39
Intrinsic mechanisms of aSyMmetric diVISION ......coccreereureereeneeneesseseeseee s sessesees 40

Cell cycle length and asymmetric diVISION. ... ieneeereereureeseeseesee e ises e ssseesessessesees 43



Asymmetric cell division and cardiac progenitor Cells.......onenseneeneenseeseesesseesseenns 45

GOAL Of The SEUAY w.euveeeeereieereeee ettt s et es b s bbb bbb e 46
Materials and methods ... ————— 47
RESULILS ..o ———————————— 69

Abcg? regulates the CSP phenotype in an age-dependent Manner..........enereeseeseenn. 69

Lack of Abcg2 does not abolish the CSP phenotype.......oneneeneeneenseiseeseieceseesesseesesens 69
Another ABC transporter is involved in the regulation of CSP phenotype in adult mice.
............................................................................................................................................................................. 71
Abcg2-KO CSP cells share the same surface marker expression pattern with WT CSP
oY | PP 75
Abcg2 has an age-dependent contribution to the CSP phenotype......connreneenneeneeneene. 76

Abcg2 regulates CSP cell NOMEOSTASIS ... e es e s s ssssssesssenas 78

Abcg2-KO CSP cells exhibit limited proliferation capacity ........ecnenseeseeseeeseeennees 78
Abcg? over-expression increases CSP proliferation...... o eneenecsneesssssesssesssseensees 80
The efflux ability of Abcg2 is required for its effect on CSP proliferation ..........ccoceseuene. 81
Abcg? affects CSP cell CYCle ProgreSSiON. ... ereeeseeiseiseissessssssssssssesssessssssessss s sssesssessssees 83
Abcg? regulates G1 to S cell cycle phase transition in CSP cells.....cunenennerreenseeseeneenn. 84
Lack of Abcg2 alters the cell cycle gene expression profile of CSP cells .......ocounrerienreennes 89
Abcg? regulates CSP Cell SUIVIVAL..... e ssesssesssees s sssesssesssessssees 90
Lack of Abcg2 favors asymmetric cell diVISION ... ssesssesseesseeseeens 92
Lack of Abcg2 promotes cardiomyogenic differentiation of CSP cells.......ccouenenrerienreennes 93
IN VIVO TOLE Of ADCE2...ocoeetetreectssetss ettt ssse s ss bbb s 95
[SChemMIia-TePEIfUSION INJUIY ccoveeurerereeereetre et erss bbb bbb a e 95
Abcg2-KO mice exhibit increased mortality following myocardial infarction (MI)........ 98
Abcg2-KO animals develop cardiac hypertrophy and bigger infarcts post-MI.................. 98

Abcg2-KO mice exhibit similar capillary density with WT mice one week post-MI .... 101
Abcg2-KO hearts maintain their regenerative capacity post-MI.......ccoccoeneemeenreenernecseennes 102

Lack of Abcg2 hinders the proliferative response of CSP cells post-MI .......c.ccoueereerreennn. 103



Age-dependent characterization 0f CSP CellS ...t seseeaes 105

CSP cell surface marker expression profile changes during development........cccec...... 105
Neonatal CSP cells are highly proliferative in vivo ... 106
Neonatal CSP cells lose their proliferative potential in culture .......coennerneenennirnen: 107
Neonatal CSP cells exhibit increased differentiation capacity ... 107
DiSCUSSION ..ucieriersirinismssnsmsssssssssssssssssssssssss s s s sas s s s sasasssssnssnnas 109
Abcg?2 does not confer the cardiac SP phenotyPe ... sseesseenes 110
Abcg? regulates CSP cell proliferation through its efflux function........onreenenecseennes 113
Abcg? regulates CSP cell CyCle ProgreSSiOnN.... i creeeerseesseesssessesssesssessseesss e sssesssesssssssseens 114
Abcg?2 plays a protective role in CSP CellS..... s seesssessseens 115
Abcg? regulates asymmetric cell division and cardiomyogenic commitment of CSP cells
............................................................................................................................................................................... 116
Abcg? as a key player in post-MI cardiac remodeling .......oeneenmeereesneeeseesnsesessseesssessseesseens 119
CONCIUSIONS oot esssessessebssssss s ss bbb b A bbb s s 121
20 = () 4 [ 123



[TEPIAHYH

O kapSlayyelakés mabNoelg amoTeAoUV TV KUpLa attio avETou oTov aveTTUYUEVO
koopo. [ipdéo@atn emMOTNUOVIKY TIPO0S0OG £XEL TIPOCPEPEL ONUAVTIKY BeATiwon TOG0 OTIS
uebodovg Bepameiag TG voOoov 660 KAl 6TV TOLOTNTA (WNG TwV acbevwv. QoTodo0, LE
eaipeon ™ HETAPOOYEVOT KAPSLAG, 1| OO AVILTIPOCWTEVEL TNV TLO OTMOTEAECUATIKN
Bepamela, kapia amd TIC LVTApYovoeS Oepameieg S OGTOYEVEL OTNV AVAYEVVNON TOU

KATECTPAUUEVOL KapSLakoV LoTOU.

H avakdAuvm WToTIKOV KapSIOHUOKUTTAPWY KAl IO TIPOCEATA EEWYEVOV Kol
KLplwG evloyevmv kKapSlakwv TPdSpouwy KUTTApwV, £Xel TAL0oV KaTtappiPel TV avtiAnym
OTL 1 KapSla amoteAel éva 0pyavo xwpig avayevwntikn wkavotnta. H avayévvnom tou
KapSLokoU LoTOU HECW KUTTAPLKNG Oepateiag amoTeAel Evav TTOAAAQ UTTOGXOUEVO EPEVVTTIKO

Topéa Kat ExeL avoiel véoug opilovTeg yia TN Bepameia TwV KapSLayyElaK®V TaBNoewy.

Ta «kapdlakd kOTTapa mAevpko TANBuopov» (cardiac side population cells, CSP
cells) amoteAoVv evdoyevr] kapdlakad mpddpopa kottapa. H avayvwplon twv KUTTdpwv
CSP Baciletat otnv kavotnTta pepPpavikwv peta@opéwv ABC, kot e8ikoTepa TwV
TpwTeivwv Abcg2 kat Mdrl, va €€dyouvv amd TO KUTTAPOTAACUA TN XPWOTIKN 0VLCIX
Hoechst 33342. Katw amo katdAAnAes ouvOnkes kaAdiépyelag, Ta kottapa CSP, €xouv v

LKAVOTNTA VA SLa@OPOTIOLOVVTAL G OAOUG TOUG KUPLOUG TUTIOUG KAPSLAK®WY KUTTAPWV.

Ot pwTeiveg ABC epumAékovTtal 6NV HETAPOPA SLPOPWV OVCLWV TOGO TPOG TO
eEWTEPIKO TOU KUTTAPOU 000 KOl UETAEY TWV KUTTAPIKWY opyavidiwv. Ol mpwTelveg
Abcg2/Berpl kot Mdrl avakoaAdO@Onkav o€ KUTTAPLKEG GELPEG TIOV Elval AVOEKTIKEG oTNV
ToElK1] 8pAOT AVTIKAPKIVIKWOV OUCLWV KAl €XO0UV OUCXETIOTEL PE TNV AVOEKTIKOTNTA OF
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@apuoaxa xnuelobepameiog mov TMapatnpeital oe apkeTous Kapkivous. Emiong, n mpwteivn
Abcg2 /Berpl €xel TPOOTATEVTIKO POAO G€ eVAIOONTOVUG LOTOUG OTIWG O EYKEPAAOG Kol TO
£€ufpvuo, evavtiov ™G €10060V EeVOPLOTIKWV OVGLWV SLAPUECOU TOU QLUATOEYKEPOAALKOV
@paypol kat Tou mAakovvta. ‘Exel emiong mpotabel otL 0 petaopiag Abcg2 mapéxel
Tpootacia amd Tov KUTTaplkd Bavato oe ouvOnkes vmoéiag. H ék@paon tov Abcg2 €xel
emlong ovoxetioBel pe TOV TMOAAATANCLOOUO TWV KAPKWIK®OV KUTTApwv. EmmAfov, o
petaopéag Abcg2 €xel avayvwplotel wg 0 KaBopLoTIKAG TAPAYOVTAS Yl TO (PALVOTUTIO
«TAgLPKOL TANBuopoL» (side population) oto puedd Twv ootwv (BMSP). Télog eival
aloonpeiwto 6TL o kOTTAPA SP TOL pLEAOD TWV 00TWV M UTIEPEKPPOCT Tou Abcg2
TPowONoeE TOV TMOAAATAACLAGUO TWV KUTTAPWY, EV® 1| OVOOTOAN TOU EUTIOSIOE TN
SlapopoTtoinomn kat TNV apomTomTikn Stadikaoia. Itnv kapdid éxel amodeybel 6TL VoTEPQ
amd TpaAVUATIoNd o Abcg2, mpootatevovTag Ta evEoBNALAKA KOTTAPQ, EXEL EVEPYETIKN
Spdomn ot Aettovpyla touv puokapdiov. Qotdco, 11 cupPoAr tou ota kapdiakd SP

TIAPAUEVEL AT APT|G.

To Baoikd XAPAKTINPLOTIKO TWV TIPOSPOUWY KUTTAPWVY £(val 1 LKAVOTNTA TOVUG Vo
avto-avavewvovtal (self-renewal) kot va Swgopomolovvtal (differentiation) mpog
efeldikevpéva KOTTapa Katd ) Stdpkela piag kuttapkng Swaipeong. H opoldotaon twv
TPOSPOUWY KUTTAPWY ETILTUYXAVETAL HECH ATO UK LOOPPOTHA UETAEY CUUUETPIKWOV Kol
QOVUUETPWY KUTTAPIKWVY Slapéoewv. H pOBuion autig g wooppoTtiag €xel WSwaitepn
onuacio T660 yla Ta MPOSPOUA 0G0 KAL YLX TA KAPKWIKA KUTTOpPA. AmoppuOuLon Twv
KUTTOPIK®OV Slapécewv PUmopel va odnynoeL o€ EAvTANOT TOv aplOpol TwV TPOSPOUWY
KUTTAPWV 1] AVTIOTOLXA TOV UTIEPTIOAAATIANCLAC O TWV KOPKLVIKWV KUTTApwv. H poipa mov
B akoAovBnoel To TPOSPOHO KUTTAPO ATOPACITETAL KATA TN SLAPKELA TOU KUTTAPLKOU

KUKAOU KoL IO GUYKEKPLUEVA KATG T @don G1. Zup@wva pe TV VTOBEoN TOU «UNKOUG



Tou KuttaplkoL kUkAou» (“Cell cycle length” hypothesis) n emunikuvon g @dong G1
OUVOEETAL PE TNV AOUUUETPT Slalpeon kat SlagopoToinon Twv BAAGTIKWV/TPOSPOowY

KUTTAPWV.

0 otoxoG¢ ™G Tapovoag UEAETNG eival 1 Slepedivnon Touv poOAOU TOU UETAPOPEQ
Abcg2 oto @awoTtumo Kot TNV opoldotacn Twv kuttdpwv CSP, kaBwg kat otv in vivo

eMi6paoT] TOV 0TO TMAAIOL0 EPPPAYHATOG TOU PuoKapSiov.

[Movtixia WT, Abcg2-KO kat Mdrla/b-KO, amd Sia@opetikd avamtuilakd otadia,
Xpnowomomonkav wote va eEetaotel 1 OXETIKN ocuvelo@opd Tou Abcg2 otov kapSlakd
@awotumo SP. H emidpaon touv Abcg2 otov moAdamlaciacpd kot tnv emBiwon Twv
KUTTAPWV CSP peAeOnke péow Sla@opwv pedodwv. Ta amoteAéopata emifefoaiwdnkoy
TEPALTEPW HEOW TEXVIKWV KEPSOUG Kal amwAelag Aettovpyiag (gain/loss of function). H
onuacio TG KavotnTaAg €§aywyng ovolwv amd tov Abcg2 oTov MOAAATAACIOGUO TWV
KUTTApWV CSP eg€etdotnke péow petaArallyéveons. MéBodol OTwG AVOGO-KUTTAPOXT LK)
aVIYVELOT TPWTEIVOV TOU KUTTAPIKOU KUKAOU, CUCTHUATA QVAQOPAG SEKTWV TOU
KUTTOPLKOU KUKAOU pe Aevti-1oU6 kat RT-PCR xpnowomombnkav oe cuvdvaopo pe {wvtovn
QTIELKOVIOT KUTTAPWY, YA TOV TIPOCSLopIopHo Tou Kuttapikol kUkAov WT kat Abcg2-KO
kuttdpwv CSP. O poéAog tou Abcg2 otnv acVppetpn Swaipeon kat v kapdiakn
SlapopoTtoinon eEeTAOTNKE UECW QVOCGO-KUTTAPOXNULKNG OVIXVELONG TPWTEIVOV TOV
kaBopifouv TNV KLTTAPLK polpa Kot KapSlakwy Selktwv avtiotoxa. EmimAgov, povtéda
kapSiakng PBAGBNG, OMWG oXAUA-EMAVALLATWOT Kol EU@PAYHA  TOU  puokapdiov
xpnowomowmenkav wote va StepeuvnBel o in vivo podog touv Abcg2. Tédog, avaAlOnke 1
EKOPUON  HEUBPAVIK®OV TPWTEIVOV KAO®WG KAl 1 KAVOTNTA TOAAATAQCIAOHOU KOl

Sta@opoTtoinong Twv KUTTApwV CSP amd Sla@opeTikd avamtuélakd oTadla TovTiKov.



H mapoVoa StatpPn amokaAVTTEL Y TIPWTN @opA OTL 1] cUUBOAT] TOU UETAPOpPEA
Abcg2 oto @awotumo CSP eaptdtal amd to avamtuilakd otadlo. Emmpocbeta, o
petaopéag Abcg2 Bpebnke ot mpootatevel Ta kUTTapa CSP amd kuttapikd Bdvato kat
TPOAYEL TOV KUTTAPLKO TOUG KUKAO, EV® TOPAAANAQ aVAOTEAAEL TNV ACUUUETPN Slaipeon
kal T Slwagopotoinon toug. TéAog, N epyacia pov Tapéxel in vivo Sedouéva mov
umooTNpilouv OTL 0 peTa@openag Abcg2 €xel ONUAVTIKO TPOCTOTEUTIKO POAO HETA ATO

EuEpayua Tou puokapdiov.



SUMMARY

Cardiovascular diseases represent the leading cause of death in the industrialized
world. Several scientific advances have achieved significant improvement in disease
treatment and patient quality of life. However, with the exception of heart transplantation
which represents the most efficient treatment, none of the current therapies focus on

replacing the lost cardiac tissue.

The identification of mitotic myocytes and more recently, of resident cardiac
progenitor cells has abolished the long standing dogma that the heart is a terminally
differentiated organ. Cardiac regeneration, through stem cell based therapies has become a
promising area of research and has opened new horizons for the treatment of

cardiovascular diseases.

Cardiac side population (CSP) cells represent a resident cardiac progenitor cell
population. CSP cells are identified based on the ability of ABC-cassette membrane
transporters to efflux the DNA-binding dye Hoechst 33342. ABC-transporters Abcg2 and
Mdr1 have been shown to efficiently export Hoechst. Upon proper stimulation, CSP cells are

able to differentiate into all major cardiac cell types.

Abcg?2 and Mdr1 belong to the large family of ABC-transporters. ABC proteins are
involved in the trafficking of a large variety of substrates across the cell membrane and
intracellular organelles. Abcg2 and Mdr1 were initially identified in cancer drug resistant
cells lines and have been associated with chemotherapy drug resistance observed in
cancers. In particular, in addition to cancer resistance, Abcg2 has been suggested to play a
protective role in crucial tissues such as the brain and fetus against xenobiotic transfer

8



through the blood-brain and placenta barriers. Abcg2 has also been shown to confer
protection from cell death under hypoxic conditions. Most importantly, Abcg2 has been
identified as the molecular determinant of the bone marrow SP phenotype. However, its

contribution to the cardiac SP phenotype remains unclear.

Abcg2 expression has been further linked to the proliferation of cancer cells.
Additionally, in bone marrow SP cells, Abcg2 over-expression promoted cell proliferation

while its inhibition resulted in abrogation of hematopoiesis.

In the heart, Abcg2 expression has been demonstrated to be beneficial following

injury by protecting microvascular endothelial cell function.

The fundamental characteristic of stem/progenitor cells is the capacity to self-
renew and differentiate within one cell division. Stem/progenitor cell homeostasis is
achieved through a balance between symmetric and asymmetric cell divisions. Regulation of
the switch between these two types of division is of particular importance in normal and
cancer stem cells. Deregulated divisions can lead to stem cell pool exhaustion or cancer cell

over-proliferation.

Cell fate decisions are made during the cell cycle and particularly during the G1-
phase. The “cell cycle length” hypothesis suggests that lengthening of G1 is associated and

required for stem/progenitor cell asymmetric division and differentiation.

The goal of my study is to investigate the role of Abcg2 in the CSP phenotype and

homeostasis as well as its effects in vivo, in a myocardial injury context.

CSP cells from WT, Abcg2-KO and Mdrla/b-KO mice from different developmental

stages were analyzed by flow cytometry to examine the relative contribution of each



transporter. The effects of Abcg2 on CSP cell proliferation and survival were determined
through various methods. Gain- and loss-of-function approaches were utilized to confirm
the results. Site-mutagenesis allowed the assessment of the role of Abcg2 efflux capacity in
CSP proliferation. Cell cycle marker staining, lentiviral cell cycle indicators and RT-PCR
based gene arrays were used in combination with live cell imaging, to delineate the cell
cycle profile of WT and Abcg2-deficient CSP cells. Immuno-cytochemical staining for cell
fate determinants and cardiac markers, revealed the effects of Abcg2 on CSP asymmetric
division and cardiomyogenic differentiation. Moreover, ischemia-reperfusion and
myocardial infarction were used as myocardial injury models to investigate the in vivo role
of Abcg?2. Lastly, the surface marker expression, proliferation and differentiation capacity of

CSP cells from different developmental stages were analyzed.

My work reveals for the first time that Abcg2 has an age-dependent contribution to
the CSP phenotype. Moreover, Abcg2 was found to promote CSP cell cycle progression and
survival while inhibiting their asymmetric division and differentiation. Finally, my work
provides in vivo evidence supporting that Abcg2 plays a protective role following

myocardial injury.
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INTRODUCTION

CARDIOVASCULAR DISEASES

Cardiovascular diseases (CVD) represent the leading cause of death worldwide [9].
Only in the United States, CVD claim one life every 39 seconds, accounting for more deaths
(32.8% in 2008) than cancer, respiratory disease (CLRD: Chronic Lower Respiratory
disease) and accidents combined. More than one in three individuals suffers from one or
more types of CVD. As a consequence the estimated direct and indirect costs for CVD were
$297.7 billion in 2008 and are projected to reach $818 billion between 2010 and 2030.
Similarly, in Greece, the most recent statistics revealed that in 2009, CVD accounted for
34.86% and 30.43% of total deaths per 100000 male and female individuals respectively

[10].

CARDIAC REMODELING

The pathophysiologic response of the heart to injury following loss of cardiac tissue,
due to myocardial infarction or pressure overload-induced hypertrophy, leading to chronic
heart failure, is called cardiac remodeling. This initially adaptive response involves
cardiomyocyte hypertrophy and death as well as fibrosis and activation of matrix
metalloproteinases [11]. Following myocardial infarction, the necrotic area is replaced by

fibrotic tissue (scar formation) and the infarcted wall becomes thinner. In order to increase
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stroke volume and maintain normal cardiac output, the LV chamber dilates. Myocyte
hypertrophy in the infarct remote area leads to increased wall thickness and changes in

chamber configuration resulting in poor ventricular performance [5] (Figure 1).

POST-MI REMODELING

Acute Infarct Zone Spherical Ventricular
Infarction Thinning & Elongation Dilation 1

Increased
Interstitial
‘ Collagen

=72

Fibrous Scar T
Myocyte Hypertrophy

Figure 1: Post-MI cardiac remodeling: upon myocardial infarction a fibrous scar is
formed followed by thinning and elongation of the infarcted area. The ventricle is further
dilated and acquires a spherical configuration. Myocytes undergoes hypertrophy and

production of interstitial collagen is increased [5].

THERAPEUTIC STRATEGIES

The majority of therapeutic strategies are focusing on the causes of heart failure
while current treatment options include drugs, such as B-blockers [12], ACE inhibitors
(Angiotensin Converting Enzyme), angiotensin receptor antagonists or diuretics [13], and
invasive procedures including drug eluting stents [14], coronary artery bypass grafting [15],
left ventricular (LV) reconstruction [16], mitral valve repair, pacemakers [17] as well as

implantation of left ventricular assist devices (LVAD) [18]. Despite, the remarkable
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improvement in heart failure prognosis provided by all available therapies, none of them
targets the fundamental issue of the disease which is the loss of myocardial tissue. To date
the most effective treatment encompassing cardiomyocyte loss is heart transplantation.
Nevertheless, issues such as donor heart availability as well as immune rejection call for the

development of new, less invasive therapies.

CELL-BASED THERAPIES

The option of stem cell-based therapies holds great promise and some first clinical
trials have already been undertaken. Initial stem cell-based clinical trials involved satellite
cells from skeletal muscle. These cells appeared as good candidates for cardiac
transplantation since they exhibit increased survival during ischemia [19]. Moreover,
animal studies demonstrated that cardiac function was ameliorated and remodeling was
limited after administration of the cells to infracted hearts [19, 20]. However, no significant

benefit was observed in clinical trials using these cells [21].

Bone marrow-derived stem cells have been widely used in clinical trials for the
treatment of heart failure [22]. Based on their ability to differentiate into cardiomyocytes in
vitro as well as their ease of availability, hematopoietic stem cells have been used in a
number of studies. Clinical trials using circulating hematopoietic progenitors or bone
marrow mononuclear cells produced some initial encouraging results; however additional
studies demonstrated minimal long term beneficial effects [22-26]. Nevertheless, the meta-

analysis of a large number of studies revealed an overall benefit of bone marrow cell
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administration in ejection fraction (5.4% improvement) and infarct size (5.49% decrease)

[23].

Bone marrow-derived mesenchymal (MSC) and endothelial (EPC) stem/progenitor
cells have also been used in clinical trials as therapeutic strategies for myocardial infarction
(reviewed in [24]. Both populations can generate cardiomyocytes in vitro while
administration to patients with myocardial infarction resulted in marginal improvement of
cardiac function. Their utilization however presents some difficulties due to the wide range
of differentiation capacity. Namely, MSCs were shown to generate osteoblasts within the

ventricle whereas EPCs have the ability to differentiate into various cell types.

Overall, to date cell-based clinical therapies have provided marginal benefits for

heart failure patients and the discovery of new therapeutic approaches is imperative.

CARDIAC CELL TURNOVER

Until recently, the heart was viewed as a terminally differentiated organ with no
self-renewal ability [25, 26]. It was widely believed that the heart sustains its function until
the death of an individual with the same or less cells present at birth and that the only way
of postnatal cardiac growth occurs through cell size growth (hypertrophy) and not
proliferation (hyperplasia). This perception was mainly supported by the very low
frequency of myocardial tumors in the population as well as the lack of cardiomyocyte DNA
synthesis in adult hearts [31, 32]. Analysis of tritiated thymidine incorporation,
demonstrated that during embryonic mouse development cardiomyocyte DNA synthesis

occurs in two phases. The first peak is observed during fetal life and is followed by a
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significant drop early postnatally. The second DNA synthesis wave is observed between
post-natal day 4 and 10. Microscopic observation of DAPI stained nuclei revealed that the
second DNA synthesis phase is attributed to binucleation and not myocyte proliferation
[27]. Further supporting the non-dividing nature of myocytes, Soonpaa and colleagues using
a similar approach demonstrated that myocardial injury (cauterization) is unable to
activate myocyte DNA synthesis. According to these studies, each cardiomyocyte is as old as

the individual and cardiomyocyte cell death should occur scarcely [28].

Myocyte proliferation has been a subject of debate for decades. Studies
demonstrating DNA synthesis in adult rats [29-32] as well as myocyte proliferation in vitro
[33] have challenged the long standing idea of the cardiomyocytes as fully differentiated
cells. More recent studies have definitely abolished this old dogma and currently it is widely
accepted that the heart is a self renewing organ [7, 34-39]. Beltrami et al demonstrated that
new cardiomyocytes are generated following myocardial infarction. Cardiac tissue from
patients that succumbed to myocardial infarction was immuno-stained for the mitotic

marker Ki67 and compared to tissue from healthy hearts. Interestingly, 4% of the

Figure 2: Cycling myocytes in infarcted heart. A) a-sarcomeric actin (red) positive

cardiomyocytes in metaphase as evidenced by chromosome organization (propidium iodide,

green) and B) dividing myocyte in cytokinesis [7].
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cardiomyocytes found in the infarct border zone expressed Ki67 and this percentage was
reduced to 1% in the remote area. Moreover, Ki67 labeling was accompanied by cytokinesis
further demonstrating myocyte proliferation. Cycling myocytes were also detected in the

healthy hearts albeit at lower numbers (0.11%) [7] (Figure 2).

In a seminal study, Bergmann et al used the cellular levels of C1# as a cell birth date
marker and was able to provide compelling evidence supporting cardiomyocyte
proliferation during the lifetime of an individual [1]. Nuclear bomb testing in the 1950s led
to an increase in the atmospheric C14 levels which dramatically dropped after the Limited
Nuclear Test Ban Treaty in 1963. As a consequence C!4 incorporated in the DNA of each
living organism. Based on the fact that C!4 levels in each cell correspond to the atmospheric

levels at the date the cell was born, Bergmann et al analyzed individuals born up to 22 years
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Figure 3: Cardiac cell turnover. The black curve corresponds to the atmospheric C1# levels from 1930
to 2010. Each circle represents the C!4 levels in genomic DNA of the cardiomyocytes of each individual
and the corresponding vertical lines indicate the date of birth of the individual. Cellular C1# levels

correspond to the atmospheric levels the time the cell was born [2].



before the nuclear testing and demonstrated that C!4 levels in cardiomyocytes were
increased compared to the prevalent atmospheric levels before the bombings. These results
clearly suggest that cardiomyocytes are able to renew during adulthood. This study further
suggests that the cardiomyocyte renewal rate decreases with age and that during an
average life span approximately 50% of the cardiomyocytes will be exchanged [1] (Figure

3).

In line with this report, Kajstura et al demonstrated that the cells (myocytes and
non-myocytes) of the adult human heart are renewed several times during the lifetime of an
individual [40]. The authors utilized post-mortem heart samples from cancer patients who
had been treated with the radiosensitiser iododeoxyuridine (IdU). IdU is a nucleotide
analogue that incorporates into the DNA during DNA synthesis enabling the detection of
newly formed cells. This analysis revealed that approximately 22% of new cardiac-

myocytes are produced every year [40].

Overall, these studies point out that the adult heart whether it is human or murine,
indeed possesses regenerative potential which decreases with age and increases after
injury. Slight discrepancies observed in the reported extent of cardiomyocyte renewal could
be due to the experimental settings of each study as well as the models used. It still remains
unclear whether these newly generated cardiomyocytes derive from pre-existing
cardiomyocytes that re-enter the cell cycle or the differentiation of resident or extra-cardiac

progenitor/stem cells.
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CARDIAC PROGENITOR/STEM CELLS

An elegant study by Hsieh and colleagues, confirmed myocyte turn-over using a fate
mapping approach. The authors suggest that cardiomyocytes are able to regenerate from
stem/progenitor cells following myocardial injury [41]. A double transgenic mouse was
generated by the cross-breeding of a mouse expressing a tamoxifen-inducible Cre
recombinase under the control of the cardiomyocyte specific a-myosin heavy chain
promoter (MerCreMer mice) with a reporter mouse (ZEG) constitutively expressing 3-
galactosidase. Upon, tamoxifen treatment and Cre expression, a lox-P flanked stop sequence
is removed and [3-galactosidase expression is replaced by GFP expression. The strength of
this method relies on the fact that following tamoxifen withdrawal, the majority of
cardiomyocytes is GFP positive and if new myocyte formation occurs, the percentage of GFP
positive cells will be decreased. The authors demonstrated that three months following
myocardial infarction the proportion of GFP positive cardiomyocytes decreased
significantly. Namely, a 15.3% decrease was detected in the infarct border zone and 7.1% in
the area remote from the infarct. Similar effects were observed following pressure-overload
induced hypertrophy. These results clearly indicate that the newly formed GFP-negative
cardiomyocytes originate from o-myosin heavy chain and thus GFP-negative
stem/progenitor cells. In line with this hypothesis is the increased expression of common
stem cell markers such as c-kit and Nanog in the infarct border area. It is noteworthy that

no significant regeneration was observed during normal aging [41].

The recent identification of resident cells with stem or progenitor cell
characteristics that are able to regenerate the adult myocardium further supports the
notion of cardiac regeneration and has opened new horizons in the cardiovascular field.
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Using a variety of methodologies, several groups have revealed the existence of various
populations of cardiac stem/progenitor cells. It still remains unclear whether these
populations share a common parental cell and thus represent different stages in the stem
cell hierarchy or whether they constitute population with distinct developmental origins.
Nonetheless, these cells possess self-renewal and differentiation capacity, the
characteristics that define stem/progenitor cells. The methods used to identify and isolate
cardiac progenitor cells vary from cell surface marker expression (ckit [35], scal [38]) and
functional phenotype (Hoechst efflux [41]) to surface marker independent isolation
methods such as cardiosphere formation [37] and expression of transcription factors (Islet1
[36], Wtl [42]). All these populations share a common feature, that is, their ability to
generate all cardiac cell types-cardiomyocytes, endothelial cells and smooth muscle cells-

upon proper stimulation.

CKIT POSITIVE CELLS

Beltrami et al, first identified and characterized cardiac cells expressing the stem
cell marker c-kit [35]. c-kit, a tyrosine kinase receptor is a common stem cell marker of
various adult stem cells [43]. In the heart, ckit has been used to identify cardiac stem cells
from several model organisms [35, 44, 45] as well as from humans [46] and to date ckit
positive cells represent the most well studied cardiac stem cell population. Cardiac ckit
stem/progenitor cells is a rare population (0.1%) of cells negative for the blood lineage
markers (Lin) and positive for other common stem cell markers such as Scal and Mdrl1.
They are mainly found in small clusters in the interstitial space with higher density in the

apex and atria. A small number of ckit cells in each cluster express the cardiac transcription
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factors Gata4, Nkx2.5 and Mef2c as well as sarcomeric proteins representing cells at early
stages of cardiac differentiation. ckit cells were found to be self-renewing, clonogenic and
multipotent. Notably, when cKit cells were injected in the injured myocardium of rats they
were able to engraft in the infarct area and generate new cardiomyocytes, capillaries and
vessels and significantly improve cardiac performance [35]. Similarly, ckit* stem/progenitor
cells delivered through intracoronary injection were shown to decrease infarct size while
restraining myocardial remodeling following 5 weeks after MI in rats [47]. Most
importantly, ckit* cardiac progenitors were isolated from human heart tissue and were
found to be clonogenic and able to generate cardiomyocytes as well as endothelial and

smooth muscle cells both in vitro and in vivo after injection in infarcted mouse hearts [46].

More recently, ckit positive stem cells have entered a phase I clinical trial (SCIPIO)
[48]. ckit positive stem cells isolated from the atria of patients with post-infarction cardiac
dysfunction were expanded in culture and reintroduced (one million cells) to the patient by
intracoronary infusion approximately four months following bypass surgery. Initial results
from 7-14 patients, revealed that autologous ckit positive stem cell administration
improved cardiac function and decreased infarct size. Although preliminary, these results

are very encouraging and data from more patients are anticipated with great interest.

SCA1 POSITIVE CELLS

In 2003 another population of resident adult cardiac stem/progenitor cells was
described. Oh and colleagues [38] reported the existence of cells expressing the stem cell

antigen 1 (Scal), a glycosyl-phosphatidylinositol-anchored cell surface protein belonging to
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the Ly6 antigen family. Scal is a common marker for hematopoietic stem cells, however,
cardiac Scal positive stem/progenitor cells seem to represent a distinct population based
on the lack of other hematopoietic marker expression (Lin-) [38]. Scal positive cells express
the endothelial marker CD31 but are negative for other endothelial cell markers such as Flt-
1, Flk-1, vascular endothelial-cadherin and von Willebrand factor. Similar to ckit cells, Scal
positive cells express cardiac transcription factors such as Gata4 and Mef2c but lack
expression of cardiac structural genes, a characteristic of mature cardiomyocytes.
Moreover, Scal positive cells are self-renewing and upon stimulation are able to
differentiate into cardiomyocytes. Most importantly, when administered intravenously in
mice following MI, they are able to home to the injured myocardium and differentiate into
myocytes. However, high levels of cellular fusion with endogenous cardiomyocytes were
observed [38]. More recent studies have further characterized this progenitor cell
population and have confirmed their regenerative capacity both in vitro and in vivo [49, 50].
Interestingly, although a human homologue for Scal has not been identified yet, Smits and
colleagues were able to isolate a population of cardiac progenitor cells from human biopsies
by utilizing the antibody that recognizes the murine Scal. These cells similarly to murine
Scal positive stem/progenitor cell are able to self-renew and differentiate into

cardiomyocytes [51].

CARDIOSPHERE-DERIVED STEM/PROGENITOR CELLS

Messina et al, were able to isolate from both mice and humans, another population
of cardiac stem/progenitor cells that form clusters named cardiospheres under special

culture conditions [37]. Cardiospheres consist of ckit, Scal, Flk-1 and CD31 positive
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proliferating cells mainly found at the center of the sphere and more differentiated cells in
the periphery expressing cardiac and endothelial markers. These cardiosphere-derived cells
(CDC) are self-renewing and clonogenic while they exhibit cardiac and endothelial cell
differentiation capacity both in vitro and in vivo. Furthermore, intramyocardial injection of
cardiospheres to mice following myocardial infarction demonstrated a significant increase

in cardiac performance.

Recently, Makkar and colleagues reported the first results from a phase I clinical
trial utilizing CDCs [52]. Intracoronary infusion of CDCs in patients having suffered from
myocardial infarction resulted in significant decrease of the infarct size and corresponding

increase of the viable tissue.

ISL1 AND WT1 POSITIVE CELLS

Laugwitz and colleagues [36] identified a population of cardiac stem cells that
contribute to cardiac development. The LIM-homeodomain transcription factor Isl1 is
highly expressed during embryonic development and marks a cell population that
contributes to the formation of the heart. Islt1 positive stem /progenitors cells were isolated
form neonatal mice are self-renewing and under appropriate conditions, exhibit a high
cardiomyogenic differentiation capacity (25%). Isl1 positive cells were also detected in
neonatal rat and human myocardium. Furthermore, by genetic fate mapping, Moretti et al
demonstrated that embryonic Isltl positive cells contribute to the formation of cardiac,
endothelial and smooth muscle cells [53]. Nevertheless, the expression of Isl1 in the adult

heart is scarce [36], limiting the usage of this population for cell based therapies.
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Interestingly, a recent study by Ye et al, reported the expression of Isl1 cells in Scal positive
cardiosphere-derived cells from post-MI adult mouse hearts [54]. These cells were able to
differentiate into cardiomyocytes, endothelial and smooth muscle cells in vitro. When re-
introduced to the infarcted myocardium, they were able to promote angiogenesis, generate

endothelial and smooth muscle cells and ameliorate cardiac function [54].

Zhou et al, demonstrated the existence of a population of epicardial progenitors
expressing the transcription factor Wtl contributing to the embryonic cardiac development
[42]. Similarly, another population of embryonic cardiac stem/progenitor cells of epicardial
origin was identified based on the expression of the transcription factor Tbx18 [55].
Interestingly, both populations originate from a common Isl1 and Nkx2.5 double-positive

parent population.

CARDIAC SIDE POPULATION CELLS

Hielrihy and colleagues were the first to report in 2002 the existence of resident
cardiac progenitor cell in adult mice [41]. These so called cardiac side population (CSP) cells
were isolated based on their ability to efflux the DNA binding Hoechst 33342 (Figure 4).
Goodell et al first identified in murine bone marrow a population of cells expressing
hematopoietic stem cell (HSC) markers and highly enriched in HSC activity. These cells were
termed Side Population (SP) as they appear as a Hoechst low/negative population on the
side of the main population (MP) of Hoechst retaining cells during dual wavelength FACS
analysis. Moreover, bone marrow SP cells were shown to have strong long-term

repopulating ability when injected in lethally irradiated mice. SP cells have been since
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identified in a variety of tissues such as skeletal muscle, liver, lung, kidney, skin, mammary
gland, testis, brain and heart [41, 56-62] as well as in several forms of cancer [63-68]. More
recently CSP cells were identified in human left atrium biopsies [69] as well as in

developing human hearts [70].

CSP cells isolated from adult mice represent approximately 1% of cardiomyocyte-
excluded total mononuclear cells. Importantly, CSP cells are phenotypically different from
HSCs since they do not express HSC markers such as CD34, ckit, Scal, Flk2 and Thy1.1.
Hierlihy et al further demonstrated that CSP cells can form colonies under appropriate
culture conditions and differentiate into cardiomyocytes as evidenced by connexin-43
expression when co-cultured with mature cardiomyocytes [41]. Since this first report,
several other laboratories have confirmed the existence of cardiac stem/progenitor cells

with the SP phenotype and have further characterized them [6, 78, 79].

Martin et al demonstrated the existence of Scal positive CSP cells during embryonic
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Figure 4: Cardiac side population cells (CSP). A) Characteristic flow cytometric analysis of
cardiac mononuclear cells stained with Hoechst 33342 dye. CSP through active efflux of the dye
appear as Hoechst low/negative compared to dye retaining main population cells (MP). B)

adition of verapamil inhibits Hoechst efflux and is used as a negative control [6].



and post-natal development. The authors further proved that following co-culture with
cardiac main population cells, CSP cells were able to express the sarcomeric protein a-
actinin while when cultured in methylcellulose medium, CSP cells were able to proliferate

and form hematopoietic colonies [71].

Pfister et al further characterized adult mouse CSP cells and demonstrated their
self-renewing ability and multipotency [6]. CSP cells are able to proliferate and under
proper stimulation can differentiate into cardiomyocytes, smooth muscle cells and
endothelial cells. CSP cells are predominantly positive for Scal (84+2%), and negative for
CD44 as well as the hematopoietic markers CD34 and CD45. It is noteworthy that CSP cells
express ckit in the mRNA level but not at the protein level [6]. The lack of ckit protein
expression could be due to proteolytic cleavage of the extracellular domain of the ckit
receptor during the enzymatic digestion of the heart [72]. CSP cells were also found to
express cardiac specific transcription factors such as Gata4, Nkx2.5 and Mef2c while
markers of more mature cardiomyocytes such as a-sarcomeric actinin and a-myosin heavy
chain were not detected [6]. Smooth muscle actin, desmin and the endothelial marker Tie-2
were only expressed in the mRNA level. Interestingly, within the Scal positive CSP
population, 75% of the cells were found to be positive for the endothelial marker CD31. In
an effort to further characterize CSP cells, the authors examined the cardiomyogenic
capacity of Scal*CD31+ CSP cells versus Scal+*CD31- CSP cells. They demonstrated that CSP
cells negative for CD31 when cultured in differentiation-promoting medium express early
cardiomyogenic markers such as Gata4 and Mef2c as well as cardiomyocyte specific
proteins such as a-sarcomeric actinin and Troponin-I albeit at a disorganized manner. Upon
co-culture with adult rat ventricular cardiomyocytes CD31 negative CSP cells fully

differentiated in mature cardiomyocytes as evidenced by expression of a-sarcomeric
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protein in an organized striated manner (Figure 5). Furthermore, differentiated CSP cells
exhibited contractile function and calcium transients identical to those of adjacent rat
cardiomyocytes (Figure 5). In contrast CD31 positive CSP cells were unable to adhere to the
culture dish and were negative for cardiac specific markers. The authors also addressed the
possibility of cell fusion between CSP cells and cardiomyocytes. An elegant approach using
the Cre/lox technology was followed, where CD31 negative CSP cells containing a loxP-
flanked [-galactosidase cassette were co-cultured with cardiomyocytes expressing
constitutively active Cre-recombinase. In the event of fusion [B-galactosidase would be
excised and GFP expression would be activated. No GFP positive cells were observed in co-
cultures clearly suggesting that CD31-Scal* CSP cells exhibit cardiomyogenic capacity

without cell fusion [6].

In line with these results, Oyama and colleagues demonstrated that CSP cells in
murine post-natal hearts reside in a quiescent state (GO phase) characteristic of stem cells.
Moreover, CSP cells were able to differentiate into beating cardiomyocytes following
oxytocin or trichostatin-A treatment and into osteocytes and adipocytes after osteogenic
and adipogenic induction respectively [73]. Most importantly, the authors demonstrated
that following intravenous transplantation in rats with cryoinjured hearts, CSP cells were
able to home to the injured myocardium and generate cardiomyocytes, fibroblasts,

endothelial and smooth muscle cells.

Interestingly, Mouquet et al illustrated the dynamic regulation of CSP cells
homeostasis following injury [74]. Namely, the authors revealed that MI injury in adult mice
results in an acute decrease of CSP cell number at one day post-MI followed by CSP pool

restoration within one week. This replenishment of the CSP cell pool is due to active
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Figure 5: Cardiomyogenic differentiation of CSP cells following co-culture with adult
cardiomyocytes. GFP positive CSP cells co-cultured with GFP negative cardiomyocytes

express a-sarcomeric actinin (red) and exhibit organized striations [6].

proliferation of resident CSP cells as well as migration of bone marrow SP cells to the heart

where they acquire a non-hematopoietic profile [74].

More recently, in an effort to further characterize the mechanisms regulating CSP
proliferation and differentiation, Oikonomopoulos et al, revealed that the Wnt signaling
pathway through activation of IGFBP3, inhibits CSP cell proliferation both in vitro and in

vivo [75].

Considering the potential of the adult myocardium to regenerate a fact, the question
that remains is why following myocardial injury the heart is unable to adequately repair
itself and cardiac failure ensues. Resident cardiac stem/progenitor cells constitute a very

promising tool for the development of cell based therapies for cardiac failure. However, the
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inability to isolate large numbers of cells from patient tissue samples represents a pitfall
that hinders their utilization. Further studies are required to decipher the mechanisms that

control their homeostasis both in vitro as well as in vivo.

EMBRYONIC AND INDUCED PLURIPOTENT STEM CELLS

It is widely accepted that the more differentiated a cell is the less plasticity it has.
Therefore, problems met with resident cardiac or bone marrow-derived stem cells could be
overcome with the use of a more primitive cell population. Embryonic stem cells (ESC) are
totipotent and thus represent the ideal therapeutic approach (reviewed in [76]). They are
able to proliferate in culture while maintaining an undifferentiated state. ESCs were shown
to differentiate into cardiomyocytes, endothelial and smooth muscle cells [77-79], while
they engrafted and led to improvement of cardiac function when administered to animal
models of MI [80, 81]. Nevertheless, there are several concerns for ESCs use for cardiac
repair. Their ability to differentiate in cell lines from all the germ layers increases the
possibility for teratoma formation. Moreover, graft rejection is a major concern since ESCs
express HLA subclasses and immunosuppression is not an option. Finally, ethical issues
concerning the source of ESCs have been raised both within the scientific community as

well as in the wider public.

An alternative approach that overcomes several limitations of ESC is the use of
induced pluripotent stem cells (iPS) (reviewed in [82]). Reprogramming of fibroblasts by
introduction of embryonic genes Oct3/4, Klf4, c-Myc and Sox2 can induce an “embryonic-

like” phenotype [73, 83]. Further investigations have limited the transfected genes to two
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[84], as well as suggested new transfection methods that do not involve viral transfection,
rendering this approach more clinically appropriate [85, 86]. More recently,
cardiomyocytes were generated through fibroblast virus-free reprogramming [87].
Although very promising, cell reprogramming studies are still preliminary and additional

work addressing the benefits and safety issues of iPS use as a therapeutic means for heart

failure are required.
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ABC TRANSPORTERS

The ability of Side Population cells to efflux Hoechst 33342 is attributed to
membrane transporters belonging to the ATP-Binding Cassette (ABC) transporter family
[88, 89]. ABC transporters consist one of the largest known protein super-families found in
all prokaryotes and eukaryotes. Approximately, 1100 proteins have been described. To
date, 49 human ABC transporters have been classified in 7 subfamilies (ABCA, ABCB, ABCC,
ABCD, ABCE, ABCF and ABCG). ABC transporters have multiple functions including
trafficking (uptake or efflux) across the plasma membrane or intracellular membranes (ER,
Golgi, mitochondria, peroxisome, lysosome) of a large variety of substrates such as
metabolic products, drugs, toxins, endogenous lipids, peptides, nucleotides and sterols [90-
94]. Members of the ABCE and ABCF subfamilies lack a transmembrane domain and play a
role in mRNA translation [95-97]. They are also implicated in a number of inherited
diseases in humans such as Tangier disease (ABCA1), adrenoleucodystrophy (ABCD1),
cystic fibrosis (ABCC7), sitosterolemia (ABCG5, ABCG8) [98] ( as well as in multidrug

resistance (ABCB1, ABCC1, ABCG2) [90-94].
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Figure 6: Schematic representation of A) a full and B) a half ABC transporter [adapted from [3]].
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ABC proteins are characterized by a highly conserved cytoplasmic ATP-binding
domain (ABC for ATP-binding cassette, or NBD for Nucleotide binding domain) usually
associated with a hydrophobic TM (transmembrane) domain. The ABC domain consists of
three highly conserved motifs: Walker A, B and the “ABC signature” or Walker C motifs. The
latter is unique to ABC proteins and distinguishes them from other ATP-binding proteins.
The Walker motifs are required for ATP binding and hydrolysis which provides the energy
for the transport of the substrates across the membranes. The TM domains consist of 6-11

a-helices and contain the substrate recognition site [90-92].

Active ABC transporters consist of two ABC domains and at least two TM domains.
These domains may be present within one polypeptide chain (full transporter) or within
two separate proteins (half transporters) which need to either homo- or hetero-dimerize to

be biologically functional [152-154] (Figure 8).

ABC TRANSPORTERS AND SIDE POPULATION PHENOTYPE

Two members of the ABC-transporter family, MDR1 and BCRP1, have been found to
play a role in stem cell biology [2, 161-164]. The multidrug resistance protein (MDR1) also
known as P-glycoprotein (P-gp) or ABCB1 (ABC transporter, family B) identified in drug
resistant cancer cell lines, is a full transporter responsible for the efflux of a large number of
substrates [99]. The Breast Cancer Resistance Protein 1 (BCRP1), also known as ABCG2
(ABC-transporter, family G), ABCP (placental ABC protein) or MXR (Mitoxantrone
Resistance protein) was initially identified as a chemotherapeutic drug efflux pump in drug

resistant cancer cell lines and later was found to be expressed in normal tissues [100-102].
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ABCG2 is a half transporter and it is strongly
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variety of organs and cells (adapted

from [4]). blood-brain-barrier, kidney, small intestine,
liver, testis, ovary and colon and at lower levels in tissues such as the heart and skeletal
muscle [110] (Figure 9). Due to its varied tissue expression as well as the large number of
Abcg?2 substrates, its physiological function has been difficult to define. As mentioned
earlier, Abcg2 was initially identified in cancer drug resistant cell lines [100-102]. In normal
tissues such as the brain and placenta, Abcg2 has been suggested to play a protective role
against xenobiotic transfer through the blood-brain barrier and the maternal-fetal barrier
[111]. Abcg2 has been also shown to protect erythrocytes and stem cells from the
accumulation of natural dietary compounds. Mice lacking Abcg2 developed sensitivity to a
Chlorophyll breakdown product, the phototoxin pheophorbide a (porphyrin). They
presented severe phototoxic skin lesions following light exposure as well as a form of
protoporphyria [178, 179]. Moreover, other types of porphyrins such as heme and its

precursor photoporphyrin IX (PPIX) were found to be Abcg2 substrates. Heme-

accumulating Abcg2-KO HSCs were significantly more sensitive under hypoxic conditions
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compared to WT cells and had reduced ability to form colonies [112]. More recently Abcg2

was identified as a urate transporter in kidney proximal tubules [113].

Microarray analysis revealed a common molecular signature for SP cells from
different tissues that includes several cytoprotective factors related to the response to
oxidative stress [114, 115]. Regulation of ROS production is tightly linked to the regulation
of cellular homeostasis. Oxidative stress can inhibit or promote cell growth, senescence and
death. High levels of ROS are toxic and can induce cell death by damaging DNA, proteins and
lipids, whereas, low levels can activate signaling pathways leading to cell survival and
proliferation [116-118]. Martin et al demonstrated that Abcg2 expression in C2C12
myoblasts activated several genes of the oxidative stress pathway present in the common
SP molecular signature [114]. Furthermore, Abcg2 overexpression in mouse embryonic
fibroblasts (MEF) resulted in production of low levels of reactive oxygen species which
acted as a preconditioning mechanism that protected cells from H;0; induced cell death

[114].

Regulation of Abcg2 through hypoxia-induced factors (HIF) could account for the
protective effects of the transporter in stress conditions. Several putative hypoxia-response
elements (HRE) have been found in the promoter region of Abcg2 [112, 114]. In
hematopoietic stem cells HIF-1a was shown to bind and up-regulate Abcg2 under hypoxic
conditions [112]. Similarly, another member of the HIF family, HIF-2a, was proven to
transcriptionally regulate Abcg2 in C2C12 myoblasts [114]. The anti-cancer drug resistance
conferred by ABCG2, as well as its up-regulation under hypoxia are consistent with the fact

that many solid tumors consist a hypoxic environment.

The Hoechst dye efflux ability of Side Population cells is attributed to the ABC-

transporters Abcg2 and Mdrl. Although both proteins can efficiently efflux the dye, their
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contribution in the SP phenotype differs in various tissues. Namely, in bone marrow SP
(BMSP), Abcg?2 is the molecular determinant of the phenotype. Zhou et al [89] demonstrated
that mice lacking Mdrla/b exhibited normal numbers of SP in their bone marrow. At the
same time these cells expressed high levels of Abcg2 suggesting a possible involvement of
Abcg?2 is the BMSP phenotype [89]. The authors further supported this suggestion by
generating Abcg2-KO mice and demonstrating that lack of Abcg?2 depletes the bone marrow
from SP cells with HSC characteristics [119]. The work by Jonker and colleagues provided
further evidence supporting this notion [120]. The authors generated a transgenic mouse
carrying deletions of both Abcg2 and Mdrla/b genes (Abcg2-KO / Mdrla/b-KO) and
demonstrated that the BMSP observed in Mdrla/b-KO animals (0.35+0.36%) almost
completely disappears in the double knockout (0.05+0.08%). Moreover, treatment of cell
preparations from WT and Mdrla/b-KO mice with the Abcg2 specific inhibitor Ko143
abolished the SP phenotype (0.02+0.02% and 0.05+0.06% respectively). In accordance with
these observations, the bone marrow of Abcg2-KO mice had a minor SP tail (0.05+0.07%)

compared to WT and Mdrla/b-KO animals.

Interestingly, in mammary gland SP the contribution of the two transporters differs
[120]. Abcg2-KO mice exhibited a reduced but clear SP tail (0.04%) as compared to WT
(0.22%). However, mammary glands from Abcg2-KO / Mdrla/b-KO double transgenic mice,
had no detectable SP phenotype [120]. These observations clearly suggest that both Abcg?2

and Mdrla/b contribute to the mammary gland SP.

In the first attempt to define the transporter contribution to the cardiac SP
phenotype, Martin and colleagues utilized an Abcg2 specific inhibitor, FTC (Fumitremorgin
C) that was able to completely abolish the CSP tail. The authors concluded that Abcg2 is the

sole molecular determinant of adult CSP cells [71].
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ABC TRANSPORTERS AND PROGENITOR CELL FATE

While prior work has investigated the role of ABC transporters in regulating the SP
phenotype in various tissues, the role of these transporters, particularly Abcg2, in

regulating stem cell function remains unclear.

In the cancer field, several groups have provided evidence linking Abcg2 to the
proliferation of cancer cells. Patrawala et al, compared Abcg2 positive and Abcg2 negative
cells from a variety of cancer cell lines and by BrdU labeling or immunostaining for mitosis
and cytokinesis markers demonstrated that cells expressing the transporter were
significantly more proliferative [121]. More recently, Chen and colleagues, reported that
functional knockdown of Abcg2 by siRNA resulted in inhibition of the proliferation of
human breast cancer cell line MCF7/MX and adenocarcinomic human alveolar basal

epithelial cell line A549 [122].

Initial evidence supporting a role for Abcg2 in regulating stem cell fate was provided
by Zhou and colleagues in 2001 [89]. The authors demonstrated that forced expression of
Abcg? via retroviral transduction of bone marrow cells led to an increase of SP cell numbers
while it decreased their ability to form myeloid colonies. Moreover, transplantation of
lethally irradiated mice with Abcg2 over-expressing bone marrow cells resulted in defective
hematopoietic reconstitution as evidenced by decreased numbers of white blood cells,
erythrocytes as well decreased repopulation of peripheral red blood cells (RBC), thymus
and bone marrow [89]. Similarly, Scharenberg et al demonstrated that Abcg2 is highly
expressed in human pluripotent bone marrow stem cells and its levels sharply decrease
during differentiation towards myeloid and lymphoid lineage [65]. Interestingly, Abcg2

expression was found to be up-regulated during erythroid maturation [123]. Overall, these
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studies suggest that Abcg2 expression correlates with inhibition of hematopoiesis in early

developmental stages.

ABCG2Z IN THE HEART

Several reports have suggested a role for Abcg2 in heart failure [192-195].
Expression of Abcg2 was found to be markedly increased in ventricular samples of patients
with dilative and ischemic cardiomyopathy [124]. Similarly, Solbach et al, examined the
expression pattern of all known ABC transporters in normal and end-stage heart-failure
human hearts and revealed that Abcg2 was the transporter with the most apparent up-
regulation in samples from failing hearts [125]. Abcg2 was strongly expressed in
endothelial cells of arterioles and capillaries as well as in the sarcolemma of cardiomyocytes
[124, 125]. Hence, both groups suggested a possible role of Abcg2 as a protective

mechanism against cytotoxic drugs such as mitoxantrone and topotecan.

More recent work by Higashikuni and colleagues suggested a role for Abcg2 in
promoting endothelial cell survival following MI injury and inducing angiogenesis following
pressure overload-induced cardiac hypertrophy [194, 195]. Interestingly, female mice with
genetic ablation of Abg2 exhibited increased mortality four to six days post-MI due to
cardiac wall rupture. Echocardiographic analysis revealed that lack of Abcg2 increased
adverse cardiac remodeling as evidence by increased dilatation and decreased ejection
fraction compared to WT mice. Moreover, Abcg2-KO mice exhibited signs of cardiac
hypertrophy such as increased heart to body weight ratio and myocyte cross-sectional area

as well as increased infarct size. In line with previous reports, the authors identified highly
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expressed Abcg2 in endothelial cells of capillaries indicating a role for Abcg2 in these cells.
Indeed, lack of Abgc2 resulted in decrease in capillary density and size post-MI. Moreover,
Abcg? inhibition in microvascular endothelial cells resulted in increased oxidative stress-
induced cell death as well as migration and tube formation [126]. A more recent work from
the same group reported similar results in a pressure overload-induced hypertrophy model
[127]. Abcg2-KO mice developed exacerbated cardiac hypertrophy and adverse cardiac
remodeling following injury. Furthermore lack of Abcg2 inhibited angiogenesis and
increased oxidative stress and inflammation post-injury. Namely, capillary density and
number were decreased in Abcg2-KO mice while reactive oxygen species production and
inflammatory cytokines levels were elevated. The authors provide evidence suggesting that
Abcg2 regulates extracellular levels of the anti-oxidant glutathione in microvascular
endothelial cells in vitro as well as in vivo. Lack of Abcg2 decreased significantly the
extracellular glutathione levels following TAC-induced hypertrophy while treatment with a
mimetic of the detoxifying enzyme superoxide dismutase resulted in partial rescue of

Abcg2-KO cardiac function [127].
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STEM CELL HOMEOSTASIS

SYMMETRIC AND ASYMMETRIC DIVISION

One fundamental characteristic of stem/progenitor cells is the ability to self-renew
and simultaneously produce committed progeny [8, 128-130]. During development as well
as the adult life of an organism, stem cell homeostasis is controlled through a balance
between stem cell number maintenance and generation of differentiated cells. Beside the
regulation of the number of cell divisions, this event is defined by the type of cell division.

Two types of stem cell division exist; symmetric and asymmetric (Figure 8).

Figure 8: Extrinsic and intrinsic
mechanisms regulating cellular
division mode. Extrinsic signals
originating from the niche (A, B) or
intrinsic mechanisms regulating the
cell fate determinant partitioning
within the cell (C, D), dictate
whether the stem cell will divide
symmetrically (A, Q) or
asymmetrically (B, D). Fate
determinants are depicted as red

dots.
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Symmetric divisions produce two daughter cells destined to acquire the same cell
fate. A stem/progenitor cell can divide symmetrically to generate two identical
stem/progenitor cells which results in the expansion of the stem cell pool, or two identical
differentiated cells that will contribute to tissue formation [129]. Symmetric stem cell
divisions lead to stem cell expansion during embryonic development as well as well as
following injury. Hematopoietic stem cell activation during bone marrow replenishment
following transplantation is an excellent example of symmetric division in mammalian cells

[131].

Asymmetric stem cell divisions allow the generation of a daughter cell with a stem-
cell fate and a differentiated daughter cell in a single division. This type of division ensures a
continuous production of differentiated cells while the stem cell pool is maintained. The
mechanisms regulating asymmetric stem cell division can be either extrinsic or intrinsic [8,

128-130, 132] (Figure 8).

EXTRINSIC MECHANISMS OF ASYMMETRIC DIVISION: STEM CELL NICHE

Extrinsic mechanisms involve signals originating from the stem/progenitor cell
microenvironment also known as niche [133]. First proposed by Schofield in 1978 [134], a
niche is an anatomical location within the tissue composed of different cell types and
extracellular matrix [135]. Its main role is to maintain stem cells in an undifferentiated
state. The mode of division a stem cell residing in the niche will follow is determined by cell-
cell communication as well as the positioning of the cell within the niche. Thus the daughter

cell that does not receive self-renewal signals from the niche is destined to differentiate
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while the daughter that remains attached to its microenvironment will retain the stem cell
fate. This is achieved by the positioning of the mitotic spindle perpendicularly to the niche
so that the cleavage will result in one cell that leaves and one that stays in the niche [133].
Stem cell niches have been extensively characterized for Drosophila melanogaster and
Caenorhabditis elegans germline stem cells [102-104]. More recently stem cell niches have
been identified in several mammalian tissues including the hematopoietic system [136,
137], small intestine and colon [138], skin [139] as well as the heart [140]. Urbanek et al,
elegantly demonstrated the existence of stem cell niches for cardiac ckit* stem cells in
mouse heart [140]. These niches were primarily located in the atria, base-midregion and
apex and consisted of clusters of ckit* cells surrounded by supporting cardiomyocytes,
fibroblasts, endothelial and smooth-muscle cells as well as extracellular matrix components
such as laminin, fibronectin and integrin [140]. Cell-cell communication was demonstrated
by the expression of connexins and cadherens that formed gap and adherens junctions

between the cells [140].

INTRINSIC MECHANISMS OF ASYMMETRIC DIVISION

On the other hand, intrinsic mechanisms of asymmetric cell division rely on the
asymmetric distribution of cell fate determinants within the cell throughout the cell cycle.
During interphase (G1, S and G2 phases) the mother cell loses its symmetry and undergoes
polarization [128, 130]. At the beginning of mitosis, cell fate determinants are segregated
appropriately and the mitotic spindle is positioned in such way that the cellular cleavage

results in the correct segregation of fate determinants.
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The first fate determinant, numb, was initially reported in 1994 in Drosophila’s
sensory organ precursor (SOP) cells [141]. Numb is a repressor of Notch signaling [142] and
during division it's asymmetric distribution marks the cell destined for differentiation
[143]. It has been recently suggested that numb controls intracellular localization of Notch
pathway components through binding to the endocytic protein a-adaptin [142, 144, 145].
Since this first report, the mechanisms regulating intrinsic asymmetric division have been

widely described in Drosophila melanogaster and Caenorhabditis elegans.

Several proteins including cell cycle regulators have been implicated in the
regulation of asymmetric division [8]. The best characterized example is Drosophila’s larval
neural stem cells or neuroblasts (Figure 9). Apico-basal polarity in neuroblasts is
established by the localization of atypical kinase C (aPKC) and Par6 to the apical cortex
[146] which is ensured through interactions with the cell division control protein 42
(Cdc42) [147]. aPKC and Par6 are part of the Par complex that also includes Bazooka/Par3
[146]. Through the adaptor protein Inscuteable (Insc), Par complex interacts with a second
apical complex composed of the heterotrimeric G protein a;-subunit (Ga;), Pins and
locomotion defects (Loco) that orients the positioning of the mitotic spindle parallel to the
polarity axis [117, 118]. aPKC mediated phosphorylation of cell fate determinants Lgl,
Numb and Miranda during mitosis relocates them to the basal cortex where the future
differentiated ganglion mother cell (GMC) will be formed. Additional basally located fate
determinants such as the transcription factor Prospero and the translation inhibitor Brat
together with the adaptor protein for Numb, PON (Partner of Numb) also participate to this
asymmetric partitioning [8]. A large number of additional proteins have been implicated in
the regulation of the aforementioned steps of asymmetric division [94, 96]. Protein

asymmetric localization and cellular polarization are facilitated by the action of actin
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myofilaments and microtubules which are polarized polymers [148]. Moreover, the

centrosome which is the main microtubule organizing center (MTOC) has been suggested to

act as a template for establishing polarity [149, 150].
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Figure 9: Asymmetric localization of cell
fate determinants in drosophila larval
neuroblasts. Apical proteins (blue)
regulate  polarity, basal protein
partitioning (red) and spindle

orientation [8].

®

Similar mechanisms, although not as extensively elucidated, have been found in

mammalian stem cells. Most of the molecules controlling asymmetric cell division in

Drosophila have mammalian homologues with similar roles [128]. Asymmetric division has

been primarily studied in mammalian neural [128], hematopoietic [151, 152] and

epidermal progenitors [153, 154].

It has recently been suggested that asymmetric localization of misfolded proteins

could be a mechanism of cell protection. Aggregates of misfolded proteins (aggresomes)

that cannot be processed by the proteasome can be asymmetrically distributed during cell

cycle and therefore inherited by only one daughter cell [155, 156].

The importance of asymmetric versus symmetric division regulation has also been

highlighted in cancer research. The relatively new concept of cancer stem cells has
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suggested that deregulated asymmetric division of a small group of adult stem cells can lead
to cancer formation [157]. Several lines of evidence support that the majority of genes
controlling cell polarity or fate determination are tumor suppressors. Mutations in such
genes lead to uncontrolled self-renewal and over-proliferation that resembles tumor

growth [8].

A number of studies have suggested that the tumor suppressor protein p53 is a key
regulator of asymmetric cell kinetics in mammalian stem/progenitor cells [158-163]. Up-
regulation of p53 in epithelial stem cells [158] as well as restoration of p53 levels in p53-
deficient fetal fibroblasts [159] resulted in a switch from symmetric cell divisions to
asymmetric divisions. More recently, in ErbB2 mammary cancer stem cells that are
characterized by reduced p53 expression, stabilization of p53 by the small molecule nutlin-
3 reduced the frequency of symmetric/self-renewing divisions by switching to asymmetric
division [162]. It has been further suggested that p53 inhibits proliferation while promoting
asymmetric cell divisions, through down-regulation of the rate-limiting enzyme for guanine
nucleotide synthesis, IMPDH (inosine 5’-monophosphate dehydrogenase) [160, 164].
Interestingly, guanine nucleotide precursors can override this inhibition and promote
symmetric cell kinetics [158, 160, 163]. Similarly, over-expression of IMPDH blocks p53-

mediated asymmetric division [159].

CELL CYCLE LENGTH AND ASYMMETRIC DIVISION

As mentioned above, several cell cycle regulators participated in the machinery

controlling asymmetric cell division of stem cells. It has been suggested that cell-fate
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decisions are made during the G1 cell cycle phase [165]. Moreover, several reports support
that the length of G1 plays a crucial role in a cell’s decision to undergo symmetric or
asymmetric division [166-171]. A number of groups have observed that lengthening of G1
cell cycle phase in stem cells coincides with the onset of differentiation [172-174]. These
observations raised the question whether increased G1 duration is a cause or a
consequence of differentiation [167]. Calegari and Huttner showed that lengthening of G1
phase through inhibition of cyclin-dependent kinases CDK1 and CDK2 in murine
neuroepithelial cells resulted in neurogenesis [166]. The authors proposed the “cell cycle
length” hypothesis which is based on the principle that cell fate determinants require a
certain amount of time to be produced in sufficient levels and to acquire their position
within the cell. Thus a shorter duration of the cell cycle might not allow such processes to
take effect and result in symmetric division [166]. In line with this hypothesis, Lange et all,
reported that over-expression of Cdk4/cyclinD1 in neural progenitors shortens the G1
phase by 30% and inhibits neurogenesis and asymmetric division while promoting
progenitor cell expansion through symmetric divisions [175]. A more direct link between
cell cycle and asymmetric cell kinetics was recently provided by Tsunekawa et al. The
authors demonstrated that in neural progenitor cells the asymmetric inheritance of the
positive regulator of G1 progression, cyclinD2, marks the daughter cell that maintains the
stem cell fate while the other daughter exits the cell cycle and eventually differentiates.
Genetic manipulation of cyclinD2 expression through over-expression or down-regulation
resulted in decreased or increased differentiation respectively [169]. In agreement with the
“cell cycle length” hypothesis, the authors propose that the localization of cyclinD2 in the
basal process of neural progenitors increases the temporal interval for the protein to reach
the nucleus in G1 and similar to G1 lengthening this might promote asymmetric division

[140, 141].
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ASYMMETRIC CELL DIVISION AND CARDIAC PROGENITOR CELLS

The maintenance of stem/progenitor cell homeostasis in cardiac stem cell niches is
also achieved through a balance between symmetric and asymmetric divisions [140, 176,
177]. In an elegant study, Urbanek et al were the first to reveal the ability of ckit* cardiac
stem/progenitor cells to divide asymmetrically both in vivo and in vitro [140]. The authors
demonstrated that in cultured ckit* cardiac stem/progenitor cells the cell-fate determinants
numb and a-adaptin segregated primarily asymmetrically to the two daughter cells (62 +
7%). Furthermore, asymmetric division was accompanied by asymmetric expression of the
cardiogenic marker GATA4 indicating that one daughter cell retains the self-renewing
ability while the other is committed to cardiomyogenic lineage [140]. As a consequence, the
pool of cardiac progenitor cells remains constant. The identification of mechanisms
regulating the switch between asymmetric to symmetric cell kinetics is of paramount
importance especially in injury conditions such as myocardial infarction where the cardiac
stem sell pool needs to be activated, increase in number and concomitantly generate
differentiated progeny. In this context, Cottage et al introduced Pim-1 kinase as a possible
target molecule [176]. Transgenic mice over-expressing Pim-1 exhibited an increase in
cycling ckit* progenitor cells following myocardial infarction that was not reflected in
increased cell number. However, these cells demonstrated increased asymmetric division
(65% in transgenic animals versus 26% in WT) that resulted in maintenance of the stem cell
pool while enhancing myocardial regeneration [176]. More recently, the adenylate kinase-
AMPK pathway was implicated in asymmetric cell kinetics and cardiomyogenic
differentiation of embryonic stem cells [178]. Adenylate kinase 1 (AK1) was shown to
segregate asymmetrically to one daughter cell and to co-localize with cardiogenic markers

while its inhibition resulted in defective cardiogenesis [178].
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GOAL OF THE STUDY

The recent identification of resident cardiac progenitor cells has brought great
enthusiasm in the cardiovascular field and their potential therapeutic application to treat
cardiac diseases holds great promise. Thorough understanding of the biological processes
and molecular mechanisms regulating stem cell homeostasis is imperative to enable their
use in cardiac regeneration. ABC transporters and specifically Abcg2 have known protective
roles in cells of various tissues. However, the role of Abcg2 in cardiac stem/progenitor cell
fate and homeostasis is largely unknown. The goal of my study is to delineate the
contribution of Abcg2 and Mdr1 in the CSP phenotype. Moreover, I seek to define the role of
Abcg?2 in the regulation of CSP proliferation, cell cycle progression and survival as well as
their asymmetric division and differentiation. Finally, I investigate the role of Abcg2 in vivo

in a myocardial injury model.
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MATERIALS AND METHODS

Animals: Abcg2 and Mdr1 deficient mice were purchased from Taconic (cat. #002767 and
001487 respectively) and bred in our animal facility. Animals were used and analyzed at
post-natal day 3, 14, 21 and at 8-12 weeks old. Age matched inbred WT-FVB mice
(originally purchased from Taconic) were used as controls. C57BL/6-Tg (ACTBGFP) mice
purchased from Jackson laboratories were used to generate FVB-GFP animals. Abcg2-KO
mice were cross-bread with FVB-GFP mice for 8 generations to produce Abcg2-KO-GFP
mice. C57BL/6 adult (8 weeks) and neonatal (2-3 days) mice were purchased from Charles
River laboratory. Transgenic mice expressing GFP under the promoter of Abcg2 were kindly
provided by Dr. B. Sorrentino from St. Jude Children’s research hospital, Memphis, TN (ref
Tadjali M 2006 stem cells). Mice expressing GFP under the control of cardiac specific alpha-
myosin heavy chain promoter were kindly provided by Dr. M. Sussman from the San Diego
State University. Wistar rats, adult (200g) and neonatal (1-2 days), were purchased from
Charles River laboratories. All animal studies were performed according to the guidelines of
the Harvard Medical School, the Longwood Medical Area’s Institutional Animal Care and

Use Committee (IACUC) and the National Society for Medical Research.

Myocardial Infarction (MI): Myocardial infarction was performed via permanent ligation
of the coronary artery as described previously [179]. Briefly, 8-10 week old WT-FVB and
Abcg2-KO male mice were anesthetized using 65mg/kg pentobarbital and ventilated
through a standard rodent ventilator. The descending coronary artery was permanently

ligated using a silk suture through an incision performed between the fourth and fifth
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intercostal spaces. As control, sham-operated animals underwent a similar procedure
without occlusion of the coronary artery. All animals received the analgesic buprenorphine
(0.03-0.06mg/kg) for a period of 72 hours to prevent any post-operative discomfort.
Animals were sacrificed 4 days post-MI. During the course of the experiment a survival

curve was obtained using the GraphPad Prism software.

Ischemia reperfusion injury (IR): Similar to the MI protocol, mice were anesthetized and
intubated. The descending coronary artery was ligated for one hour followed by removal of
the suture and reperfusion. Sham animals underwent the same procedure devoid of the

coronary ligation. Animals were sacrificed one week post-MI.

In vivo BrdU infusion / labeling: In both MI and IR injury models, osmotic mini-pumps
(Alzet cat #1007D) containing BrdU (40mg/ml, Sigma Cat #B5002) were implanted
subcutaneously immediately following the cardiac surgery. The pumps used, deliver 0.5ul of
the solution per hour for one week. BrdU was dissolved in 150mM NaHCO3 at 37°C or

higher and kept at 37°C until use to avoid precipitation.

Echocardiography: Echocardiography was performed at baseline and one week following
IR with a Vevo 2100 Imaging digital ultrasound system from VisualSonics using an 18-38
MHz linear array transducer. Mice were anesthetized with 1% isoflurane in oxygen; their
chest was shaved and animals were placed in supine position on a heated platform.
Anesthesia was removed and the heart rate returned to normal (~600 beats/min). Data was

acquired from the parasternal long axis view followed by the short axis view at the mid-
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papillary muscles level. Measurements were obtained from the M-mode images and all data

were analyzed in a blinded fashion.

Heart fixation: Mice were anesthetized with intraperitoneal (IP) injection of pentobarbital.
To prevent blood coagulation, 100 [U/ml of heparin was administered through IP injection.
Hearts were excised and briefly washed in Krebs solution (137mmol/L NaCl, 4.0mmol/L
KCl, 1.8mmol/L CaCl, 1.2mmol/L KH2PO4, 1.2mmol/L MgS04, 24.9mmol/L NaHCO3,
11.2mmol/L dextrose (pH 7.4)). A cannula was inserted in the aortic root to initiate
retrograde perfusion by the Langerdoff apparatus. In order to vent the besian drain, a thin
cannula was pierced through the apex of the left ventricle (LV). An incision in the left atrium
allowed the insertion of a balloon into the LV through the mitral valve. A pressure
transducer (Statham P23Db, Gould) was connected to the balloon which allowed the
recording of LV pressure. Platinum wires placed on the epicardial surface of the right
ventricle (RV) were used to pace the hearts (Grass Instruments). All experiments were
performed at constant coronary perfusion pressure of 80mmHg. End-diastolic pressure
(EDP) was adjusted to 5mmHg by inflating the balloon with saline, hearts were arrested in
diastole with KCl and were fixed by perfusing 10% formalin solution at a hydrostatic
pressure of 40-50mmHg for 15 min. Hearts were kept overnight in 10% formalin solution at
40C. Following, the balloon was removed, hearts were cut in three parts (apex, middle, base)
and embedded in paraffin. All samples were cut in 4um thick sections and stained with

Masson’s trichrome or analyzed by immunohistochemistry.

Wall thickness and Infarct size measurements: Slides stained with Masson’s trichrome
were used for the following measurements. Wall thickness was measured as previously
described [180]. The method is also described in Figure 10. Infarct size was calculated
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according to the following equation: (endocardial infarcted circumference / endocardial

circumference + epicardial infarcted circumference / epicardial circumference) / 2.

Non-Infarcted
Area

Infarcted
Area

Figure 10: Wall thickness measurement method. Wall thickness was calculated as the average of 6
measurements equally distributed within the infarcted (yellow lines) or the non-infarcted area (green

lines).

Immunohistochemistry: Slide preparation for immuno-staining involved de-
paraffinization, rehydration and antigen retrieval. Namely, slides were heated for 30 min at
70°C and sequentially immersed into solutions of xylene (2x5 min), ethanol (2x3 min in
96% ethanol, 3 min in 90% and 3 min in 80%) and water (4 min). Slides were then placed in
citrate buffer (2.4g/1 sodium citrate, sigma #S4641 and 0.35g/I citric acid, sigma #C1909)
and micro-waved for 10 min at 100% power. After cooling down, slides were washed in
water (2 min) and PBS (4x2 min). Cardiac tissue samples were then stained for a-

sarcomeric actinin (1/600, Sigma Cat #A7811), a-sarcomeric actin (1/600, Sigma Cat
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#A2172), GFP (1/150, Molecular probes Cat # A11122), BrdU (Roche Cat #11296736001)
or WGA (Wheat Germ Agglutinin, Invitrogen Cat #W32465, Alexa 680). For all stainings
except BrdU and WGA, primary and secondary antibodies were applied in humid chamber
for 1 hour at 37°C and slides were washed in PBS between incubations (5x2 min). BrdU
staining was performed according to manufacturer’s instructions. When a-sarcomeric actin
was used in combination with BrdU the protocol of the latter was used. When myocyte
cross-sectional area measurements were needed, antibody stainings were followed by WGA
staining (1/100 in PBS for 3 hours at 37°C in a humid chamber, followed by 5x2 min washes
in PBS). In the case of high auto-fluorescence, slides were stained with Sudan black solution
(0.001g/ml in 70% ethanol) for 30 min at RT followed by extensive washing in PBS (8x2
min). Coverslips were mounted on slides with a DAPI containing mounting medium and
signal was detected with the Zeiss epi-fluorescent microscope or LSM-700 confocal

microscope.

In situ cell death detection (Tunel assay): Slides were de-parafinized, rehydrated
followed by antigen retrieval as described above. Cell death detection was achieved by
using the In situ cell death detection kit (TMR red) by Roche (Cat #12156792910) according

to the manufacturer’s instructions.

Capillary size and density: Cardiac tissue sections were stained for CD31 (1/50 dilution,
Santa Cruz Cat #sc-1506) and a-sarcomeric actinin following the immunohistochemistry
protocol described above. Only vessels with a diameter smaller than 10pm were taken into
consideration. More than 500 hundred capillaries (base, middle, apex) were scored for each

sample.
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Infarct size measurement by the tetrazolium method: Mice were subjected to one hour
ischemia followed by reperfusion as described above. The released suture used to induce
ischemia was left in place. After 24 hours of reperfusion, mice were again anesthetized,
intubated and connected to the ventilator. The chest was opened and the artery was ligated
to the same site as before. In order to mark the area at risk fluorescent microspheres were
injected through the apex while the carotid artery was occluded. The heart was arrested in
diastole with KCl and sectioned from apex to base into approximately 1mm sections.
Sections were then incubated in 1% Triphenyltetrazolium chloride (TTC in PBS, Sigma) for
10 min at 37°C and fixed in 10% formalin for 15 min. Necrotic tissue (infarct) was
visualized by digital micrographs. The area at risk (% AAR) and initial infarct size were
determined based on the following equations: % AAR = 100-(a/r x 100) and % infarct = i/r

x 100 (Figure 11).

Figure 11: Infarct size and area at risk measurement by the TTC
method. A) The area at risk (AAR) and B) the infarct size were calculated
according to the equations %AAR = 100-(a/r x 100) and %infarct =i/r x
100 where (a) is the area perfused with fluorescent microspheres (red
fluorescence in A), (r) is the total LV area and (i) is the necrotic area

(white area in B).
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Cardiac and bone marrow SP cell isolation: Mouse hearts were minced with a razor
blade and enzymatically digested with a combination of 0.1% collagenase B (Roche),
2.4U/ml dispase II (Roche) and 2.5mmol/L CaCl2 at 37°C for 30 min. They were
subsequently filtered through a 70pum and 40um filters and washed with HANK’s solution
(HBSS buffer supplemented with 2% FBS HI (Gibco) and 10mmol/L HEPES (Sigma Cat
#H7006)). Cells were manually counted and stained with Hoechst 33342 (Sigma Cat
#B2261) (5pg/ml, 106 cells/ml) at 37°¢ ¢ for 90 min in DMEM (CellGro) (2% FBS HI,
10mmol/L HEPES). The calcium blocker Verapamil (50 mmol/L) (Sigma, #V4629) was used
as a negative control for the detection of the SP population. Bone marrow SP (BMSP) cells
were isolated as previously described [88]. For all cell surface antigen stainings, cells were
incubated at 40 C for 30 min with fluorochrome-conjugated monoclonal rat anti-mouse
antibodies against Sca-1, CD31 and CD45 (Pharmigen). 7-Aminoactinomycin-D (&-AAD) or

propidium iodide (PI) were used for dead cell detection.

Flow cytometric analysis and sorting: Flow cytometric analysis was performed with the
DXP11 analyzer (Cytek) and the Accuri C6 analyzer (BD Biosciences). Fluorescence
activated cell sorting (FACS) was performed with a FACSAria sorter (BD Biosciences).
Hoechst was excited by a 20mW UV laser (350nm) and the side population was identified as
Hoechst low-negative as previously described [181]. Phycoerythrin (PE), Fluorescein
isothiocyanate (FITC), GFP and 7-AAD were detected with a 488nm laser and for detection
of Allophycocyanin (APC) a 640nm laser was used. Data were analyzed by the FACSDIVA

software (BD Biosciences) and Flow]Jo (Tree Star).

Sorted CSP cells were placed in culture dishes at a density of 5-8cells/mm? in expansion
medium (a-MEM, 20% heat-inactivated FBS, 2 mM L-Glutamine and 1%
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penicillin/streptomycin (pen/strep). All experiments involving expanded CSP were

performed with cells from passages 4-6.

Inhibition of Mdrla/b-mediated Hoechst 33342 efflux by Fumitremorgin C (FTC):
Human neuroblastoma cells, SK-N-FI (ATCC # CRL-2142), were pre-incubated for 30 min at
37°C with or without 50uM verapamil or different concentrations of FTC (10uM, 20uM or
30uM) followed by incubation with 1pg/ml Hoechst for additional 30 min at 37°C. Hoechst

efflux was evaluated by flow cytometry.

Determination of CSP proliferation capacity

Proliferation assay: WT and Abcg2-KO CSP cells (20000 cells) were plated in 100mm culture
dishes and cultured in expansion medium for 9 days. WT and Abcg2-overexpressing CSP
cells (10000 cells) were plated in 60mm dishes and cultured for 6 days. Cells were then
trypsinized and counted with a hemocytometer. In all cell culture experiments, CSP cells of

passage 4-6 were used and medium was changed every 3 days.

Immunocytochemical staining for phospho-Histone H3 (pH3): CSP cells were plated on
coverslips (20mm x 20mm) placed in 60mm dishes and cultured in expansion medium for 5
days. Subsequently, cells were fixed with 4% paraformaldehyde solution for 20-30 min at
room temperature (RT), washed 3 times with PBS and permeabilized with 100% methanol
for 30 min at -20°C. Cells were then washed to remove methanol and incubated with
blocking solution consisting of 1% BSA for one hour at RT. Primary antibody against pH3

(1/200, Abcam Cat #ab32107) was applied for 1-2 hours followed by an anti-rabbit
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secondary antibody (1/200, Alexa-555, Molecular probes) for 1-2 hours at RT. Cells were
washed 3 times with PBS between antibodies. A drop of DAPI-containing mounting medium
(Vector Vectashield) was added on the cells and coverslips were mounted on slides. For
visualization of the cells, an epi-fluorescent microscope from Zeiss was used (Zeiss, Axiovert

200M).

Immunocytochemical staining for 5-Bromo-2’-deoxy-Uridine (BrdU): Cells were cultured on
coverslips as described above (pH3 staining). BrdU labeling and staining was performed
using the 5-Bromo-2’-deoxy-Uridine Labeling and Detection Kit I from Roche (Cat #
11296736001) according to the manufacturer’s instructions. Briefly, one hour prior
fixation, BrdU labeling solution was added to the culture medium. Cells were then washed
with PBS and fixed with ethanol fixative. Anti-BrdU antibody was applied for 30 min at 37°C,
followed by a FITC-conjugated secondary antibody, anti-mouse IgG (provided with the kit

or from Molecular probes).

Propidium lodide staining (PI): CSP cells (10000 cells) cultured in 60mm dishes for 5 days
were tryspinized and fixed in 70% ethanol overnight. Cells were then washed with PBS and
incubated with PI staining solution (0.1% Triton-X100, 2pug/ml PI, 400ng/ml RNase A in
PBS) for one hour at 37°C in the dark. Subsequently, cells were washed with PBS and
analyzed by FACS. For further data processing, the ModFit Lt software by Verity House was

used.

Ki67 staining for FACS analysis: Cells were fixed with 4% paraformaldehyde at 4°C for 30

min and permeabilized with BD Perm/Wash solution (BD Biosciences) at 4°C for 20 min.
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The cell suspension was then washed with Perm/Wash solution and the cell pellet was
resuspended in 100ul of the same solution. FITC-conjugated Ki67 antibody (Santa Cruz)
was added at a concentration of 4ng/ul and cells were incubated at 4°C for 30 min in the
dark. Cells were subsequently washed twice with HANK’s solution and analyzed with the BD

FACS Aria or the Accuri C6 cytometer.

Total protein and DNA measurement: WT and Abcg2-KO CSP cells were plated in clear
bottom 96 well plates at a concentration of 2000 cells/well for two days. Cells were then
fixed with 4% paraformaldehyde (50ul/well) for 20 min at RT, washed and at the same time
permeabilized by three washes with washing solution (0.2% Triton-X in PBS). For total
protein detection, succinimidyl ester alexa 680 (Molecular probes, 1:50000 dilution) was
added for 15 min at RT in the dark. DNA content was determined by incubation with TO-
PRO3 DNA dye (Molecular probes, 1:2500 dilution) for one hour at RT in the dark. Plates

were scanned and data was analyzed with a Licor Odyssey infrared imager.

Analysis of CSP cell survival

Annexin and propidium iodide staining: CSP cells were stained for Annexin-V and propidium
iodide using an Annexin-V kit (Abcam, Cat #14085) according to the manufacturer’s
instructions. Briefly, cells were resuspended in 500ul of Annexin-V binding buffer
containing 5pl of Annexin-V and 5pl of PI and incubated for 5 min at RT in the dark. Samples

were analyzed by flow cytometry using the Accuri C6 analyzer.
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CellTiter-Glo and CellTiter-Blue viability assays: The metabolic activity of CSP cells was
determined based on ATP production (CellTiter-Glo, Promega Cat #G7573) and reduction of
resazurin to fluorescent resorufin (CellTiter-Blue, Promega Cat #G8080) according to
manufacturer’s instructions. Briefly, 2000 CSP cells were plated in opaque-walled 96-well
plates for 2 days in 100pl culture medium. CellTiter-Glo or CellTiter-Blue reagent was then
added (100pl and 20pl respectively) and plates were shaken for 2 and 10 min respectively.
Cells treated with CellTiter-Glo were incubated for 10 min at RT in the dark and
luminescence was measured. Cells treated with CellTiter-Blue were placed in the incubator

(37°C, 5% CO2, 21% 02) for one hour and fluorescence was recorder at 560/590nm.

Hydrogen peroxide (H;0:) treatment: WT and Abcg2-KO CSP cells were plated in 6-well
plates at a concentration of 50000 cells/well in regular culture medium for 2 days. To
induce stress, cells were incubated for additional 4 hours in the presence of 200uM H;0..
Cells were subsequently trypsinized, centrifuged and stained for apoptosis (Annexin-V, as
described above) and necrosis (7-AAD, 15u/sample). Analysis was performed with a

FACSAria cytometer.

Adult and neonatal rat ventricular cardiomyocyte isolation: Adult cardiomyocytes were
isolated as previously described [6]. Neonatal rat ventricular myocytes (NRVM) were
isolated from 1-2 days old Wistar rats. Pups were sacrificed by decapitation; hearts were
removed and briefly washed in HBSS. Atria were removed and each heart was cut in smaller
pieces (6-8). Hearts were washed twice by transferring in plates with HBSS, then placed in a
sterile specimen container containing Trypsin solution (15mg of Trypsin in 25ml HBSS) and

incubated for 18 hours at 4°C. The next day, trypsin inactivated by adding the same volume
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of pre-culture medium (low glucose DMEM, 7% FBS HI, 1% pen/strep, 100uM BrdU, 1.5mM
vitamin B12) and shaking for 3 min at 38°C (150rpm). After the supernatant was removed,
the hearts were digested with a series of 5 incubations with collagenase B solution (1mg/ml
Collagenase B in HBSS). Each time, tissue was incubated at 38°C with 10ml enzyme under
constant shaking for 3.45 min (first incubation), 4.45 min (next 3 incubations) or 5 min (last
incubation). After each time point the enzyme solution containing the cells was collected
and stored on ice and fresh solution was added to the tissue. Subsequently, the
supernatants were centrifuged at 200g (~1000rpm) for 5 min and the cell pellet was
resuspended in 20ml medium to wash out the remaining enzyme. Cells were again
centrifuged at 50-100g (~700rpm) fro 5 min, then resuspended in 10ml medium and
transferred into a T75 flask. After 1 % hour incubation at 37°C the medium was gently
transferred to a new T75 flask for an additional 1 %2 hour. Myocytes do not attach on plastic
very rapidly and therefore this double incubation allows the attachment of non-myocytes
(fibroblasts) to the plastic flask and thus the purification of the cell preparation from

contaminating cells.

CSP cardiomyogenic differentiation assessment

Co-culture assay: Both adult and neonatal cardiomyocytes were used in the co-culture
assays. Adult myocytes were seeded at a low density on coverslips (20mm x 20mm) coated
with laminin and cultured for 10 days in long-term culture medium (DMEM, 5 mmol/L
creatine, 2mmol/L L-carnitine, 5 mmol/L taurine, 1% pen/strep, 7% FBS HI, 100 umol/L
BrdU). Similarly, NRVM were plated on coverslips at a density of 375cells/mm?2 and
cultured in pre-culture medium for 48 hours. For co-culture, CSP cells from WT-GFP and
Abcg2-KO-GFP mice as well as CSP cells infected with GFP-expressing (WT and Abcg2-KO
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cells) or GFP-Abcg2-overexpressing lentivures (WT cells) were used. CSP cells were added
on the cardiomyocytes and maintained for 10-12 days (medium changed every 72 hours) in
long-term medium in the case were adult myocytes were used or for 3 days in co-culture
medium (DMEM, 5% FBS HI, 1% pen/strep, 10 ug/ml insulin, 10 ug/ml transferrin, 1.5 mM
B12, changed every day) when NRVM were used. Subsequently, cells were fixed with 4%
paraformaldehyde (30 min, RT), permeabilized with 100% methanol (30 min, 4°C) and
incubated with 1% BSA solution (1 hour, RT). Cells were then incubated with anti-a-
sarcomeric actinin and anti-GFP (2 hours, RT or 1 hour, 37°C) followed by secondary
antibodies anti-mouse IgG alexa 555 (Molecular probes) and anti-rabbit 488 (Molecular
probes) (2 hours, RT or 1 hour, 37°C). Coverslips were mounted onto slides using DAPI-
containing medium and visualized under a Zeiss epi-fluorescent microscope. a-sarcomeric

actinin*, GFP+ CSP cells were scored.

Mono-culture: WT and Abcg2-KO CSP cells were plated in clear bottom 96-well plates at a
concentration of 2000 cells/well and cultured in DMEM supplemented with 1% FBS HI and
1% pen/strep for 2 days. The expression of cardiac markers Nkx2.5, Gata4 and Mef2c was
evaluated by in cell western. Cells were fixed with 4% paraformaldehyde for 20 min at RT,
washed 3 times with 0.2% Triton-X in PBS and incubated with LI-COR blocking buffer for 1
hour at RT. Primary antibodies against Nkx2.5 (Santa Cruz Cat #sc-14033), Gata4 (Santa
Cruz Cat #sc-1237) and Mef2c (Santa Cruz Cat #sc-13268) were applied overnight at 4°C at
a 1/100 dilution. Gapdh (R&D Cat #2275-PC-100) was used as loading control ata 1/1500
dilution. Next day, plates were placed at RT for 30 min, washed 4 times with 0.2% Triton in
PBS and incubated with secondary antibodies (anti-goat alexa 680 and anti-rabbit alexa

800, 1/1000 dilution). Plates were scanned using the Odyssey Infrared Imager (LI-COR).
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Immunocytochemistry following cytospin: Freshly isolated WT and Abcg2-KO CSP cells were
placed onto slides by cytospin centrifugation (5 min, 500rpm, Shandon Cytopsin 3) at a
concentration of 5000 cells/slide. Cells were then fixed with 4% paraformaldehyde,
permeabilized with methanol and incubated with blocking buffer as described above.
Antibodies against Abcg2 (1/100, Kamiya) and Mdr1 (1/15, Santa Cruz, clone C-19, FITC
conjugated) were applied for 2 hours at RT. Alexa-555 anti-rat secondary antibody (for
Abcg? detection) (1/250, Molecular probes) was applied for 2 hours at RT. Coverslips were

mounted and cells were visualized with a fluorescence microscope as described above.

RNA isolation: Total RNA was extracted from expanded CSP cells or cardiac tissue using
Trizol reagent (Invitrogen Cat# 15596-018). Tissue (using a mortar and pestle) or cells
were homogenized in 1ml Trizol and incubated for 5 min at RT. 0.2ml of chloroform per 1ml
of Trizol was then added and samples were incubated at RT for 3 min. Subsequently, the
samples were centrifugated at 13,000 rpm for 20 min at 4°C and the aqueous phase was
transferred to a new tube. Following, 0.5ml of isopropanol was added; samples were mixed
gently and incubated for 10 min at RT. Samples were centrifugated again at 13,000 rpm for
30 min at 4°C. The RNA pellet was washed with 0.5ml 70% ethanol followed by a
centrifugation at 13,000rpm for 5 min at 4°C. The pellet was air-dried and dissolved in
RNase-free water. Further purification was achieved with the RNeasy Mini Kit (Qiagen)

according to the manufacturer’s instructions. RNA samples were stored at -80°C.

Total RNA was extracted from freshly isolated CSP cells (low amount) with the Absolute

RNA Nanoprep kit (Stratagene, Cat #400753) according to manufacturer’s instructions.
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Genomic DNA removal: Genomic DNA was removed from RNA samples with the Turbo-
DNA free kit (Ambion Cat# 1907) according to the manufacturer’s instructions. Briefly,
samples were incubated with 2-3 units of DNase for 30 min at 37°C. DNase inactivation
reagent was added to stop the reaction for 5 min at RT. After centrifugation, the supernatant
was transferred a new RNase-free tube and concentration was measured using a

Nanodrop1000 instrument (Thermo scientific).

Reverse transcription: For all RT-PCR experiments, except for the qRT-PCR-based gene-
arrays, cDNA was synthesized with the iScript cDNA synthesis kit (BIO-RAD Cat #170-8890)
according to the manufacturer’s instructions. For the gene arrays, the RT2 First Strand
synthesis kit (Superarray, SABiosciences, #C-03) was used according to the instructions of

the manufacturer. cDNA was stored at -20°C.

Quantitative RT-PCR: The RT-PCR was performed in the MylQ or CFX instruments from

BIO-RAD and the protocol followed for each experiment was as follows:

1. One cycle at 95¢C for 3 min

2.950C for 15sec followed by 60°C for 1 min. Step2 was repeated for 40 cycles.

3. One cycle at 55°C for 1 min

4. One cycle of 80 steps with starting temperature 55°C, increasing 0.5°C each step.

Primers were designed with the Primer3 software and verified by BLAST. The sequences of
the primers wused are the following: 5’-TCACCACCATGGAGAAGGC-3’and 3'-

GCTAAGCAGTTGGTGGTGCA-5" for GAPDH, 5-GAACTCCAGAGCCGTTAGGAC-3’ and -
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CAGAATAGCATTAAGGCCAGG-5" for Abcg2, 5-TGGGTGCAGCTTTTCTCCTTA-3’ and 3’-
CAGTGAGCACTTGTCCAATAGAG-5’ for Mdrla, 5-CTG TTGGCGTATTTGGGATGT-3 and 3’-
CAGCATCAAGAGGGGAAGTAATG-5’ for Mdrlb. Data analysis was performed according to

the standard curve method. GAPDH was used as control.

Quantitative RT-PCR based gene array: RT-PCR arrays were purchased from
SABiosciences. The array used in these experiments was the mouse Cell Cycle PCR Array
(Cat #PAMM-020). These arrays consist of 96-well plates containing primers for a total of
84 genes representing different signaling pathways, quality control wells for the of reverse
transcription (3 wells) and the PCR (3 wells) efficiency as well as wells with primers for
housekeeping genes (Gusb, Hprt1, Hsp90ab1, Gapdh, Actb). The PCR program used was as

follows:

1. One cycle at 42°C for 10 min

2. 950C for 15sec followed by 60°C for 1 min. Step2 was repeated for 40 cycles.

3. One cycle at 55°C for 1 min

4. One cycle of 80 steps with starting temperature 55°C, increasing 0.5°C each step.

RT-PCR gene arrays were performed in the MyIQ cycler. Data were analyzed from samples

that passed the double quality controls according to the manufacturer’s instructions.

DNA isolation

Mini preps: DNA was isolated from 1.5ml of bacterial culture with the Qiagen mini prep kit

(QIAprep Spin Miniprep Kit, Cat #27104) according to the manufacturer’s instructions.
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Midi preps: DNA was isolated from 25ml of bacterial culture with the Qiagen midi prep kit

(Cat #12145) according to the manufacturer’s instructions.

DNA concentrations were measured with a Nanodrop1000 instrument (Thermo scientific).

Agarose gel electrophoresis: Agarose gels were made with ultra pure agarose in TBE
buffer (Tris-base, Boric Acid, EDTA). Agarose concentration varied depending on the size of

the DNA analyzed.

Agarose gel extraction: DNA extraction was performed with a DNA Gel extraction kit from

Qiagen (Cat #28604 or #28704) according to the manufacturer’s instructions.

Statistical analysis: Statistical analysis was performed using Student’s unpaired t-test and
one way Anova. Data are presented as mean *= SE. P values < 0.05 were considered as

statistically significant.

Protein electrophoresis and Western blot: Pelleted cells were lysed in 100pl lysis buffer
(Cell signaling) containing 1mM PMSF. For protein isolation from tissue, samples were
frozen in liquid nitrogen, crushed with a mortar and pestle and dissolved in lysis buffer with
PMSF and sonicated for thorough lysis. All samples were then centrifuged for 15 min at
13000rpm at 4°C and the supernatant containing the protein was transferred in anew tube.
The Pierce BCA protein assay kit was used to measure protein concentration according to

the manufacturer’s instructions. 30-50ug of total protein were loaded into a 4-12% SDS
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polyacrylamide gel (Criterion XT, BIO-RAD). Gel electrophoresis was performed at constant
voltage of 100V. Proteins were transferred to a PVDF membrane at 15mA overnight at 4°C.
Membranes were incubated with Odyssey blocking buffer (LI-COR) for one hour at RT
followed by primary (2 hours RT or overnight at 4°C) and secondary antibodies (1 hour RT,
Alexa 680, Molecular probes) incubations. Primary antibodies against Abcg2 (1/50, Kamiya
Cat # M(C980), Gapdh (1/2000, R&D) and appropriate secondary antibodies were used.
Membranes were washed between antibody incubations with PBS-T (PBS, 0.1% Tween)

and expression signals were detected with the Odyssey infrared system (LI-COR).

Construction of lentiviruses

Abcg2-overexpressing construct (1): Abcg2 cDNA was obtained by enzymatic digestion of
pSPORT1 vector (ATCC: American Type Culture Collection, Cat #10471063) with BamHI
(New England Biolabs-NEB). The resulting fragment was separated from the vector’s
backbone by gel extraction and its protruding ends were blunted by Klenow reaction (NEB)
according to the manufacturer’s instructions. In parallel, the RLV39 vector that promotes
gene expression through the constitutively active EFla promoter was digested with Mlul,
followed by Klenow. The 5’ phosphate groups were removed from the vector by an
enzymatic reaction with Antarctic phosphatase (NEB) and the Abcg2 cDNA was cloned
(NEB, Quick ligation kit Cat #M2200S) into RLV39. The IRES-GFP cassette was extracted
from HPV422 vector by Xbal and Clal double digestion and inserted into RLV39-Abcg?2
construct which was digested with the same enzymes. Competent DH5a bacteria
(Invitrogen) were transformed with the ligation product according to the manufacturer’s
instructions and several colonies were tested for the presence and correct orientation of
Abcg?2 by minipreps. The new RLV39-Abcg2-IRES-GFP construct is a bicistronic vector
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constitutively expressing Abcg2 and GFP. Abcg2 overexpression was verified by western

blot and RT-PCR.

Abcg2-overexpressing construct (2): The pSPORT vector was digested with Hpal and Sall in
order to extract the Abcg2 cDNA. In parallel, the lentiviral vector LSLV83 was digested with
Mlul, blunted with Klenow and digested again with Sall. 5’ phosphate groups were remove
from the vector by an enzymatic reaction with Antarctic phosphatase (NEB). Ligation was
performed with the Quick ligation kit from NEB (Cat #M2200S). LSLV83 backbone encodes
a gene conferring resistance to neomycin, facilitating infected cell selection. Abcg2

expression was driven by the constitutively active promoter EFla.

Production of control and Abcg2 overexpressing lentivirus.: Confluent HEK293-T cells
in 100mm culture plates were split one day before transfection in 5 new 100mm plates.
Medium (DMEM, 10% heat-inactivated FBS, 1% pen/strep) was renewed 2 hours before
transfection. The vector carrying Abcg2 or the empty backbone (3.2pg, RLV39 or LSLV83)
was combined with 4 helper plasmids (4pg HPV275, 0.4pg p633, 0.4ug HPV601, 0.4pug
YN15) that encode genes necessary for the virus formation and propagation (gagpol, REV,
TAT and VSVg respectively) in a total volume of 40pl (adjusted with water). 160ul of DMEM
and 24pl of Fugene were added and the mixture was incubated for 15-45 min at RT. The
mixture was then added to the HEK cells (one 100mm dish). Next day, the medium was
replaced with 10ml of CSP expansion medium and the virus was collected 24 and 48 hours

later, filtered through a 45um filter and stored at -80°C.

Short-hairpin Abcg2 (shAbcg2) construct: shRNA lentiviral constructs were generated

according to the instructions provided by the Stewart lab and Addgene
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(http://www.stewartlab.wustl.edu/html/lab_protocols.html). Two shRNA sequences were
selected for Abcg2 by using an Invitrogen program and forward and reverse oligos were

synthesized as follows:

Forward oligo: 5’CCGG-21bp Sense-CTCGAG-21bp Antisense-TTTTTG 3’

Reverse oligo: 5’AATTCAAAAA-21bp Sense-CTCGAG-21bp Antisense 3’

The two sense and corresponding antisense target sequences are:

1. GGATATTACAGAGTGTCTTCT (sense) and AGAAGACACTCTGTAATATCC (antisense) and

2. GCAACACTTCTCATGACAATC (sense) and GATTGTCATGAGAAGTGTTGC (antisense).

For control virus, a scramble shRNA oligo was generated (CCTAAGGTTAAGTCGCCCTCG

(sense) and CGAGGGCGACTTAACCTTAGG (antisense)).

Oligos were resuspended in water at a concentration of 1pg/pl, mixed together (5pl forward
oligo + 5ul reverse oligo + 5ul 10x NEB2 buffer + 35ul water) and annealed by incubation at
950C for 4 min followed by 10 min at 70°C placed in a beaker filled with water to allow
gradual cooling down to RT. Subsequently, 9ul of the oligos were ligated (NEB, Quick
ligation kit Cat #M2200S) to the pLKOpuro1l vector (digested with Agel and EcoRI). The
ligation product was transformed into DH5a bacteria. Positive clones had only one band of

7.2kb after digestion with Ndel and Mlul.

pLKOpurol encodes a gene conferring resistance to puromycin, facilitating infected cell

selection.

shRNA lentivirus production: A mixture of shRNA-pLKOpurol vector (3pg), packaging

plasmids pHR’8.2deltaR (3pg) and pCMV-VSV-G (0.375pg), Fugene (18ul) and DMEM (final
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volume 300ul) was prepared and incubated at RT for 15-30 min. This mix was then gently
applied to approximately 70% confluent HEK293-T cells in a 100mm dish. The following
day, the medium was replaced with 10ml of CSP expansion medium and the virus was

collected 24 hours later. shRNA viruses were always used freshly made.

CSP cell lentiviral infection: 300000 CSP cells (passage 3-5) were plated in a 100mm plate
one day before infection. Medium was then removed and replaced with 3ml of virus and
6ug/ml protamine sulfate (Sigma Cat #P4020). After 3 hours of incubation at 37°C, fresh
medium was added. Selection of infected cells was performed 48 hours later either by FACS
(GFP+ cells selection) or by drug (puromycin or neomycin) selection. In the case of

puromycin and neomycin, selection required 3-4 and 5-10 days respectively.

Asymmetric division assessment: Unsynchronized CSP cells (10000 cells) were cultured
on coverslips (20mm x 50mm) for 5 days. Cells were fixed, permeabilized and blocked as
described above. Cells were incubated with primary antibodies against pH3 (1/200, Abcam
Cat # ab32107) and a-adaptin (1/50, Santa Cruz cat # sc-17771) and appropriate secondary
antibodies (1/200, anti rabbit Alexa-488 and anti-mouse Alexa-555, Molecular probes). In
symmetrically dividing cells, a-adaptin was evenly distributed in the two daughter cells,
whereas in asymmetrically dividing cells a-adaptin segregated preferentially to one of the
daughter cells. pH3 staining allowed the identification of mitotic cells. For flow cytometric
analysis of numb-expression, CSP cells were lifted from the culture plates, fixed with 4%
paraformaldehyde and permeabilized with BD Perm/Wash solution (BD biosciences) at 4°C
for 20 min. Cells were blocked with 1% BSA in 1xPBS and incubated with anti-numb

(1/500, Abcam Cat #ab4147) for 1 hour at RT. Cells were then washed, incubated with a
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secondary goat-anti-rabbit 488 antibody (Molecular probes) for 30 min at RT and analyzed

with the Accuri C6 analyzer.

Cell cycle analysis using the Fluorescence Ubiquitination Cell Cycle Indicator (FUCCI)
lentiviral system: Plasmids were purchased from RIKEN BRC DNA BANK. 5x10¢ HEK293-T
cells were plated in a 10mm culture dish and cultured for 24 hours at 37°C in 10% COZ2. At
approximately 75% confluency, cells were used for transfection. The transfection mix
consisted of 17ug of the SIN plasmids, mKO2-hCdtl (30/120, kusadira orange) or mAG-
hGeminin (1/110, azami green), 10ug of the packaging plasmid, 10pg of the VSV-G- and
Rev-expressing plasmid, DMEM to reach a volume of 450pl, 50ul of 2.5M CaCl2 and 500pl 2x
BBS solution (50mM BES, 280mM NaCl, 1.5mM Na;HPO,). After 15-20 min incubation at RT,
the mix was added drop wise to the cells. Plates were placed at 37°C for 12-16 hours in 3%
CO2. Medium was then renewed and cells were incubated for an additional 48 hours at 37°C
in 10% COZ2. Finally, the medium containing the lentivirus was collected, filtered through a
0.45 pm filter, frozen in liquid nitrogen and stored at -80°C. Medium was added to the
remaining cells and more virus was collected 24 hours later. Cells were infected as

described above and selection was achieved by FACS sorting.

CSP cells infected with both lentiviruses (mKO2 and mAG) were synchronized for 24 hours
at 37°C (a-MEM, 0.1% FBS HI, 2 mM L-Glutamine and 1% pen/strep). Cells were then split
into 60mm culture plates and cultured in CSP expansion medium for up to 40 hours.
Sampling of the cells was performed at several time points and cells were analyzed by flow
cytometry or confocal imaging for the expression of Cdtl (kusadira orange 548/559nm) or

Geminin (azami green, 492/505nm).
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RESULTS

ABCG2 REGULATES THE CSP PHENOTYPE IN AN AGE-DEPENDENT
MANNER

LACK OF ABCG2 DOES NOT ABOLISH THE CSP PHENOTYPE

Abcg? is the molecular determinant of the BMSP phenotype. In order to establish
the contribution of Abcg2 in the CSP phenotype, mononuclear cell suspensions from WT
and Abcg2-KO mouse hearts and bone marrow were isolated and stained with Hoechst
33342. Flow cytometric analysis showed that the SP fraction in the bone marrow of WT
mice consisted of approximately 0.2% of the cells (0.2+0.05) while in Abcg2-KO mice the
BMSP fraction had completely disappeared (0.02+0.02%) (Figure 10A). Interestingly,
Abcg2-KO heart samples, exhibited a reduced but clearly detectable CSP fraction

(0.46%0.1%) compared to WT (0.8+0.2%), indicating that Abcg2 is not the sole determinant
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Figure 12: Abcg2 contribution to the SP phenotype of adult murine bone marrow (BM) and
heart. Representative flow cytometric analyses of Hoechst-stained A) BM and B) cardiac cells

from WT and Abcg2-KO mice. SP cells appear as Hoechst-low/negative cells in the boxed area.
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of the SP phenotype in the heart (Figure 10B). As a negative control, two known ABC
transporter inhibitors, verapamil and FTC, were used. Both WT and Abcg2-KO CSP tails

were completely abolished after addition of these two inhibitors (Figure 11A-F).
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Figure 13: Abcg2-KO CSP cells export Hoechst through a second ABC-transporter. A-H)
Representative flow cytometric analyses of WT and Abcg2-KO CSP cells pre-treated with vehicle
(A, B), verapamil (C, D), FTC (E, F) and 2-deoxy-D-glucose (G, H). ABC-transporter inhibition or
ATP depletion, inhibits the CSP phenotype in both WT and Abcg2-KO CSP. 1-Q) Fluorescent
microscope images of WT (I-K) and Abcg2-KO (L-N) CSP stained for Mdrla/b (green) and DAPI
(blue). Mdrla/bko main population (MP) cells serve as negative control (0-Q).
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ANOTHER ABC TRANSPORTER IS INVOLVED IN THE REGULATION OF CSP

PHENOTYPE IN ADULT MICE.

In order to verify whether the remaining CSP cells in the Abcg2-KO hearts actively

export Hoechst through the action of another ABC transporter, WT and Abcg2-KO cardiac

cell suspensions were pre-incubated with 2-deoxy-D-glucose instead of glucose to deplete

the medium from ATP and thus inactivate any ATP-dependent transport. ATP depletion led

to a total elimination of the SP tail indicating the Hoechst efflux in Abcg2-KO CSP is ATP-

dependent (Figure 11G, H).

Bunting et al, have shown that P-glycoprotein (or Mdrlor Mdrla/b in mice),

another ABC transporter is also able to efflux Hoechst [182]. Hence, I hypothesized that
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Mdr1 could be a contributor to the CSP phenotype. The expression of Mdr1 in CSP cells was
verified by immuno-cytochemistry (Figure 12 A-I) and RT-PCR (Figure 12], K). Both

methods revealed that CSP cells express Mdr1, in both gene and protein levels.
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Figure 16: Mrdla/b contribution to the adult SP neuroblastoma cell line SK-N-F1 was

phenotype in heart and bone marrow (BM). ged [186]. Cells were pre-incubated

Representative flow cytometric analyses of Hoechst-

stained A) cardiac and B) BM cells from WT and with verapamil (negative control) or

Mdrla/bko mice. increasing concentrations of FTC
followed by Hoechst staining. Analysis by flow cytometry revealed that FTC blocks Mdr1-
mediated dye efflux in a dose dependent manner (Figure 13). Therefore, the inhibition of

Abcg2-KO CSP cells by FTC is likely due to inhibition of Mdr1 efflux.

The contribution of Mdrla/b to the CSP phenotype was determined by staining of
Mdrla/b-KO cardiac cell suspensions with Hoechst dye. Surprisingly, CSP cells were
completely depleted from Mdrla/b-KO hearts (Figure 14A). It is noteworthy, that the bone

marrow of Mdrla/b-KO animals had similar BMSP levels as the WT animals (Figure 14B).
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Figure 17: Hoechst staining

Total

internal  control. A)  Flow
CsP

cytometric analyses of

mononuclear cell mixtures

containing one part of GFP" WT

1924
GFP
csP

CSP cells and three parts of either
WT, Abcg2-KO or Mdrla/b CSP

*| B12a

64|

" 0.8810.23 1.08+0.4 7T 06015 + e
E b = TE % % % & = cells. GFP CSP fraction is within

192 162 normal levels. GFP  CSP fractions

CSP | o

R4

212 S128- B12s | correspond to previously
54 C] e . “1/. . observed levels. B) In WT cell
" 0.59:0.21 0.37+0.25 0.03+0.02
& 1% 12 2% & 1% 12 2% e i3 192 2% mixtures apprOXImately 25% of
FLE FL& FLE
+ .
B 256 _ s the cells are GFP reflecting the
RE [R10 RE& : R RS R6
1oz : 1521 S e B 3:1 ratio of the mixture. In Abcg2-
s I . e o R KO cell mixtures ~66% of the
64 64 64 . +
. ~25% ’ ~66% ~98% cells are GFP while Mdrla/bko
F T T ST ?u 10 100 100 10t 10 0 1 100 1ot N
GFP —> GFP — GFP —  mixtures consist entirely of GFP

Several experimental variables, such as cell counting, dye concentration and staining
duration, can affect the amount of SP cells in each sample. In order to exclude the possibility
that the observed phenotypes are attributed to experimental variations, an internal staining
control was used. One million cardiac mononuclear cells from WT-GFP animals were mixed
with three million cardiac mononuclear cells from WT, Abcg2-KO or Mdrla/b-KO animals
and stained with Hoechst. Flow cytometric analysis revealed that as expected in all samples
the percentages of GFP+ CSP cells were within the normal WT CSP levels (0.8+0.2%) and the
GFP- WT, Abcg2-KO and Mdrla/b-KO CSP fractions were within the levels previously
observed (0.7£0.2%, 0.37£0.25% and 0.03x0.02% respectively) (Figure 15A). To better

demonstrate the accuracy of cell counting and staining both GFP* and GFP- cell populations
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were analyzed together. This analysis shows that one third of the CSP cells expressed GFP in

the WT sample, approximately 66% of the cells were GFP+ in Abcg2-KO sample and in the

Mdrla/b-KO sample the CSP tail consisted almost entirely of GFP+ CSP cells (Figure 15B).

These numbers agree with the initial cell mixing ratio (3:1 GFP- vs GFP+ cells).

ABCG2-KO CSP CELLS SHARE THE SAME SURFACE MARKER EXPRESSION

PATTERN WITH WT CSP CELLS

Although, no specific marker exists for CSP cell identification, they are characterized

by high levels of the Stem cell antigen 1 (Scal) and the endothelial marker CD31. However,

CSP cells do not express the hemopoietic marker CD45, which clearly distinguishes them

from BMSP. In an effort to characterize the Abcg2 deficient population, Abcg2-KO CSP cells

Surface marker | WT CSP (%) Abcg2-KO CSP (%)
Scal 901 8942
CD31 80+2 7943
CD45 <1 <1

Table 1: Cell surface marker expression in WT

and Abcg2-KO CSP cells.

were analyzed for the expression of these
markers and were found to express similar
levels as the WT cells (Table 1). This result
indicates that lack of Abcg2 does not alter
the cell surface marker expression of CSP
cells and therefore both WT and Abcg2-KO

populations share similar characteristics.
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ABCG2Z HAS AN AGE-DEPENDENT CONTRIBUTION TO THE CSP PHENOTYPE

Abcg2 has been shown to be highly expressed in embryonic hearts and gradually
decrease in the adult [71]. To examine whether the contribution of Abcg2 to the CSP
phenotype changes with age, CSP analyses where performed in neonatal (P3), two week old
(p14), three week old (p21) and adult mouse hearts (Figure 16). I observed that the CSP cell
fraction is significantly increased in early postnatal life and gradually decreases with age.
Interestingly, neonatal Abcg2-KO hearts exhibited very limited CSP numbers, whereas WT

and Mdrko hearts showed similar levels of CSP cells (Figure 18A). At two weeks of age, CSP
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Figure 18: Age-dependent contribution of Abcg2 and Mdrla/b to the CSP phenotype. CSP flow cytometric
analyses of A) neonatal (P3), B) two week old (P14), C) three week old (P21) and D) adult mice. Data are mean

+s.em.
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cells started to appear in Abcg2-KO samples while WT and Mdrla/b-KO populations
decreased (Figure 18B). A similar pattern was observed at three weeks (Figure 18C) with

CSP cells almost reaching the numbers observed in adult animals (Figure 18D).

In order to determine whether the phenotype observed was due to differential
expression of Abcg2 and Mdrl in different developmental stages, Abcg2 gene expression
was verified in CSP cells from adult and neonatal mice. Indeed, Abcg2 was highly expressed
in neonatal CSP cells compared to adult, while Mdrla and Mdrlb were predominantly

expressed in the adult CSP cells (Figure 19).
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ABCG2 REGULATES CSP CELL HOMEOSTASIS

ABCG2-KO CSP CELLS EXHIBIT LIMITED PROLIFERATION CAPACITY

My next step was to investigate the cause of the decrease in CSP cells observed in
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Figure 20: Abcg2 regulates CSP proliferation. Lack of Abcg2 decreases CSP
proliferation capacity as shown by A) proliferation assays evaluating the total cell
number, B) flow cytometric analysis of Ki67 expression, C) total protein and D)
DNA content determined by in cell western. E and F) Representative bright field
images of expanded WT and Abcg2-KO CSP respectively. Data are mean #* s.e.m.
*:<0.05 vs WT.
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Abcg2-KO hearts. Several studies in cancer cell lines have linked Abcg?2 to the regulation of
proliferation. Namely, Abcg2 over-expressing cells have been shown to be over-proliferative
[121]. I therefore decided to examine if and how Abcg2 affects CSP cell proliferation.
Proliferation assays demonstrated that CSP cells lacking Abcg2 exhibited decreased cell

numbers after several days in culture, compared to WT CSP cells (Figure 20A).

In line with this result, the fraction of cells expressing the proliferation marker Ki67
was markedly decreased in Abcg2-KO CSP cells compared to WT cells (Figure 20B).
Furthermore, Abcg2-KO CSP cells had significantly reduced total protein and DNA content
compared to WT cells (Figure 20C, D). To determine whether the decreased proliferation
observed was due to lack of Abcg2 and not intrinsic differences between WT and Abcg2-KO
cells, a lentivirus expressing a shRNA directed against Abcg2 was generated (Figure 21A). A

17-fold decrease of Abcg2 gene expression was achieved in WT CSP cells infected with
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shAbcg2 compared to Scramble infected cells (Figure 21B). This decrease represents a

complete inhibition of Abcg?2 expression similar to that observed in Abcg2-KO CSP cells

(Figure 21B). As anticipated, Abcg2 inhibition by shRNA led to an approximately 9-fold

decrease of cell proliferation (Figure 21C).

ABCG2 OVER-EXPRESSION INCREASES CSP PROLIFERATION

In order to establish Abcg2 as a regulator of CSP proliferation, a gain-of-function

approach was followed. CSP cells infected with Abcg2 over-expressing lentivirus (Figure

22A, B) demonstrated significantly increased proliferation rates compared with CSP cells

infected with control virus (Figure 22C).

IRES

A
LTR MGG 4l EF1 | ABCG2
C
6x10° 5
Y
£ a00%
2 I
3
[+]
T 210"
[=]
[t
0 T
Mock

Abcg2 ole

GFP | LTR 72kD

Mock  Abcg2
over-
expression

Figure 22: Abcg2 over-expression
increases CSP proliferation. A) Schematic
representation of lentiviral construct over-
expressing Abcg2. B) western blot analysis
of Abcg2 expression in mock-infected and
Abcg2 over-expressing CSP. Q)
Proliferation assay of Abcg2 over-
expressing CSP compared to mock. Data

are mean * s.e.m. *: <0.05 vs mock.
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THE EFFLUX ABILITY OF ABCG2 IS REQUIRED FOR ITS EFFECT ON CSP
PROLIFERATION

The primary function of Abcg2 is the export of numerous substances. To investigate
whether the transporter function of Abcg?2 is required for its effects on CSP proliferation, a
mutant/efflux defective form of the protein was generated. A lysine to methionine
substitution at amino acid 86 (K86M) within the ATP-binding domain of human Abcg2 has
been shown to abolish Abcg2 efflux activity and membrane localization without affecting
protein expression and dimerization [187]. The corresponding lysine in the mouse protein

is found at amino acid 85 (Figure 23).

To verify the function defect of the mutant, Abcg2-KO CSP cells were infected with
lentiviruses over-expressing wild-type (Abcg2WT) and mutant Abcg2 (Abcg2mut) and their
Hoechst efflux capacity was assessed. CSP cells expressing Abcg2mut were unable to efflux
the dye similar to mock virus infected cells (Figure 24). On the contrary, Abcg2WT

expressing CSP exhibited high efflux capacity. We next examined whether Abcg2mut affects
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the proliferation of CSP cells. As expected, over-expression of Abcg2WT increased
significantly the proliferation capacity of Abcg2 null CSP cells (Figure 25). In contrast,
Abcg2mut-gver-expressing CSP cells demonstrated similar proliferation capacity with Abcg2
null CSP cells (Figure 25). These results clearly suggest that Abcg2 regulates CSP

proliferation via its function as a transporter.
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ABCG2 AFFECTS CSP CELL CYCLE PROGRESSION

To further dissect the role of Abcg2 on CSP cell homeostasis, its effects on the cell
cycle were investigated. Immuno-cytochemical staining revealed that expression of
phospho-histone H3 and BrdU incorporation were decreased in CSP cells lacking Abcg2,
indicating that less cells reside in G2/M and S cell cycle phases respectively (Figure 26 A-E).
This result was further confirmed by DNA content analysis (propidium iodide staining)

(Figure 27).
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Figure 26: Abcg2 affects CSP cell cycle progression. A and B) Representative fluorescent
microscopy images of WT and Abcg2-KO CSP stained for phospho-histone H3 (pH3) in low and high
magnification respectively. C) pH3 expression decreases in cells lacking Abcg2. D) Fluorescent
microscopy images of WT and Abcg2-KO CSP stained for BrdU (green) and DAPI (blue). E) BrdU

incorporating cells are decreased in Abcg2-KO samples. Data are mean * s.e.m. *,#: p<0.05 vs WT.
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Figure 27: Abcg-2 KO CSP cells
exhibit altered cell cycle profile. A and
B, representative flow cytometric
analyses of WT and Abcg-2 KO CSP
cells respectively, stained with
propidium iodide (PI). C) Abcg-2 KO
CSP cells demonstrated an increase in
cells residing in GO/G1 cell cycle
phases and a corresponding decrease
in S and G2/M compared to WT CSP

cells. Data are mean # s.e.m. *: p<0.05

ABCG2 REGULATES G1 TO S CELL CYCLE PHASE TRANSITION IN CSP CELLS

To thoroughly characterize the cell cycle kinetics (duration and distribution) of WT

and Abcg2-KO CSP cells a cell cycle fluorescence-based reporter system, the Fluorescence

Ubiquitination Cell Cycle Indicator (FUCCI) was used [1]. This system consists of two

lentiviruses each expressing a fluorescent protein, Kusabira-orange or azami-green, fused

to cell cycle regulators Ctd1 and geminin respectively. These two proteins are temporally

regulated by ubiquitin E3 ligases APCCdh1 and SCFske2 that target them for proteasomal

degradation resulting in a biphasic cycling through the cell cycle. Cdtl is activated during

G1 cell cycle phase and its expression sustains through G1-S transition while Geminin is

activated during G1-S transition and remains expressed during S, G2 and M phases. Both

proteins are silenced shortly after division (Figure 28).
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Figure 28: Fluorescent Ubiquitination-based Cell Cycle Indicator. A) Regulation of the

Skp2

cell cycle by SCF”™™" and APC®™ maintains a balance between G1 and S/G2/M phases.

B) Fluorescent proteins label cells in G1 in red and cells in S-G2-M in green [1].

Flow cytometric analysis of WT and Abcg2-KO CSP cells infected with the two
lentiviruses 24 hours post-synchronization revealed that WT CSP cells were actively cycling
with 15.7% % 0.36% of cells residing in G1, 69.2% * 1.1% in G1-S transition phase, 13.1% *
0.66% in S-G2-M and 1.55% + 0.17% of CSP cells appeared as negative for the two proteins.
Interestingly, Abcg2-KO CSP cells exhibited a completed different profile. The majority of
the cells (54.5% * 0.28%) appeared as negative for both cell cycle indicators, 37.25% *
0.07% were in G1 and only a small fraction was in G1-S transition and S-G2-M phases

(1.03% £ 0.09% and 2.48% + 0.05% respectively) (Figure 294, B).

Monitoring of the cell cycle distribution in WT and Abcg2-KO CSP cells from 18
hours to 28 hours or 40 hours post-synchronization respectively revealed a significant
defect in cell cycle progression in Abcg2-KO CSP cells. At the 18 hours timepoint 76.1% *
0.65% of WT cells resided in G1 and 22% * 0.79% had already entered S phase (G1-S
transition). Progressively, WT cells exited the G1 phase followed by a corresponding

increase in cells residing in G1-S transition phase. Between 22 hours and 24 hours, cells in
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G1-S reached a peak followed by a progressive decrease. Concomitantly, WT cells started to
appear in the S-G2-M quadrant. Entry in G2-M phase was quickly followed by an increase in
cells negative for both fluorescent probes indicating cell division (Figure 29C). On the
contrary, the majority of Abcg2-KO CSP cells seemed unable to progress in the cell cycle
even after 40 hours post-synchronization. At the 18 hours time point the majority of Abcg2-
KO CSP cells appeared as negative for the two cell cycle indicators (55.6% + 0.41%) and
remained negative for up to 40 hours. Cells residing in G1 phase (37.8% +* 0.32% 18 hours)
remained stable up to 24 hours and decreased modestly thereafter. The amount of Abcg2-
KO CSP cells in G1-S transition and S-G2-M phases was negligible at 18 hours post-

synchronization and slowly reached approximately 4% and 12% respectively (Figure 29D).

The fraction of cells residing in G1 during the time course of the experiment was fit
to a “plateau followed by decay” model and the Tsoy was calculated. The Tsoy, for WT CSP
cells was calculated at 20 hours while Abcg2-KO CSP cells had a Tsoy at 33 hours post
synchronization (Figure 29E). These data clearly suggest that lack of Abcg2 results in
prolonged G1 phase and cell cycle exit. Our results were further confirmed by live cell
imaging confocal microscopy from 18 hours to 40 hours post-synchronization (Figure 29 F,
G). WT CSP cells oscillated between cell cycle phases (red to green to negative daughter
cells) while the large majority of Abcg2-KO CSP cells remained in G1 (red). Overall, these

results demonstrate that Abcg2 controls the cell cycle progression of CSP cells.

86



% CSP cells

B Abcg2-KO

5 361
10° W 3329%
i ‘ 104 -
10 E
3 |
10 E
2 ]
10 -
> E
10 3
-
g : 109 :
10 qnegative "~ | . - UL 862 I negative S-G2-M
':154% ) 13.4% 100 54.7% 2.44%
1 2 3 4 5 Pl IRt it penaii panat
10 10 10 10 10 100 101 102 103 104 105
D
— negative — G1-8 — G1 — 8-G2-M 60-
801 ——— L ————
60 £ 404
3
o
o 8 ——*\‘\s‘
® 201
20
C T T T T T T c L) L} %"f"’?’l U L L) L}
18 20 22 24 2 28 18 20 22 24 26 28 30 32 34 36 38 40
Hours Hours
801 - WT
_ Tso= 20 hours — Abcg2-KO
& 604
L2}
3
o 407 Tso= 33 hours
%)
O
20+
o
C U U l T 1

Time (hours)

Figure 29: Lack of Abcg2 prolongs cell cycle duration in CSP cells. A-B) Flow cytometric analysis
of WT and Abcg-2 KO CSP cells respectively expressing the FUCCI cell cycle indicators 24 hours
post-synchronization. Abcg-2 KO CSP appear mainly in the negative and G1 quadrants. C) WT and
D) Abcg-2 KO cell cycle progression monitoring from 18 hours to 28 hours and 40 hours
respectively post synchronization. E) Calculation of WT and Abcg-2 KO CSP G1 phase T,
following a “plateau followed by decay” model. F-G) Gallery of pictures derived from live cell
imaging confocal microscopy of WT and Abcg-2 KO CSP respectively between 18 hours and 40
hours post-synchronization. Data are mean * s.e.m.
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LACK OF ABCG2 ALTERS THE CELL CYCLE GENE EXPRESSION PROFILE OF CSP
CELLS

The effect of Abcg2 on the expression of cell cycle molecular regulators was
determined by a RT-PCR cell cycle-focused array. In line with the delay in cell cycle
progression observed, lack of Abcg2 in CSP cells (shAbcg2) resulted in down-regulation of
several cell cycle activators and up-regulation of cell cycle inhibitors (Figure 30A).
Interestingly, several DNA damage related genes were also activated in shAbcg2-expressing

CSP cells (Figure 30B).
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Figure 30: Abcg2 deficiency alters the expression profile of cell cycle regulators and DNA
damage-related genes. Significantly altered genes regulating A) cell cycle and B) DNA

damage in shAbcg2 infected CSP cells compared to scramble. Data are mean * s.e.m.
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ABCGZ REGULATES CSP CELL SURVIVAL

Abcg2 is an exporter of a large variety of compounds including cancer drugs and

toxins. It has often been implicated in cell protection from injury [112, 114]. To examine

whether Abcg2 affects CSP cell survival, cell apoptosis and necrosis were evaluated by

annexin-V and PI staining. CSP cells lacking Abcg2 exhibited increased levels of both

apoptotic and necrotic cell death (Figure 31A-D). Further confirmation was obtained by the
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Figure 31: Abcg2 plays a protective role in CSP cells. Lack of Abcg2 increased both apoptotic

and necrotic cell death as evidenced by flow cytometric analysis of A-B) Annexin and C-D)

Propidium iodide (PI) respectively. E) CellTiter-Glo and F) CellTiter-Blue viability assays reveal
decreased metabolic activity in Abcg2-KO CSP compared to WT. G) Abcg2-KO CSP exhibit higher

cell death in the presence of both vehicle and 200uM H,0,. Data are mean % s.e.m. *: p<0.05 vs

WT or WT vehicle, #: p<0.05 vs Abcg2-KO vehicle, 1: p<0.05 vs WT+H,0,.
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use of cell viability assays measuring ATP production (CellTiter-Glo) or conversion of
resazurin to resorufin (CellTiter-Blue). Both methods revealed that Abcg2-KO CSP cells have
decreased metabolic activity (Figure 31E, F). The protective role of Abcg2 was further
examined under stress conditions. Abcg2-KO CSP cells treated with H;0: exhibited

significantly increased cell death compared to WT (Figure 31G).
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LACK OF ABCG2 FAVORS ASYMMETRIC CELL DIVISION

As mentioned in the introduction, accumulating evidence supports a correlation
between prolonged G1 phase and asymmetric cell division [166-171]. To test whether this
theory applies to the phenotype observed in Abcg2-KO CSP cells, their cell division mode
was assessed. Immuno-cytochemical staining for the cell fate determinant a-adaptin and
pH3 demonstrated that shAbcg2 CSP cells divide predominantly asymmetrically (70% of
cells in late mitosis) while the majority of divisions in control cells (Scramble) were
symmetric (30% of cells in late mitosis) (Figure 324, B). Moreover, flow cytometric analysis

of scramble and shAbcg2 CSP cells revealed that lack of Abcg2 results in a decrease in the
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Figure 32: Lack of Abcg-2 favors asymmetric cell division. A) Representative
immunofluorescent images of CSP cells stained for pH3 (green), a-adaptin (red) and DAPI
(blue). Scale bar 10pm. B) Analysis of the division mode of late mitotic scramble and sh-Abcg-2
CSP cells based on a-adaptin distribution. C) Representative flow cytometric analysis of scramble
and sh-Abcg2 CSP stained with numb. D) A decreased fraction of sh-Abcg-2 CSP express numb.

Data are mean * s.e.m. *: p<0.05
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fraction of cells expressing the cell fate determinant numb (Figure 32C, D) further

supporting that during division of Abcg2-deficient cells only one daughter inherits numb.

LACK OF ABCG2 PROMOTES CARDIOMYOGENIC DIFFERENTIATION OF CSP CELLS

In order to examine whether lack of Abcg2 favors cardiomyogenic differentiation, WT and
Abcg2-KO CSP cells were cultured in low serum medium and the protein expression of three
cardiac markers, Nkx2.5, Gata4 and Mef2c, was determined. As expected, a larger fraction of
Abcg2-KO CSP cells expressed these markers compared to WT cells (Figure 33A). Co-culture
of WT and Abcg2-KO CSP cells with neonatal rat ventricular myocytes (NRVM) further
confirmed this observation (Figure 33B). Preliminary experiments revealed that Abcg2-KO
CSP cells exhibited higher structural and functional cardiomyogenic differentiation ability
compared to WT cells (Figure 33C-H). Interestingly, over-expression of Abcg2 resulted in a

complete loss of CSP differentiation capacity (Figure 33I-K).
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Figure 33: Abcg2 regulates CSP cardiomyogenic differentiation. A) In-cell western blot analysis
for the expression of cardiac proteins Nkx2.5, Gata4 and Mef2c in WT and Abcg2-KO CSP. B)
Lack of Abcg2 increases CSP cardiomyogenic differentiation in co-culture with NRVM. C-K)

Representative immunofluorescent images of GFP* CSP cells co-cultured with NRVM. a-

sarcomeric actinin (red), GFP (green), DAPI (blue). Data are mean * s.e.m. *: p<0.05 vs WT.
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IN VIVO ROLE OF ABCG2

My next step was to determine the role of Abcg2 in the heart in vivo under normal

and disease conditions.

ISCHEMIA-REPERFUSION INJURY

Abcg2-KO mice have normal lifespan, breed normally and do not present any
adverse phenotype due to lack of Abcg2 under normal conditions. My in vitro data, in line

with other reports, support a protective role for Abcg2 in basal and stress conditions.

To investigate the impact of Abcg2 deficiency after injury in vivo, adult (8 week old)

WT and Abcg2-KO mice were subjected to ischemia-reperfusion injury (IR). Animals did not
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Figure 35: Lack of Abcg2 has no effects on cardiac hypertrophy one week post-IR as evidenced
by A) ventricular wall thickness, B) heart weight to body weight ratio (HW/BW), C)

cardiomyocyte size distribution and D) cross sectional area. Data are mean * s.e.m.
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Figure 36: Lack of Abcg2 does not affect fractional
shortening one week post-IR. Data are mean * s.e.m. Abcg2 had no effect on isolated

cardiomyocyte size distribution as well as cardiomyocyte cross-sectional area one week

post-IR (Figure 35C, D). Moreover, WT and Abcg2-KO mice exhibited similar decrease in the

percentage of fractional shortening after injury (Figure 36).

Interestingly, when heart sections were stained for BrdU, a higher number of
cardiomyocytes in Abcg2-KO samples (4.25%) were positive for BrdU incorporation

compared to WT (2.75%) (Figure 37). Sham operated samples exhibited limited BrdU+ cells.

The experiment was based on the ability of proliferating / DNA-synthesizing cells to
incorporate the nucleotide analogue BrdU. Progenitor cells that participate in the formation
of new myocytes synthesize DNA and give rise to one progenitor and one differentiated
daughter cell. The identification of the new myocytes can be achieved by immuno-staining
for both BrdU in the nucleus and the cardiac marker a-sarcomeric actinin. Each WT and
Abcg2-KO heart sample was labeled with BrdU via an osmotic mini-pump introduced
subcutaneously at the time of surgery. All proliferating, newly generated cells or cells
undergoing DNA repair incorporate the thymidine analogue BrdU allowing their

identification.
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Figure 37: Abcg2-KO mice exhibit
higher levels of new cardiomyocyte
generation. A) Representative
fluorescent microscopy images of WT
and Abcg2-KO cardiac tissue sections
stained for BrdU (green), a-sarc. actin

(red) and DAPI (blue) one week post-

IR. B) Percentage of BrdU"

cardiomyocytes. Data are mean # s.e.m.
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ABCG2-KO MICE EXHIBIT INCREASED MORTALITY FOLLOWING MYOCARDIAL
INFARCTION (MI)

Following the minimal effect of Abcg2 deficiency observed after IR, I sought to
examine whether a more severe injury such as myocardial infarction would produce a
different outcome. Again, eight week old WT and Abcg2-KO male mice were subjected to
acute MI and a BrdU pump was introduced subcutaneously. Surprisingly, Abgc2ko mice
demonstrated a significant mortality rate with 50% of the mice dying as early as 2 days
after injury and only one third surviving at four days (Figure 38). I therefore chose to
perform all analyses at four days post-MI due to the poor survival past this time-point.

150+
——  Abcg2-KO MI

Abcg2-KO SHAM
—— WT MI
WT SHAM

100

Percent survival

Figure 38: Abcg2-KO mice exhibit increased
mortality post-MI compared to WT. *:
0 1 2 3 4 5 p<0.05 vs WT ML

ABCG2-KO ANIMALS DEVELOP CARDIAC HYPERTROPHY AND BIGGER INFARCTS
POST-MI

In an effort to determine the reason leading to the observed increase in mortality,
several parameters were measured. Due to the early time point selected, echocardiographic

measurements were difficult to obtain and inconclusive.

98



6x10-° 4 *
P
4x10°° Y 2
>
H g
2x10° 4 2
Q
®
0 T
WT Abcg2-KO
c
200 gwr
_ Bl Abcg2-KO *
E 1.5
e
0
g
£ 1.01
L
=
§ 0.5
0.0 T T
Infarcted Non-infarcted

At four days post-MI, surviving Abcg2-KO
mice exhibited signs of cardiac hypertrophy as
evidenced by increased HW to BW ratio (Figure
39A). Cardiomyocyte cross-sectional area
measurement demonstrated that Abcg2 deficient
mice exhibit a trend towards cardiomyocyte
hypertrophy (Figure 39B). Analysis of Masson’s
trichrome stained heart sections revealed that
Abcg2-KO animals developed significantly bigger
infarcts compared to WT mice (Figure 40) as well

as increased LV free-wall thickness (Figure 39C).
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Figure 39: Abcg2-KO mice develop
cardiac hypertrophy 4 days post-MIL
Abcg2-KO mice A) exhibit higher HW/BW
ratio, B) increased cardiomyocyte cross
sectional area and C) wall thickness. Data

are mean * s.e.m. *: p<0.05 vs WT.
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Figure 40: Abcg2-KO mice develop
larger infarcts compared to WT 4 days
post-MI. A) Masson’s trichrome
staining. B) Quantification. Data are

mean * s.e.m. *: p<0.05 vs WT.
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Figure 41: Abcg2-KO mice do not exhibit differences in A) infarct area at risk

(AAR) or B) infarct size 24 hours post-injury. Data are mean * s.e.m.

In order to confirm that the initial injury was consistent between the two groups,

microsphere injection and TTC staining were performed 24 hours post-injury as described

in the materials and methods section. As expected, there were no significant differences

between the two groups in both area at risk (AAR) and initial infarct (Figure 41).
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Figure 42: WT and Abcg2-KO mice do not
exhibit differences in cell death 4 days post-

MI. Data are mean #* s.e.m.

As mentioned earlier, Abcg2
plays a protective role against cell death
in CSP cells in vitro. To test whether
Abcg?2 has a similar role in vivo, WT and
Abcg2-KO heart sections were stained
for Tunel. Surprisingly, no differences
were observed between the two groups
in cardiomyocyte or total cell death

(Figure 42). However, the in vivo effect

of the lack of Abcg2 on the population of CSP cells could not be determined by immuno-

histochemical staining due to lack of appropriate CSP identification markers.
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ABCG2-KO MICE EXHIBIT SIMILAR CAPILLARY DENSITY WITH WT MICE ONE

WEEK POST-MI

In order to investigate whether the phenotype observed post-MI could be attributed

to decreased oxygenation of the cardiac tissue, the density and size of capillaries with a

diameter less than 10pm were measured. No differences were observed between WT and

Abcg2-KO samples in number of capillaries per pm? in both infarct border and remote area.

However, Abcg2-KO hearts demonstrated smaller capillaries compared to WT (Figure 43).
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Figure 43: Abcg2-KO mice demonstrate smaller
capillaries 4 days post-MI. Data are mean #* s.em. *:

p<0.05 vs WT.

101



ABCG2-KO HEARTS MAINTAIN THEIR REGENERATIVE CAPACITY POST-MI

The old dogma supporting that the heart is a static post-mitotic organ with no self-
renewal ability has been widely refuted by several pioneering studies demonstrating the
presence of resident cardiac progenitor/stem cells and cardiac regeneration. The main
focus of my thesis is the study of the role of Abcg2 in the homeostasis of cardiac progenitor
cells in order to delineate the mechanisms regulating cardiac regeneration. Thus, my next

goal was to examine the effect of Abcg2 in cardiomyocyte replenishment and tissue repair
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Figure 44: New myocyte formation following MI. A) Representative fluorescent

microscopy images of WT and Abcg2-KO cardiac tissue sections stained for a-sarc.

actin (red), and BrdU (green). B) No differences are observed in new myocyte BrdU"
cardiomyocytes between WT and Abcg2-KO hearts in the infarct/border zone. C)

Analysis of infract and border areas separately. Data are mean * s.e.m. *: p<0.05 vs WT.
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in the setting of MI injury. After MI, proliferating inflammatory cells infiltrate the tissue,
hence, a large number of BrdU positive non-cardiomyocytes were observed in all MI
samples mainly in the infarct / border zone. For the purpose of my study only BrdU positive
cardiomyocytes were considered. Cross sections of the entire tissue (remote, border and
infarct areas) were examined for the presence of BrdU and a-sarcomeric actinin double
positive cells, however all BrdU positive cardiomyocytes were found in the infarct / border
zone of MI samples. Surprisingly, WT and Abcg2-KO hearts did not demonstrate any
differences in the percentage of BrdU positive cardiomyocytes in the infarct / border zone
(Figure 44B). When the two areas were analyzed separately, a small but significant decrease
was revealed in the amount of BrdU positive cardiomyocytes in the infarct area of Abcg2-KO
hearts (Figure 44C). All BrdU and a-sarcomeric actinin double positive cells were small in
size compared to BrdU negative o-sarcomeric positive cells indicating that the double

positive cells are newly generated cardiomyocytes (Figure 44A).

The possibility of BrdU positivity being due to DNA repair was excluded since
according to the literature in this case the nuclei should demonstrate a punctuated staining.

All the cells that were taken into consideration presented a uniform nuclear BrdU staining.

LACK OF ABCG2 HINDERS THE PROLIFERATIVE RESPONSE OF CSP CELLS POST-MI

The generation of new cardiomyocytes can be attributed to either the proliferation
of existing cardiomyocytes or the differentiation of progenitor cells. As mentioned above, all
the BrdU positive myocytes were small in size (~25-75pm?) compared to the average

cardiomyocyte cross-section size (~200-600um?). Therefore, it is most likely that the BrdU
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positive cardiomyocytes observed were generated from differentiating progenitors. Careful
analysis of CSP cells post-MI revealed a significant increase of CSP cell numbers in both WT
and Abcg2-KO hearts compared to sham operated animals (Figure 45). However, Abcg2-KO
mice exhibited lower cell numbers compared to WT. As previously shown by Ki67 staining
[74] WT CSP cells exhibited an increased proliferation rate post-MI compared to sham
controls as evidence by BrdU staining of sorted CSP cells. Interestingly, Abcg2-KO CSP cells
did not demonstrate a similar proliferative response post-MI. On the contrary, BrdU

positive Abcg2-KO cells were modestly increased post-MI compared to sham animals

(Figure 45).
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AGE-DEPENDENT CHARACTERIZATION OF CSP CELLS

CSP CELL SURFACE MARKER EXPRESSION PROFILE CHANGES DURING
DEVELOPMENT

Following the observation that CSP cell numbers are dynamically regulated during
development, [ sought to further characterize these cells in different developmental stages.
CSP cells from neonatal (P3) and embryonic (E15.5) mouse hearts exhibited a completely
different cell surface marker expression profile than the adult CSP cells. Namely, the
majority of embryonic CSP cells were CD31*/Sca- (78%), neonatal CSP were predominantly

Scal-/CD31- (83%) while approximately 70% of adult CSP were Scal+/CD31+ (Figure 46).
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Figure 46: CSP cell surface marker expression profile during
development. Flow cytometric analysis of embryonic (E15.5),

neonatal and adult CSP. Data are mean * s.e.m. *: p<0.05 vs WT.
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NEONATAL CSP CELLS ARE HIGHLY PROLIFERATIVE IN VIVO

As shown earlier, neonatal CSP cells express high levels of Abcg2. I therefore
hypothesized that CSP cells have increased proliferation capacity at birth. Indeed, Ki67
staining of freshly isolated cells revealed that a high percentage of neonatal CSP cells are

actively cycling (~40%) compared to adult cells (~10%) (Figure 47).
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Figure 47: Neonatal CSP are cycling in vivo. Flow cytometric analysis of

adult and neonatal CSP stained for Ki67. Data are mean * s.e.m. *: p<0.05.
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NEONATAL CSP CELLS LOSE THEIR PROLIFERATIVE POTENTIAL IN CULTURE

My next step was to expand neonatal CSP cells for further study. Surprisingly,

neonatal CSP cells almost completely lost their proliferative capacity in culture rendering

their manipulation very difficult (Figure 48A). Similarly, embryonic CSP cells were also

unable to be expanded. In an effort to ameliorated culture conditions, embryonic stem cell

medium was used to culture adult and neonatal CSP cells. However, neonatal CSP cells were

not able to grow in these conditions either (Figure 48B).
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Figure 48: Neonatal CSP lose their proliferative capacity in vitro. A) Proliferation assays of

embryonic (E15.5) neonatal and adult CSP. B) Expansion of adult and neonatal CSP in ESC

medium. Data are mean * s.e.m. *: p<0.05 vs adult.

NEONATAL CSP CELLS EXHIBIT INCREASED DIFFERENTIATION CAPACITY

To assess the differentiation potential of CSP cells from different developmental

stages, cells were isolated from adult and neonatal WT FVB-GFP mice and co-cultured with

107



neonatal rat cardiomyocytes (NRVM). Interestingly, neonatal CSP cells demonstrated a

significantly higher cardiomyogenic capacity compared to adult (Figure 49).
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Figure 49: Neonatal CSP exhibit
increased differentiation capacity.
Cardiomyogenic differentiation of CSP
co-cultured with NRVM. Data are

mean * s.e.m. *: p<0.05.
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DISCUSSION

It is now widely accepted that the heart, a previously considered terminally-
differentiated organ, possesses regenerative potential [2, 7, 45, 188]. The identification of
adult cardiac stem cells and their use for the treatment of cardiovascular diseases has
recently provided encouraging results and opened new horizons in the cardiovascular field
[48]. Thorough characterization of the biological processes and molecular mechanisms
regulating cardiac stem cell homeostasis is needed now more than ever to fully exploit their

regenerative potential.

Since the initial identification of SP cells from bone marrow, the side population
phenotype has been commonly used to isolate progenitor cells from a variety of tissues
including the heart. In BMSP cells the ATP-binding cassette transporter Abcg2 has been
identified as the sole determinant of the SP phenotype. However, its contribution to the
cardiac side population as well as its physiologic role in the regulation of CSP cell

homeostasis is currently unknown.

In this context, the work encompassing my thesis focused primarily on the role of
the ATP-binding cassette transporter Abcg2 in regulating cardiac side population
progenitor cells homeostasis both in vitro and in vivo. In addition to demonstrating an age-
dependent contribution of Abcg2 to the CSP phenotype, my work reveals for the first time
that Abcg2 regulates CSP progenitor cell cycle, survival and asymmetric division.
Furthermore, [ provide evidence suggesting a protective role for Abcg2 in the heart

following injury.
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ABCG2 DOES NOT CONFER THE CARDIAC SP PHENOTYPE

Isolation of side population cells is based on their ability to efflux the Hoechst dye
through the action of ABC-transporters. In BMSP, although both Abcg2 and Mdrla/b are
expressed, the efflux ability is solely attributed to Abcg?2 since lack of the transporter leads
to BMSP depletion [89, 119]. Since this initial report, Abcg2 was found to be enriched in
stem/progenitor cells from various tissues and has become a general marker of stem cells
and in particular of side population cells. However, the contribution of Abcg2 to the cardiac

SP phenotype remains elusive.

Martin et al, demonstrated persistent expression of Abcg2 in the developing and
adult heart [71]. Moreover, gene array analysis revealed significant up-regulation of Abcg2
in CSP compared to main population cells. The authors by using FTC, a so-called specific
inhibitor for Abcg2, concluded that Abcg?2 is the molecular determinant of CSP cells similar
to BMSP [71]. In accordance with this data, my work confirms that Abcg2 is expressed in
CSP cells and that FTC is able to inhibit the SP phenotype. However, CSP analysis in mice
with genetic deletion of Abcg2 (Abcg2-KO) revealed a detectable although reduced CSP
population. This population was sensitive to the known SP inhibitor verapamil as well as to
ATP-depletion and FTC. Moreover, CSP analysis in mice with genetic deletion of Mdrla/b
revealed a complete elimination of CSP tail indicating that Abcg?2 is not sufficient to mediate
the SP phenotype in the heart and that Mdrla/b is the molecular determinant of the adult
CSP. To verify this discrepancy I followed two approaches. First I introduced an internal
control to the Hoechst staining by the mixing samples with WT GFP cells. This GFP-mixing
experiment confirmed that no error had occurred during cell counting and that the results

obtained were not due to over- or under-staining of the CSP cells with Hoechst. The second
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approach was to verify the specificity of FTC. For this purpose, I incubated Mdr1 over-
expressing cells with FTC and demonstrated that the SP phenotype was blocked. Although
several reports have demonstrated FTC specificity in inhibiting Abcg2-mediated efflux
[183-185], our results indicate that FTC function could be dependent on the experimental

conditions used such as cell type, substrate type and concentration.

Interestingly, my results further revealed a dynamic age-dependent contribution of
Abcg2 and Mdrla/b to the CSP phenotype. Namely, the role of Mdrla/b as a mediator of the
CSP phenotype is limited to the adult hearts while Abcg?2 is the mediator in early post-natal
stages. The contribution of each transporter is accompanied with changes in gene
expression during development with Abcg2 being up-regulated in neonatal CSP and down-
regulated in adult, while Mdrla/b expression is minimal in neonatal and markedly
increases in adult CSP. This finding could suggest that CSP cells have different origin from
BMSP since Mdrla/b-KO mice have normal BMSP levels but completely lack CSP. In line
with this speculation, CSP cells were found to be negative for the hematopoietic marker
CD45 (Table 1). These data are in accordance with previous findings indicating that BMSP
cells home to the heart only following myocardial infarction and contribute to the CSP

phenotype by approximately 25% [74].

My results suggest that there is no universal ABC-transporter that defines the SP
phenotype but rather that the microenvironment and developmental stage are the factors
that determine the relative contribution of the transporters. This conclusion is further
supported by SP analysis in the mammary gland where Abcg2 and Mdrl have

complementary roles [120].
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Age-dependent characterization of CSP cells

In addition to differences in ABC-transporter expression, CSP cells from different
developmental stages exhibited altered surface marker expression profile as well as
proliferation and differentiation capacity. Whether there is a connection between
differential expression of Scal and CD31 and the increased proliferation observed in
neonatal CSP cells in vivo compared to adult requires further examination. Interestingly,
expanded neonatal CSP cells lose their proliferative advantage and become more
cardiogenic. It is likely that neonatal CSP cells are more primitive progenitor cells compared
to adult and while exiting the cardiac niche they lose the signals required for their
maintenance in a proliferative state and they start to differentiate. Supporting the notion of
neonatal CSP cells being more primitive it has recently been proposed that neonatal mouse
hearts (injury at day 1) are able to completely regenerate lost tissue within one week after
birth [189]. In line with this report, in mice during early post-natal life there is an increase
in cardiomyocyte number until one week after birth when the cardiomyocyte number
reaches a plateau [190, 191]. This increase could be attributed to proliferation of existing
cardiomyocytes as well as differentiation of progenitor cells. The inability of adult hearts to
regenerate efficiently following injury could be the result of a deterioration of progenitor
cell function (ie proliferation, regenerative capacity) either due to intrinsic mechanisms or
environmental cues. In order to delineate the signaling pathways promoting progenitor cell
differentiation during cardiac development as well as the molecules inhibiting similar
responses in the adult heart, miRNA and mRNA microarray analysis of CSP cells from

different developmental stages as well as following MI is currently underway.
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ABCG2 REGULATES CSP CELL PROLIFERATION THROUGH ITS EFFLUX
FUNCTION

Abcg? has been previously associated with proliferation in stem/progenitor cells as
well as various cancer cell lines. However, its role in regulating CSP cell proliferation is
currently unknown. Through various methodologies, my work reveals that Abcg2 confers a
proliferative advantage to CSP cells. Gain- and loss-of-function approaches demonstrated
that lack of Abcg2 compromises CSP cell proliferation while its over-expression increases
CSP cell numbers. These results agree with studies in bone marrow cells where over-
expression of Abcg?2 resulted in increased SP numbers [89] as well as with data from cancer

cell lines where Abcg?2 expression was associated with highly proliferative cells [121, 122].

My work further demonstrates that the transporter function of Abcg2 is required to
mediate its effects on CSP cell proliferation. Similar to previous reports [187], K85M
mutation efficiently abolished Abcg2 efflux capacity without affecting protein expression.
Moreover, CSP cells expressing the mutant form exhibited similar proliferation capacity
with control mock-expressing cells. These results suggest that the export of one or several
substrates of Abcg?2 is required for CSP proliferation. Therefore, it is reasonable to speculate
that in Abcg2-eficient CSP cells, an unknown factor (possibly a metabolite or toxin)
accumulates in the cytoplasm and inhibits proliferation. Further studies are required to
identify the molecules mediating this effect. For this purpose experiments identifying the
metabolic profile of WT and Abcg2-KO CSP cells are underway. Both extra-cellular/secreted

and intra-cellular metabolites will be analyzed by mass spectrometry.
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ABCG2 REGULATES CSP CELL CYCLE PROGRESSION

Further dissecting the effects of Abcg2 on CSP cell proliferation, my work revealed
that Abcg2-KO CSP cells exhibit defective cell cycle progression. Through several
methodologies such as immuno-cytochemical staining for cell cycle markers (pH3, BrdU),
DNA content analysis (propidium iodide) as well as more elaborate methods such as the
FUCCI indicators, my results indicate that lack of Abcg2 prolongs the cell cycle and

particularly the transition from G1 to S phase.

Moreover, the FUCCI experiments revealed that the majority of Abcg2-KO CSP cells
was negative for the two cell cycle probes while only a small fraction of WT CSP appeared
negative. It is known that cells appear as negative following cytokinesis or exit from the cell
cycle. For WT CSP cells it is reasonable to suggest that negative cells represent newly
separated daughter cells since the increase in the percentage of this population is relative to
the increase in cells in S-G2-M. On the other hand, based on the decreased proliferation
capacity as well as the delayed progression through the cycle observed in Abcg2-KO CSP
cells, the possibility for the negative fraction to represent cells that have just completed
cytokinesis is highly unlikely. This hypothesis was further confirmed by live cell imaging.
Additional experiments are required to establish whether the negative fraction of Abcg2-KO
CSP cells represents cells in GO. Staining for pyronin-y to distinguish cells in GO and G1
phases, or labeling for Ki67 that marks cells in all cell cycle phases except GO would provide

a definitive confirmation.
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ABCG2 PLAYS A PROTECTIVE ROLE IN CSP CELLS

In addition to the increased proliferation, my data show that CSP cells expressing
Abcg?2 are protected from apoptotic and necrotic cell death in both normal and oxidative
stress conditions. These results are in agreement with previously reported studies in both
cancer and normal cells that have established Abcg2 as a protective protein [100-102, 111].
Notably, the large majority of compounds exported by Abcg2 have been found to have toxic
effects [192]. Similar to CSP cells, Abcg2-KO hematopoietic stem cells were found to be
more sensitive to cell death under hypoxic conditions [112]. Interestingly, the increased cell
death was attributed to the inability of Abcg2-KO cells to export heme further supporting
the importance of Abcg2 efflux function [112]. Likewise, microvascular endothelial cells
lacking Abcg2 expression exhibit accumulation of protopotphyrin IX and increased cell
death [126]. Moreover, in mouse embryonic fibroblast Abcg2 over-expression promoted the
production of low levels of reactive oxygen species which resulted in preconditioning and
protection of the cells from H0; induced cell death [114]. It is noteworthy that the Abcg2
promoter region has several putative hypoxia-response elements and that both HIF-1a and

HIF-2a have been suggested to bind and up-regulate Abcg2 expression.

My work further suggests that lack of Abcg2 in CSP cells promotes DNA damage.
Several key players of the DNA damage response pathway were significantly up-regulated
indicating that Abcg2-KO CSP cells have severe defects. This result further supports the
delay in cell cycle progression observed in Abcg2-KO CSP cells. Additionally, DNA damage
and inability to repair could be responsible for cell cycle prolongation and exit and could

explain the fraction of cells negative for both FUCCI cell cycle probes. Experiments such as
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detection of phospho-histone H2A.X, a protein activated by DNA damage and required for

DNA fragmentation during apoptosis, are necessary to further support my findings.

ABCG2 REGULATES ASYMMETRIC CELL DIVISION AND CARDIOMYOGENIC
COMMITMENT OF CSP CELLS

Several reports have suggested a regulatory role for G1 cell cycle phase length in
stem/progenitor cell function [165-171] . Cells with high self-renewal ability such as
embryonic stem cells have short G1 phase that is significantly prolonged with
differentiation during development [171]. Similarly, in adult neural stem cells inhibition of
G1 cell cycle kinases resulted in neurogenesis [166] while shortening of G1 promoted
progenitor cell expansion through symmetric divisions [175]. Such data led to the
formulation of the “cell cycle length hypothesis” supporting that by increasing their cell
cycle length, cells allow the production and proper positioning of cell fate determinants
within the cell. My data are consistent with this notion. In addition to the prolonged G1
phase, Abcg2-KO CSP cells undergo primarily asymmetric cell division as evidenced by
asymmetric partitioning of the cell fate determinants a-adaptin and numb. However, the
fate of the CSP cell inheriting the fate determinants remains to be determined. Studies in
drosophila have suggested that the cell that inherits numb will acquire a differentiation fate
[143]. Co-expression analyses of fate determinants and cardiac differentiation markers will
provide a definitive answer. Moreover, live cell imaging of cell division would allow tracking
of fate determinants and visualization of the cell decisions. The identification of
mitochondria asymmetric partitioning during cell division provides a useful tool for such
experiments [193, 194]. Labeling of mitochondria with mitotracker dyes could bypass the

need for the use of fate determinant reporter constructs.
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The molecular mechanism by which Abcg2 regulates the asymmetric division and
the cell cycle duration of CSP cells still remains unclear. Among other DNA-damage
responsive genes, the stress sensor p53 was found to be up-regulated in Abcg2-KO CSP
cells. Several studies have reported a key role for p53 in the regulation of asymmetric cell
kinetics [158-163]. Induction of p53 expression in epithelial stem cells, as well as
restoration of p53 levels in p53-deficient fetal fibroblasts resulted in a switch from
symmetric cell divisions to asymmetric divisions [158, 159]. Furthermore, stabilization of
p53 expression in ErbB2 mammary cancer stem cells that are characterized by reduced p53
expression, promoted their asymmetric division [162]. Regulation of asymmetric cell
kinetics by p53 has been proposed to occur through down-regulation of the rate-limiting
enzyme for guanine nucleotide synthesis, IMPDH (inosine 5’-monophosphate
dehydrogenase) [160, 164]. Abcg2 is a membrane transporter primarily responsible for the
cytoplasmic clearance of cytotoxic compounds [195]. It is likely that in cells lacking Abcg2,
the accumulation of toxic compounds may promote stress-induced DNA damage and p53
activation and therefore an increase in p53-induced asymmetric division. Additional
studies are required to address the direct role of Abcg2 in asymmetric cell division of CSP

cells.

The definition of stem cell asymmetric division is the generation of one stem cell
(self renewal) and a committed cell within one division cycle. Likewise, my data reveal that
in addition to the predominance of asymmetric division, Abcg2-KO CSP cells exhibit
increased cardiomyogenic differentiation capacity. This finding is consistent with work
from hematopoietic and retinal stem cells where over-expression of Abcg2 led to increased
cell expansion and adversely affected their lineage commitment [65, 89, 196]. The

mechanism regulating the changes in Abcg2 expression during proliferation and
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differentiation remains unclear. More recently, Zong et al identified three Abcg2 isoforms
(E1A, E1B and E1C) differing in their 5’UTR sequence and proposed that in different
hematopoietic developmental stages the differential expression of these isoforms controls
Abcg?2 levels. Namely, E1A isoform was primarily expressed in mouse HSCs whereas in

erythroid cells, E1B was the predominant form [197].

My work has shown that Abcg2 promotes CSP cell proliferation and more
particularly cell cycle progression and at the same time represses their asymmetric division
and differentiation. These data suggest that regulation of Abcg2 expression is a key factor in
the maintenance of cardiac stem/progenitor cell pool. This notion is further highlighted by
the finding that Abcg2 plays a protective role against DNA damage and cell death. In this
context, the prevalence of asymmetric divisions in Abcg2-KO cells could promote in
addition to cell commitment, the asymmetric segregation of cytotoxic molecules such as
misfolded proteins to one daughter cell that would get eliminated thus allowing stem cell

self-renewal [155, 156].
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ABCG2 AS A KEY PLAYER IN POST-MI CARDIAC REMODELING

The observation that Abcg2-KO mice develop normally and exhibit a normal cardiac
phenotype [198] implies that under physiological conditions, efficient functional
compensation exists. Therefore, my in vivo work focused on the investigation of the impact
of Abcg2 inhibition under myocardial injury conditions. My data reveal data that Abcg?2
deficiency leads to increased mortality post-MI accompanied by cardiac hypertrophy and
significantly larger infarcts compared to WT animals. These data are in complete agreement
with recently published work by Higashikuni et al in Abcg2-KO female mice [126, 127]. The
authors observed increased mortality four to six days post-MI due to cardiac rupture and
increased cardiac hypertrophy and infarct size [126]. Moreover, in pressure-overload
induced cardiac hypertrophy Abcg2-KO animals exhibited decreased capillary density and
size and exacerbated oxidative stress and inflammation [126]. In my study, cardiac rupture
was observed rarely. This could be due to the different gender of animals used. Indeed

female gender is one of the risk factors of cardiac rupture following MI [199, 200].

Furthermore, consistent with the aforementioned reports, Abcg2-KO hearts were
found to have smaller capillaries suggesting inefficient oxygenation of the tissue. Based on
my in vitro data and a number of reports, Abcg2 acts as a pro-survival factor, however, no
differences in total cell and cardiomyocyte death were observed between WT and Abcg2-KO
mice post-MI. Further experiments need to be performed in order to elucidate the specific
cell type mostly affected by Abcg?2 deficiency. A possible target could be endothelial cells
since lack of Abcg2 impairs survival of microvascular endothelial cells in oxidative stress

conditions [126].
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In line with my in vitro data, my work further demonstrates that Abcg2-KO animals
exhibit cardiac regenerative capacity in the infarct area four days post-MI albeit at a smaller
extent compared to WT. Moreover, in CSP cells, lack of Abcg2 resulted in major inhibition of
their proliferative response following MI. These results are in agreement with the increased
asymmetric division and cardiomyogenic differentiation observed in Abcg2-KO CSP and
lead to the hypothesis that although Abcg2 deficient CSP cells are markedly decreased post-
MI their cardiomyogenic potential is such that allows significant regeneration of the lost
tissue. The difference in newly formed cardiomyocytes between WT and Abcg2-KO mice is
marginal while the difference observed in CSP cell proliferation is quite striking. It can be
speculated that following injury WT CSP cells undergo primarily symmetric divisions and
thus increase in number while Abcg2-KO cells divide asymmetrically and contribute more
efficiently to the regeneration of the lost tissue. However, four days post-MI is a very short
period to observe significant contribution of regeneration to cardiac repair. Therefore, the
increased mortality observed in Abcg2-KO mice cannot be explained by the lack of
progenitor cells. Further experiments, including generation of smaller infarct, or the choice
of different injury model such as pressure overload (TAC) or ischemia reperfusion that
would result in milder insult, would allow the study of the animals for several weeks
following injury and provide more insightful information regarding cardiac regeneration. It
is noteworthy, that one week following a one hour ischemia-reperfusion injury did not
reveal any differences in cardiac function between WT and Abcg2-KO animals. However,

Abcg2-KO animals demonstrated increased regenerative potential.

Based on the effect of Abcg2 in vivo in the MI setting, it is reasonable to suggest that

manipulation of Abcg2 expression following injury could permit an initial enrichment of the
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progenitor cell pool (high Abcg2 expression) and subsequent regeneration of the lost tissue

(inhibition of Abcg2 expression).

CONCLUSIONS

Overall my work on Abcg2 reveals a previously unappreciated player in the
regulation of cardiac stem cell biology and cardiac regeneration. Further investigation of the
complex role of this transporter will contribute to our understanding of cardiac
regeneration and will provide additional knowledge towards the development of stem cell-
based therapies for cardiovascular diseases. Moreover, understanding the function of Abcg2
is of great significance in cancer research. Abcg2 is a cancer drug transporter up-regulated
in several forms of cancer. The regulation of symmetric and asymmetric division by Abcg2
could be a subject of further investigation since deregulated asymmetric division in cancer

stem cells can result in cancer formation [157].

My work introduces Abcg2 as multi-functional protein affecting several aspects of
cellular biology. Moreover, the large variety of substances transported by Abcg?2 reflects its
involvement in a multitude of cellular processes. The manipulation of Abcg2 expression
could be an efficient approach in stem cell therapy for cardiac failure patients. Autologous
stem cell transplantation for patients with cardiac injury requires stem cell expansion in
large numbers in a short period of time. Activation of Abcg2 in culture would allow the
rapid expansion of the cells while inhibition of the transporter’s expression before re-
implantation would activate differentiation. However, extensive work and characterization
of the exact function of Abcg?2 is imperative before moving to the clinic. The identification of
metabolites transferred by Abcg2 responsible for its action in CSP cells is of outmost

importance not only for cardiovascular research but also for stem cell research in general as
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well as for the cancer field. The possibility to mimic the function of Abcg2 through
pharmacological means would provide an easier, safer and inexpensive therapeutic

alternative.
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Chapter 4

Isolation of Resident Cardiac Progenitor Cells
by Hoechst 33342 Staining

Otmar Pfister, Angelos Oikonomopoulos, Konstantina-loanna Sereti,
and Ronglih Liao

Abstract

Cardiac resident stem /progenitor cells are critical to the cellular and functional integrity of the heart by
maintaining myocardial cell homeostasis. Given their central role in myocardial biology, resident cardiac
progenitor cells have become a major focus in cardiovascular research. Identification of putative cardiac
progenitor cells within the myocardium is largely based on the presence or absence of specific cell surface
markers. Additional purification strategies take advantage of the ability of stem cells to efficiently efflux
vital dyes such as Hoechst 33342. During fluoresence activated cell sorting (FACS) such Hoechst-
extruding cells appear to the side of Hoechst-dye retaining cells and have thus been termed side popula-
tion (SP) cells. We have shown that cardiac SP cells that express stem cell antigen 1 (Sca-1) but not CD31
are cardiomyogenic, and thus represent a putative cardiac progenitor cell population. This chapter
describes the methodology for the isolation of resident cardiac progenitor cells utilizing the SP pheno-
type combined with stem cell surface markers.

Key words: Hoechst 33342, FACS, Side population (SP), Cardiac progenitor cells

1. Introduction

The identification of resident cardiac stem cells with the potential
to differentiate into multiple cardiac cell lineages has added an
important new dimension to myocardial biology. In order to
properly study cardiac stem cells, reliable methods for the identi-
fication and isolation of putative cardiac stem cells are crucial.
Over the last 5 years several isolation protocols have been
published (1-5). Most of these protocols rely on the presence of
stem-cell associated cell surface markers including stem cell
antigen 1 (Sca-1), the receptor for cytokine stem cell factor, steel
factor (c-kit), as well as the ATP-binding cassette (ABC) transporters

Randall J. Lee (ed.), Stem Cells for Myocardial Regeneration: Methods and Protocols, Methods in Molecular Biology, vol. 660,
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Mdrl and Abcg2, and the absence of cell-lineage markers, including
lineage, CD45, and CD31, among others (2, 4-7). While
enzymatic tissue digestion potentially alters the expression of cell
surface markers via cleavage (e.g., c-kit), ABC-transporter activity
is not affected by the digestion process (5).

Functionally, ABC-transporter activity can be conveniently
and reliably assessed by challenging cells with the DNA-binding
dye Hoechst 33342 (8, 9). Upon Hoechst 33342 exposure,
ABC-transporter-competent cells efficiently clear the fluorescent
dye Hoechst 33342, thereby becoming “Hoechst-low.” Putative
stem cells are thus identified as the cellular fraction with the low-
est Hoechst fluorescence intensity during fluorescence-activated
cell sorting (FACS) (8). As Hoechst-low cells characteristically
appear to the side of Hoechst dye retaining cells in the FACS
profile, Hoechst-low cells have traditionally been termed side
population (SP) cells. ABC-transporter activity is ATP and cal-
cium dependent, thus, blocking of the ATP-binding site by the
calcium channel blocker verapamil abolishes the Hoechst-efflux
phenomenon. Hence, verapamil is commonly used to document
the specificity of the SP pattern during FACS analysis (10).

Utilizing Hoechst 33342 dye staining to identify mononu-
clear cells containing stem cell activity was first introduced by
Goodell et al. (8). In their seminal work, the authors demon-
strated that Hoechst-extruding SP cells isolated from bone mar-
row are enriched in hematopoietic stem cell properties.
Subsequently, the SP phenotype has been used to isolate stem/
progenitor cells successfully from various solid tissues (10). We
have modified the protocol by Goodell et al. and established a
protocol exclusively for the isolation of SP cells from adult myo-
cardium (5). The myocardium contains a subset of cardiac pro-
genitor cells that express the ABC transporters Abcg2 and Mdrl
necessary for Hoechst-extrusion (Fig. 1). In fact, the Hoechst
efflux ability, i.e., SP phenotype, of cardiac SP cells is regulated by
both Abcg2 and Mdrl in an age-dependent fashion (11). Thus,
developmental status and age might significantly impact the yield
and phenotype of cardiac SP cells. To further isolate the stem/
progenitors with higher cardiomyogenic potential, we have com-
bined SP isolation techniques with immunostaining for Sca-1 and
CD31 to select for Sca-1+/CD31- cardiac S, a sub population
of cardiac SP cells with enriched cardiomyogenic potential (5).

2. Materials

2.1. Enzymatic
Digestion of Murine
Hearts

1. Collagenase B, lyophilizate (Roche Applied Science). The
final concentration for the digestion is 0.1%. Store dry at 4°C
and protected from light.
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Fig. 1. Cardiac SP cells expressing Abcg2 and Mdr1. Freshly isolated cardiac SP cells stained for Mdr1 (green) and Abcg2
(red). The nuclei were stained with DAPI (blug).

2.2. Hoechst 33342
Incubation

. Dispase 11, lyophilizate (Roche Applied Science). The final

concentration for the digestion is 2.4 U/ml in 5.56 mM glu-
cose, 138 mM NaCl, 5.4 mM KCI, and 4.16 mM NaHCO,.

. CaCl,. The final concentration for the digestion is 2.5 mM.
4. Hanks Balanced Salt Solution (HBSS) buffer: HBSS (Invitrogen)

supplemented with 2% fetal bovine serum (GIBCO) and 10 mM
HEPES.

. Hoechst 33342 (Sigma Aldrich) dissolved in water at a final

concentration of 1 mg,/ml, filter sterilized.

. High glucose Dulbecco’s Modified Eagle’s Medium (DMEM)

buffer: DMEM (Cellgro) supplemented with 2% fetal bovine
serum (GIBCO) and 10 mM HEPES.

. Verapamil (Sigma) 5 mM stock solution in 95% ethanol.
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2.3. Cell Surface
Antigen Staining

2.4. FACS Analysis
and Sorting

1. HBSS bufter: Hanks Balanced Salt Solution (HBSS)
(Invitrogen) supplemented with 2% fetal bovine serum
(GIBCO) and 10 mM HEPES.

2. Sca-1 antibody: Phycoerythrin (PE) conjugated rat antimouse
(BD Pharmingen). Isotype control PE Rat IgG2a, k¥ (BD
Pharmingen).

3. CD31 antibody: Allophycocyanin (APC) conjugated rat anti-
mouse (BD Pharmingen). Isotype control APC Rat IgG2a, k¥
(BD Pharmingen).

4. Flow cytometers: MoFlo (Cytomation, Inc). FACSAria (BD
Bioscience).

1. FACS tubes (BD Pharmingen).
2. Filters (40 um and 70 um, BD Pharmingen).

3. Propidium iodide (PI) (Sigma) is dissolved in water at
200 pg/ml and stored in small aliquots at -20°C. PI is used
at a final concentration of 2 ug/ml.

3. Methods

3.1. Enzymatic
Digestion of Murine
Hearts

This Hoechst SP cell purification protocol was established for the
isolation of murine cardiac SP progenitor cells from C57Bl/6 and
FVB mice. It is important to note that total cardiac SP cell yield,
as well as the proportion of Sca-1+/CD31- cardiac SP cells, is
age dependent with higher SP cell numbers in neonatal hearts
compared to adult hearts (5). According to our experience with
the aforementioned mouse strains, an average of 0.8 +0.2% car-
diac SP cells can be expected in mice 10-12 weeks of age.

As the ability to discriminate Hoechst low SP cells is based on
an active biological process, namely the energy dependent efflux
ot Hoechst 33342 by the ABC-transporters Abcg2 and Mdrl
(11), careful attention must be applied to the staining conditions
in order to obtain an optimal resolution for the FACS profile.
Correct Hoechst concentration, accurate cell counting, exact
staining time, and staining temperature are critical. In order to
prohibit further dye efflux after the staining process, it is crucial
to keep the cells at 4°C until the FACS analysis is performed.

1. Make fresh digestion buffer containing 0.1% Collagenase B,
2.4 U/ml Dispase II, CaCl, 2.5 mM. Prewarm this digestion
buffer in a 37°C water bath prior to use. Utilize 5 ml diges-
tion buffer per mouse-heart. For pooled hearts digestion, cal-
culate the total amount of digestion buffer accordingly (Note
that for optimal digestion, it is best to pool no more than four
hearts).
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2. Anesthetize the mouse with pentobarbital (65 mg/kg body

weight i.p.). Note that alternative methods of anesthesia can
be used in accordance with the individual Institutional Animal
Care and Use Committee’s guidelines and approval. Once
the mouse is fully anesthetized, wipe the chest region gently
with 70% ethanol. Cut the rib cage to expose the thoracic
cavity. Open the thorax to expose the heart and flush the
heart with 10 ml PBS. Use forceps to lift and cut the heart
out and then place the heart immediately on ice in a culture
dish containing cold PBS to wash away any residual blood.

3. After washing, remove all PBS and place the hearts in a

60x15 mm culture dish. Trim away the great vessels and
atria. Cut the hearts with sterile scissors into small pieces and
further mince with a sterile razor blade. Add 5 ml digestion
buftfer per heart for single heart digestion or 20 ml per four
hearts for pooled hearts digestion. Thoroughly homogenate
the minced cardiac tissue in digestion buffer by passing
through a 2 ml pasteur pipette multiple times. Incubate at
37°C for 30 min and ensure that the tissue is entirely sub-
merged in the digestion buffer. During the 30 min incuba-
tion time, pass the tissue homogenate through the pasteur
pipette one more time about 15 min into the incubation
period in order to disrupt connective tissue.

. Following 30 min of incubation, stop the enzymatic reaction

by diluting the digestion buffer with equal volumes of cold
HBSS butffer, and filter through a 70 um filter. Centrifuge at
530 g for 5 min at 4°C and carefully remove the supernatant.
Resuspend the cells in the same HBSS buffer as described
previously followed by filtering cells again through a 40 um
filter. Take 10-20 pl of this cell suspension and count the
mononucleated cells with a haemocytometer. Note that cell
counting is the most crucial step of the entire isolation proce-
dure and one must be sure to not include erythrocytes in the
total cell count. Any counting errors that might occur in the
cell counting will lead to the incorrect Hoechst dye /total cell
number ratio in the subsequent Hoechst staining. We find an
average number of 3-5x10° cardiomyocyte-depleted mono-
nucleated cells per heart from a ~10-week-old C57Bl/6
mouse.

As the Hoechst staining procedure is temperature sensitive, it is
of utmost importance to ensure that the water bath is set precisely
at 37°C. Temperature fluctuations during incubation should be
avoided if possible.

1. Centrifuge the cell suspension at 530 g for 5 min at 4°C and

carefully remove the supernatant. Resuspend the cells at 10°
cardiomyocyte- and erythrocyte-depleted (Notes 1 and 2)
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3.3. Cell Surface
Antigen Staining

3.4. FAGS Analysis

mononucleated cells per ml in prewarmed (37°C) DMEM
buffer (DMEM buffer refers to the DMEM media containing
FBS and HEPES as described in Subheading 2.2 above) and
add Hoechst 33342 to a final concentration of 1 pg/ml
(Note 3). Mix the cells and Hoechst dye well and place the
tubes in a 37°C water bath protected from light for exactly
90 min. It is important to ensure that the temperature in each
tube is maintained precisely at 37°C. During the 90-min
incubation time period, gently shake the tubes in order to
remix the cell suspension every 15 min.

2. Always prepare a negative control sample by including vera-
pamil (50 uM) during the entire Hoechst staining procedure.
Verapamil blocks the ABC-transporter dependent Hoechst
dye efflux and thus will serve to distinguish Hoechst retaining
cells from SP cells upon FACS analysis. Because this negative
control sample determines the threshold of the respective SP
gate, it is an essential element of the SP analysis and should be
included in each staining protocol.

3. After the 90 min incubation time, stop the reaction by
placing the tubes on ice and spin the cells down at 530 g for
5 min at 4°C. Remove the supernatant and resuspend cells in
cold HBSS bufter. Wash cells twice with cold HBSS bulffer.
At this point, samples are ready for FACS analysis or for
surface marker staining (for details see the section below) for
additional subpopulation selection or analysis. It is important
to note that from this point onward all further manipulations
should be performed at 4°C (on ice).

After the last washing step (step 3 in the section described
above), resuspend cells at 10° cells per 100 pl cold HBSS bufter
and stain with PE-conjugated rat antimouse antibody reactive
to Sca-1 and APC-conjugated rat antimouse antibody reactive to
CD31 at a concentration of 1,/100. Incubate samples in the dark
for 30 min at 4°C. After incubation, wash cells twice in cold
HBSS buffer and proceed with FACS analysis. Propidium
iodide (PI) (2 pug/ml) or 7-AAD (7-Amino-actinomycin D)
(0.25 pg/108cells) is added to each sample prior to FACS analy-
sis to exclude dead cells.

FACS can be performed in any commercially available flow
cytometer equipped with ultraviolet (UV) laser with the capacity
to excite at 350 nm and to collect emissions at 450 and 650 nm.
We have satisfactory experience with several different flow cytom-
eters including MoFlo and FACSAria equipped with triple lasers.
The availability of an UV laser to excite the Hoechst dye is a
prerequisite for performing Hoechst dye efflux analysis. Hoechst
dye is excitable at the wavelength of 350 nm (UV range) and its
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dual emission fluorescence is measured at 450—480 nm (Hoechst
blue) and 650-680 nm (Hoechst red). A long pass dichroic mir-
ror is used to separate the emission wavelengths. Note that the
precise excitation and emission wavelengths may differ slightly
depending on the setup of the given instrumentation, though it
should fall within the excitation and emission spectrum of
Hoechst 33342 dye. It is reccommended to consult with an expe-
rienced FACS operator and the user manual of each flow cytom-
eter (Note 4).

For those with limited experience in FACS and/or SP cell
isolation, it is recommended to perform dose-dependent studies
with various concentrations of Hoechst 33342 dye to cell number
ratio. This dose-dependent experiment in combination with vera-
pamil will help to determine the optimal concentration of Hoechst
dye per given cell number. During the analysis and /or sorting, it
is recommended that samples be kept on ice to maintain the qual-
ity of the specimen. Moreover, PI or 7-AAD positive cells repre-
sent nonviable cells, and should be excluded from the subsequent
analysis by proper gating. As showed in Fig. 2, the percentage
of Hoechst low or negative cells increases as the Hoechst con-
centration is lowered (Fig. 2a—c). This phenomenon is due to
intrinsic Hoechst efflux abilities of ABC-transporters. When the
Hoechst concentration is much lower than the capacity of ABC-
transporters, Hoechst low cells or SP profile is artificially increased,
whereas, when the Hoechst concentration exceeds the efflux
capacity of ABC-transporters, the cells appearing as Hoechst low
decrease drastically, leading to an incorrect SP profile. As such,
Hoechst dose-dependent studies in combination with verapamil
will aid in determining an optimal Hoechst/cell number ratio.
Using this method, we find that 1 pg/ml Hoechst is the best
concentration (Fig. 2b) to obtain a SP profile that can com-
pletely be inhibited by verapamil (Fig. 2¢), with a lower or higher
Hoechst concentration leading to understaining and overstain-
ing, respectively.

Once the optimal Hoechst concentration has been selected,
SP cells may be obtained as described below.

1. Nonviable or dead cells are excluded by displaying PI or
7-AAD (vertical axis) versus forward scatter parameters.
Then, the Hoechst Blue versus Red profile is displayed, with
Blue on the vertical axis (405 BP filter) and Red (660 LP fil-
ter) on the horizontal axis on linear scale. For voltage adjust-
ments, it is important to put detectors in linear mode. Voltages
are adjusted in a way that contaminating erythrocytes are
located in the lower left corner and the bulk of nonerythro-
cytes are centered (Fig. 3). Once such a profile is displayed,
draw a gate excluding erythrocytes and display the gate in a
new window. For cardiac SP analysis, we recommend to collect
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Fig. 2. (a—e) Titration of the optimal Hoechst/cell number ratio. Characteristic FACS dot-plot of Hoechst-stained cardiac
cells with Hoechst red fluorescence on the horizontal and Hoechst blue fluorescence on the vertical axis. The boxed area
depicts the region of Hoechst-low side population (SP) cells. The number of Hoechst-extruding SP cells within the boxed
area is directly dependent on the Hoechst-concentration (Hoechst/cell number ratio). An inappropriately low Hoechst/cell
number ratio (understaining) leads to an excess in SP cells (a) because of nonspecificity as demonstrated by the incom-
plete inhibition of the SP phenotype after coincubation with the ABC-transporters inhibitor verapamil (d). An inappropri-
ately high Hoechst/cell number ratio (overstaining) overwhelms the ability of ABC-transporters and thus, dramatically
reduces the percentage of SP cells (¢ +f). The optimal Hoechst/cell number ratio provides a robust SP population (b) that
is entirely inhibited after coincubation with verapamil (e).

a minimum of 100,000 events within this gate. With optimal
resolution, the cardiac SP profile should appear as shown in
Fig. 2b, with SP cells located in the boxed area.

2. Confirm the specificity of the SP profile using the negative
control (sample coincubated with verapamil and Hoechst).
In this sample, no cells should appear in the boxed area
(Fig. 2e).

3. After confirming the right position of the SP gate, sort SP cells
in desired media. The SP population can be further purified
oranalyzed bystaining with various surface markers. PE-conjugated
rat antimouse antibody reactive to Sca-1 and APC-conjugated
rat antimouse antibody reactive to CD31 at a concentration
of 1/100 have previously been used by our laboratory.
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Fig. 3. Separation of Hoechst-stained cardiac cells from nonstained erythrocytes. For separation of Hoechst-stained
cardiac cells from Hoechst-negative erythrocytes voltage of FACS detectors should be adjusted in linear mode in a way
that contaminating erythrocytes are located in the lower left corner and the bulk of nonerythrocytes (Hoechst-stained
cardiac cells) are centered.

Incubate samples in the dark for 30 min at 4°C. FACS analysis
is preformed following the incubation and washout. Within
the SP gate (boxed area), one can further display the expres-
sion of Sca-1 and CD31, alone or in combination, in a new
dot plot with APC on the vertical axis and PE on the horizon-
tal axis as shown in Fig. 4.

4. Notes

. In our hands, the combination of collagenase B and dispase 11

reliably digests all mature cardiomyocytes, thus the resulting
cardiac cell suspension is free from contaminating cardiomyo-
cytes and no additional purification is needed. Other groups
have used different digestion protocols, using pronase (2) for
tissue digestion followed by a 30-70% Percoll gradient to
remove residual cardiomyocytes to obtain cardiomyocyte-free
cardiac cell suspensions for cardiac SP cell analysis.

. Red blood cell lysis buffer or Ficoll gradient can be used to

remove excess red blood cells.

. As cell counting may vary quite a bit among users, 1 ug,/ml

Hoechst should not be the generalized concentration for
everyone. Therefore, it is necessary to perform Hoechst
dose-dependent curves in combination with verapamil to
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Fig. 4. Further purification by cell surface antigen staining. Subpopulations of cardiac SP
cells according to Sca-1/CD31 staining. FACS analysis of cardiac SP cells following
Sca-1 and CD31 labeling demonstrating that Sca-1+/CD31+ represent the majority, and
Sca-1+/CD31- the minority of total cardiac SP cells.

determine the optimal Hoechst/cell number ratio per ml
solution.

4. For the best results, it is reccommended to work with low dif-
ferential pressures and low velocities during FACS analysis.
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Cellular Biology

Wnt Signaling Exerts an Antiproliferative Effect on Adult
Cardiac Progenitor Cells Through IGFBP3

Angelos Oikonomopoulos, Konstantina-loanna Sereti, Frank Conyers, Michael Bauer, Annette Liao,
Jian Guan, Dylan Crapps, Jung-Kyu Han, Hanhua Dong, Ahmad F. Bayomy, Gabriel C. Fine,
Karen Westerman, Travis L. Biechele, Randall T. Moon, Thomas Force, Ronglih Liao

Rationale: Recent work in animal models and humans has demonstrated the presence of organ-specific
progenitor cells required for the regenerative capacity of the adult heart. In response to tissue injury,
progenitor cells differentiate into specialized cells, while their numbers are maintained through mechanisms
of self-renewal. The molecular cues that dictate the self-renewal of adult progenitor cells in the heart,

however, remain unclear.

Objective: We investigate the role of canonical Wnt signaling on adult cardiac side population (CSP) cells under

physiological and disease conditions.

Methods and Results: CSP cells isolated from C57BL/6J mice were used to study the effects of canonical Wnt
signaling on their proliferative capacity. The proliferative capacity of CSP cells was also tested after injection of
recombinant Wnt3a protein (r-Wnt3a) in the left ventricular free wall. Wnt signaling was found to decrease the
proliferation of adult CSP cells, both in vitro and in vivo, through suppression of cell cycle progression. Wnt
stimulation exerted its antiproliferative effects through a previously unappreciated activation of insulin-like
growth factor binding protein 3 (IGFBP3), which requires intact IGF binding site for its action. Moreover,
injection of r-Wnt3a after myocardial infarction in mice showed that Wnt signaling limits CSP cell renewal,
blocks endogenous cardiac regeneration and impairs cardiac performance, highlighting the importance of
progenitor cells in maintaining tissue function after injury.

Conclusions: Our study identifies canonical Wnt signaling and the novel downstream mediator, IGFBP3, as
key regulators of adult cardiac progenitor self-renewal in physiological and pathological states. (Circ Res.

2011;109:1363-1374.)

Key Words: cardiac side population cells m Wnt signaling m cardiac regeneration m stem cells m proliferation

ccumulating evidence over the past decade in both
humans and animal models has documented the pres-
ence of endogenous progenitor cells in adult myocardium.'-¢
In response to local tissue injury, cardiac progenitor cells
differentiate into specialized cells, while the pool of progen-
itor cells is maintained, in part, through self-renewal and
enhanced proliferation.”® However, the molecular cues and
signaling pathways that dictate the homeostasis of adult
progenitor cells and in particular their self-renewal, in phys-
iological and pathological states, remain unclear.
Wnt ligands constitute a family of 19 secreted glycopro-
teins that act as key regulators of cellular function during

development, adulthood, and disease.?!® Several reports have
proposed time and context dependent roles for Wnt signaling
in cardiogenesis and progenitor cell biology.!" Studies in
chick and Xenopus embryos have demonstrated that inhibi-
tion of Wnt signaling is required for cardiac differentia-
tion,'>'3 whereas Wnt signaling has also been found to
promote cardiomyogenesis in Drosophila and embryonic
carcinoma P19 cells.'#!5 Moreover, early in gastrulation, Wnt
ligands activate a cardiac differentiation program, whereas at
later stages they act as potent inhibitors of the cardiomyo-
genic differentiation.!®!'7 Recent genetic studies have demon-
strated that the canonical Wnt signaling cascade promotes the
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Non-standard Abbreviations and Acronyms
CSP cardiac side population

IGF insulin growth factor

IGFBP3 insulin growth factor binding protein 3
Mi myocardial infarction

SP side population

proliferation of neonatal and embryonic Isl-1* cardiac pro-
genitors in vitro and in vivo.!¥-20 Little is known, however,
regarding the role of Wnt signals in modulating adult pro-
genitor cell populations.

Side population (SP) cells were initially identified based on
their unique ability to efflux the DNA binding dye Hoechst
33342,2! and were found to retain the long-term regenerative
potential of bone marrow. Subsequently, SP cells were
identified in various adult tissues/organs including adult
myocardium.?? Cardiac SP (CSP) cells are enriched in Scal
but do not express c-kit or Isl-1.¢ More importantly, CSP cells
are found to be capable of differentiation into functional
cardiac myocytes in vitro or in vivo after myocardial infarc-
tion (MI).>23-25 We demonstrate that in contrast to previous
work in embryonic or early postnatal stem cells, Wnt signal-
ing negatively regulates the proliferation of adult CSP pro-
genitor cells, both in vitro and in vivo, through suppression of
cell cycle progression. Moreover, Wnt activation exerts its
antiproliferative effects through a previously unappreciated
activation of IGFBP3, which is found to require intact IGF
binding site for its action. Importantly, activation of Wnt
signaling was found to limit CSP cell renewal after MI,
impair endogenous regenerative capacity, and worsen
post-MI structural and functional remodeling. Overall, our
study represents the first investigation of the role of canonical
Whnt pathway in the homeostasis of adult cardiac progenitor
cells in both physiological and pathological states and high-
lights the importance of cardiac progenitor cells in maintain-
ing tissue function after injury.

Methods

An expanded Methods section describing all procedures and
protocols is available in the Online Data Supplement at
http://circres.ahajournals.org.

Animals

C57BL/6J male and female mice (8—12 weeks old) were purchased
from Jackson Laboratory (Jackson East, MP 15). All animal proce-
dures and handling were performed under the guidelines of Harvard
Medical School, the Longwood Medical Area Institutional Animal
Care and Use Committee (IACUC), and the National Society for
Medical Research. MI was generated in C57BL/6J female mice as
previously described.?¢ MI size was estimated using histological
imaging of three transverse myocardial sections (base, midpapillary,
and apex) after staining with Masson trichrome, as previously
described.?”

Intramyocardial Injection of Recombinant Wnt3a
or Recombinant IGFBP3

Ten microliters of recombinant Wnt3a (r-Wnt3a, 400 ng) or recom-
binant IGFBP3 (r-IGFBP3) proteins (1000 ng) (R&D) or vehicle

(PBS) was given by intramyocardial injection into 3 sites of the left
ventricular free wall of nonsurgically operated female mice
(r-Wnt3a) or into the infarct/border zone area of mice immediately
after MI (r-Wnt3a or r-IGFBP3).

Heart Fixation and Histology

One day after echocardiographic measurements, animals were eu-
thanized and hearts were fixed at an end-diastolic pressure of
5 mm Hg, using a Langendorff apparatus. For details, see Methods in
the Online Data Supplement.

Echocardiography

Echocardiography was performed 1 day before MI and 7 days after
MI using a high-resolution, high-frequency digital imaging system
(Vevo 2100, VisualSonics), as previously described.?® For details,
see Methods in the Online Data Supplement.

FACS Analysis

FACS was performed using a FACSAria (Becton Dickinson, BD)
equipped with 3 lasers (488 nm, 633 nm, 355 nm). Hoechst 33342
dye was excited by an UV (355 nm) laser. Acquired data were
analyzed by FACSDIVA software (BD Biosciences).

RNA Isolation and RT-PCR

RNA was extracted from CSP cells using Trizol reagent (Invitrogen)
followed by RNeasy Mini Kit (Qiagen). Genomic DNA was re-
moved using Turbo-DNA free kit (Ambion). cDNA was generated
using a reverse transcription synthesis kit (Bio-Rad) and RT-PCR
was performed in a MyiQ cycler (Bio-Rad). Primer sequences are
available on request.

Luciferase Assays

Luciferase activity was measured using a dual luciferase kit (Pro-
mega). Cell lysates were prepared from trypsinized CSP cells and
used to determine the values of Firefly and Renilla luciferases, with
a 20/20" Luminometer (Turner Biosystems).

Statistical Analysis

Statistical differences were evaluated using 1-way ANOVA analysis
and Student unpaired ¢ test, using GraphPad Prism (Version 5.03).
Data are presented as mean=SEM. A probability value =0.05 was
considered statistically significant.

Results

Wnt3a Negatively Regulates the Growth Potential
of CSP Cells Both In Vitro and In Vivo

Given the context dependency of Wnt signaling, we
examined the role of Wnt signals in mediating the prolif-
erative capacity of adult CSP cells. Under unstimulated
conditions, application of recombinant SFRP2 (Soluble
Frizzled-related Protein 2), a known Wnt antagonist,?® did
not affect the proliferation capacity of CSP cells in vitro,
suggesting that Wnt activity in baseline CSP cells in vitro
is relatively low (Online Figure I). Treatment of CSP cells
with increasing doses of Wnt3a-conditioned medium
(Wnt3a-CM) resulted in a gradual activation of the canon-
ical Wnt signaling pathway, as assessed by a T-cell
factor-controlled luciferase reporter assay3? and a respec-
tive decrease in CSP cell number, in comparison to
vehicle-conditioned medium treated cells (Figure 1A and
1B). A similar decrease in cell proliferation in response to
activation of canonical Wnt signaling was also observed in
CSP cells treated with recombinant Wnt3a protein (r-
Wnt3a) (Figure 1C and 1D). Likewise, BIO ((2'Z, 3'E)-6-
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Figure 1. Canonical Wnt signaling
pathway mediates antigrowth effects
on CSP cells. Treatment of CSP cells
with increasing concentrations of A,
Wnt3a-CM (n=3); C, r-Wnt3a (n=3); and
E, BIO (n=6) activated the canonical

Whnt signaling pathway, as measured by
the T-cell factor-luciferase reporter
assay. Corresponding proliferation
assays using the same dosages of B,
Wnt3a-CM (n=4); D, r-Wnt3a (n=4); and
F, BIO (n=6) revealed decreased growth
capacity of CSP cells. T-cell factor-lu-

ciferase activity is measured in relative
light units (RLU). Analysis of CSP cell
number in G, the vehicle- or r-Wnt3a-
injected areas (left ventricular free wall)
(vehicle, n=14; r-Wnt3a, n=16), and in
H, the remote areas from the injection
sites (atria, septum, right ventricle) (vehi-
cle, n=12; r-Wnt3a, n=13). Data are
mean=+SEM. *P=0.05 all samples to
respective vehicle, #°=0.05, Wnt 10%
to Wnt 30%; BIO, 1 umol/L to BIO

2 umol/L and BIO 5 umol/L; §P=0.05,
BIO 2 umol/L to BIO 5 umol/L. Cell
number in fold change presented in B,
D, and F is normalized to respective
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Bromoindirubin-3'-oxime), a GSK-3 inhibitor, caused a
comparable decline in CSP cell number with correspond-
ing activation of the Wnt pathway (Figure 1E and 1F). We
further examined the antiproliferative effects of Wnt sig-
naling on CSP cells in vivo, with direct intramyocardial
injection of r-Wnt3a protein into the LV free wall of
normal adult mouse hearts. Injection of r-Wnt3a substan-
tially reduced the number of CSP cells (Figure 1G) in the
injected area relative to vehicle, whereas the number of
CSP cells remote to the injection site (atria, septum and
right ventricle) remained unchanged (Figure 1H).

Vehlicle

r-Wnt3a

Wnt3a Directly Alters the Cell Cycle Progression
of Adult CSP Cells

To further investigate the antiproliferative effect of canonical
Wht signaling on CSP cells, we examined the effect of Wnt3a
on cell cycle progression in CSP cells. Treatment of CSP cells
with Wnt3a-CM led to a drastic reduction of cells residing in
the cell cycle S phase, as evidenced by decreased BrdU
incorporation (Figure 2A through 2C). Moreover, activation
of canonical Wnt signaling decreased the fraction of CSP
cells residing in the cell cycle M phase, as shown by
immunostaining for the phosphorylated form of histone H3
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Figure 2. Activation of the canonical Wnt signaling pathway in CSP cells blocks cell cycle progression. Inmunocytochemical
analysis of A, BrdU incorporation (n=5), and D, expression of p-H3 (n=4) in CSP cells, after treatment with Wnt3a-conditioned medium
(Wnt3a-CM) or vehicle. Representative images of (B and C) BrdU™" and (E and F) p-H3" CSP cells, in low (scale bars, 50 um) and high

magnification (inset, scale bars, 5 um). G, Flow cytometric analy:
tive examples of Pl analysis after treatment with vehicle (H) or W

(p-H3) (Figure 2D through 2F). The altered cell cycle profile
in Wnt3a-CM-treated CSP cells was further tested by direct
measurement of DNA content with propidium iodide stain-
ing. As demonstrated in Figure 2G through 2I, Wnt3a-CM
treatment considerably increased the amount of cells residing
in GO/G1-cell cycle phases while decreasing the fraction of
cells residing in S- and G2/M-cell cycle phases, in compari-
son to vehicle treated CSP cells.

To further clarify the role of Wnt signaling in the regula-
tion of CSP cell cycle progression, we examined the expres-
sion pattern of known cell cycle regulator genes. Consistent
with the impaired proliferative capacity, treatment of CSP
cells with Wnt3a-CM, in comparison to vehicle, downregu-
lated the expression of several positive cell-cycle regulators
including Ki67, PCNA, and Brca2, while upregulating neg-
ative cell-cycle regulators such as Gadd45a and pl6
(Cdkn2a), within 8 hours (Online Table I). Notably, this gene
expression pattern persisted throughout later time points and
was accompanied by further downregulation of additional
cell cycle regulators, including c-myb, Cenf, Ccnbl, Cdk4,

sis of CSP cells stained with propidium iodide (Pl) (n=4). Representa-
nt3a-CM (I). Data are mean+=SEM. *P=0.05.

Mcm3, Mcm?2, Cdc25a, Brcal, and Weel (Online Table I).
These findings suggest that canonical Wnt stimulation im-
pairs the proliferation of adult cardiac progenitor cells poten-
tially through modulation of cell-cycle regulators.

IGFBP3 Is Upregulated in Response to Activated
Wnhnt Signaling in CSP Cells

Using an RT-PCR-based array to monitor several key intra-
cellular signaling pathways, we sought to identify possible
mediators for the antiproliferative action of Wnt signaling.
Several genes previously identified to be associated with Wnt
signaling activation (Wnt2, Tcf7, Lefl) and with cell-cycle
regulation (p16) were found to be significantly upregulated in
Wnt3a-CM-treated CSP cells in comparison to vehicle-
treated cells (Online Figure II, A, and Online Table II).
Interestingly, among those genes examined, IGFBP3 exhib-
ited the most robust upregulation with Wnt activation, in-
creasing more than 40-fold (Online Figure II, A). Further-
more, IGFBP3 gene expression was upregulated by
Wnt3a-CM in CSP cells in a time-dependent manner (Figure
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3A). Consistent to the increased gene expression, IGFBP3
protein levels were found increased in CSP cells treated with
Wnt3a-CM (Online Figure II, B). To examine whether
increased IGFBP3 was derived from de novo transcription,
stabilization of IGFBP3 mRNA, or by alternative mecha-
nisms, CSP cells were treated with actinomyosin-D, an
inhibitor of de novo transcription. Actinomyosin-D abolished
Whnt-mediated upregulation of IGFBP3, suggesting that the
IGFBP3 induction after Wnt3a treatment was mediated pre-
dominantly by transcriptional mechanisms (Figure 3B).
These experiments identify IGFBP3 as a potential mediator
of Wnt3a signaling in adult cardiac progenitor cells.

IGFBP3 o/e IGFBP3"'F

IGFBP3 Is Sufficient to Inhibit the Proliferative
Capacity of CSP Cells

To test whether the expression of IGFBP3 was sufficient to
mimic the antiproliferative effects of Wnt3a, we constructed
a lentiviral-vector overexpressing IGFBP3 (IGFBP3 o/e) in
CSP cells (Online Figure III). We found that the proliferative
capacity of CSP cells overexpressing IGFBP3 was markedly
decreased (Figure 3C). Consistent with this observation,
overexpression of IGFBP3 resulted in a cell cycle gene
expression pattern similar to that of canonical Wnt signaling,
with approximately 80% of examined genes (66 genes of a
total of 84 genes tested) similarly regulated in both experi-
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mental conditions (Online Table III). Overall, our data
suggest that IGFBP3 acts as a mediator of Wnt signaling that
is sufficient to recapitulate the phenotypic response to Wnt
activation in CSP cells.

IGFBP3 Is Required for Wnt3a-Mediated
Antiproliferative Effects in CSP Cells

To determine whether IGFBP3 is required for the antiprolif-
erative effects of Wnt3a, we decreased IGFBP3 protein
expression in CSP cells by using lentiviral-mediated expres-
sion of a shRNA targeting IGFBP3 (sh-IGFBP3) (Online
Figure IV) before Wnt activation. Scramble-infected (sh-
Scramble) CSP cells treated with Wnt3a-CM exhibited de-
creased proliferation (Figure 3D), similar to uninfected cells.
In contrast, silencing of IGFBP3 prevented Wnt-mediated
inhibition of CSP cell proliferation (Figure 3E). To further
investigate the role of IGFBP3 in mediating the antiprolifera-
tive effects of Wnt signaling at the gene level, we compared
the expression profile of cell cycle-related genes in sh-
Scramble and sh-IGFBP3 CSP cells after treatment with
vehicle or Wnt3a-CM. In sh-Scramble CSP cells, 40 of the 75
(53%) expressed cell-cycle related genes were altered (up-
regulated or downregulated) by more than 2-fold after treat-
ment with Wnt3a-CM (Figure 3F and Online Table IV),
including upregulation of cell-cycle inhibitors (Cdkn2a and
Cdknla) and downregulation of positive mediators of cell-
cycle progression (Ccna2, Cenbl, E2f3, Ki67, PCNA, Mcm?2,
Mcm3, Mcm4, and Weel). In sh-IGFBP3 CSP cells, only 12
of the 75 examined cell cycle regulators (16%) were altered
by more than 2-fold after treatment with Wnt3a-CM (Figure
3G and Online Table IV). In sh-IGFBP3-infected CSP cells,
Whnt signaling did not result in altered expression of negative
cell-cycle regulators and even upregulated the expression of
several positive regulators (Ccna2, Cenbl, Weel). Overall,
our data suggest that silencing of IGFBP3 results in normal-
ization of cell cycle gene expression in response to Wnt
signaling activation and that IGFBP3 is necessary for the
antiproliferative effects of Wnt3a activation in adult CSP
cells.

Integrity of IGF-Binding Site Is Required for the
Antiproliferative Effect of IGFBP3 on CSP Cells
IGFBP3 is an abundant circulating IGF-binding protein and
acts as a modulator of cell survival, cell proliferation, and cell
metabolism through IGF-dependent or IGF-independent
mechanisms.3! IGFBP3 is known to bind IGFs both in vitro
and in vivo.3! IGF-1 is a potent stimulant of several cell types
including adult cardiac stem cells.3> We found that IGF-1
stimulates CSP cell proliferation in vitro (Online Figure V,
A). However, the expression of IGF-1 receptors did not
change after Wnt3a treatment (Online Figure V, B and C). To
determine whether IGF binding to IGFBP3 is required for the
antiproliferative effect of IGFBP3, we overexpressed wild-
type IGFBP3 or mutated IGFBP3 with loss of the IGF
binding site (IGFBP3™") in CSP cells.3* Overexpression of
wild-type IGFBP3 decreased cell proliferation, whereas over-
expression of IGFBP3™F increased cell division (Figure
3H), suggesting that the IGF binding site is critical for the
antiproliferative function of IGFBP3 in CSP cells.

Administration of r-Wnt3a Protein After MI
Diminishes the Pool of Endogenous

Cardiac Progenitors

After cardiac injury, CSP cell pools are acutely depleted and
later renewed, in part, through enhanced proliferation of local
CSP cells.?° Given the context and cell-type dependency of
Whnt activation in response to cardiac injury, we measured
Wnht-related genes in CSP cells isolated from the myocardium
1, 3, and 7 days after coronary ligation. Using a Wnt pathway
focused gene array, we established that Wnt-related genes
were downregulated in CSP cells early after MI and contin-
ued to decline over 7 days. Conversely, a corresponding
increase in Wnt pathway inhibitor genes was detected (Figure
4A through 4C and Online Tables V through VIII). During
this early post-MI period, CSP proliferation increased, as
shown by BrdU labeling (Figure 4D). To determine whether
activation of Wnt signaling may inhibit the growth capacity
of CSP cells after tissue injury, r-Wnt3a was injected into the
infarct and border zone of mouse hearts after MI. Injection of
r-Wnt3a after MI upregulated Wnt target genes, including
Cendl, Tcf7, Lef-1, and Wnt3a (Figure 5A), confirming the
activation of canonical Wnt in vivo. Administration of
r-Wnt3a resulted in a significant reduction in CSP cell
number in the region of injection (Figure 5B) but did not alter
CSP cell number in areas remote to the injection site (atria,
right ventricle and septum) relative to vehicle treated animals
(Figure 5C). To further determine whether the Wnt-mediated
decrease in CSP pools alters myocardial regeneration after
MI, we determined the formation of new cardiomyocytes by
pulsing BrdU, a thymidine analog, through Alzet mini-
osmotic pumps for a period of 1 week. BrdU-positive
cardiomyocytes were found to reside primarily in the infarct
and border zone areas of the injured myocardium (Figure 6A)
and were significantly decreased after r-Wnt3a administration
compared with vehicle injected counterparts (Figure 6B),
suggesting an impairment in new cardiomyocyte generation.
Notably, the majority of BrdU-positive cardiomyocytes were
smaller in size in both r-Wnt3a and vehicle-injected hearts as
compared with nondividing, BrdU-negative cardiomyocytes
(Figure 6C). A representative cluster of BrdU-positive car-
diomyocytes located in the infarct/border zone area is pre-
sented in Online Figure VI. Our data show that activation of
Whnt signaling pathway diminishes the endogenous repair
mechanisms of the heart after MI.

Administration of Wnt or IGFBP3 Adversely
Affects Post-MI Cardiac Remodeling

We further determined whether diminished CSP pools and
myocardial regeneration after MI influence the development
of adverse cardiac remodeling. One week after MI, heart
weight/body weight (Figure 7A) and infarct size (Figure 7B)
were significantly increased with r-Wnt3a injection. More-
over, injection of r-Wnt3a protein and impaired myocardial
regeneration were associated with decreased intraventricular
septal wall thickness, increased left ventricular chamber
dimension, and impaired cardiac performance, marked by
reduced ratio of fractional shortening and fractional area
change, compared with vehicle-injected mice (Figure 7C
through 7F). Taken together, our data suggest that activation
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Figure 4. Wnt signaling pathway
expression profile in CSP cells after
MI. Three-dimensional diagrams show
expression profile of Wnt signaling-

Let related genes in CSP cells at 1 day after
o MI (A), 3 days after Ml (B), and 7 days
after MI (C) (hn=38). The gene correspond-
ing to each bar can be found in Online
Table VIII. The position (well) A1 in (A
through C) is located in the bottom right
corner of each diagram. D, Analysis of
CSP cell proliferation (BrdU incorpora-
tion assay) at 4 days after Ml (n=3).
Data are mean+SEM. *P=0.05.
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Figure 6. Injection of r-Wnt3a after Ml
inhibits the formation of new cardio-
myocytes (CM). A, Representative fluo-
rescent microscope images of BrdU*
CM located in the infarct/border zone
area 1 week after Ml, presented in low
(10X), medium (40X), and high (63X)
magnification power. White arrow-
heads, shown in 63X magnification,
indicate BrdU™ CM. B, Quantification of
BrdU incorporation in CM at 1 week
after Ml in sham (n=3), vehicle-injected
(n=5), and r-Wnt3a-injected (n=4)
hearts. C, Cell size distribution frequency
of BrdU" CM in the infarct/border zone
area of vehicle (n=3) and r-Wnt3a-in-
jected (n=4) animals. Data are
mean=+SEM. *P=0.05, all samples to
sham; #P=0.05, r-Wnt3a to vehicle.

Alexa488 (BrdU) Alexa-555 (a-s-Actin) DAPI (Nuclei)
B .- * C .
Hm Vehicle
= 607 B r-Wnt3a
= 304 * .
O # % 404
t m
2 204 e
32 R 50
m
= 10- 04
&P B
0- e R 7
N N

Sham Vehicle  r-Wnt3a

effects of r-Wnt3a on cardiac function in the presence of
ischemic myocardial injury.

Discussion
Detailed knowledge of the molecular cues that regulate
progenitor cell fate decisions in physiological and patholog-
ical states is of the utmost importance for achieving the
overarching goal of therapeutic cardiac regeneration. Wnt
signaling is a pivotal factor in the regulation of organogenesis
from embryonic development to aging, as well as in various
disease conditions.>!® Although Wnt signaling is undoubt-
edly established to be critical for cardiogenesis during cardiac
development,'! its role in adult cardiac progenitor cells and
post-MI remodeling remains poorly understood. In this study,
we define the role of canonical Wnt signaling in regulating
the function of adult cardiac progenitor cells in vitro and in

Cell size (pmz)

vivo. Furthermore, we identify a previously unknown link
between canonical Wnt signaling and IGFBP3 and demon-
strate an important role for IGFBP3 in mediating Wnt
signaling effects in adult cardiac progenitor cells. Last, our
study emphasizes the functional significance of adult cardiac
progenitor cells in tissue regeneration after cardiac injury
such as ML

The antiproliferative effects of Wnt signaling on CSP cells
appear to be mediated through its negative effects on the cell
cycle progression. Activation of Wnt signaling leads to
accumulation of CSP cells in the early nonproliferating
GO/G1 cell-cycle phases, while altering substantially the
expression profile of various cell cycle regulators. In contrast,
prior reports suggest that Wnt signaling potentiates the
expansion of embryonic and neonatal Isl-1* cardiac progen-
itor cells.’®-20 The distinct response of CSP cells to Wnt
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signals in adult versus embryonic progenitor cells probably is
due to intrinsic differences of each cell type and to the highly
time and context dependent nature of Wnt signaling.!!-'7 The
milieu-dependent role of Wnt signaling is also supported by
recent evidence in the cancer biology field. Although Wnt
signaling is associated with oncogenic transformation, it has
recently been suggested that activation of Wnt signaling may
decrease proliferation in melanoma cancerous cells.?*
Further, we demonstrated that IGFBP3 is transcriptionally
upregulated by Wnt signaling and that it is the critical
determinant of the antiproliferative effects of Wnt on CSP
cells. Importantly, this phenomenon depends on a functional
IGF binding site in IGFBP3. Analysis of the IGFBP3 gene
promoter sequence has revealed a number of conserved
transcriptional factor binding sites for factors such as
REPIN1, MYODI, and NFATC.35-37 ChIP-chip and ChIP-seq
experiments have recognized a number of other transcrip-

MI

tional factors that may bind to the promoter region of
IGFBP3.3% Recent reports suggest IGFBP5 is a potential
target of Wnt-mediated transcriptional activity.3*4° Among
the members of the IGFBP family, IGFBP3 has a high
structural and functional resemblance to IGFBP5,*!42 raising
the possibility that IGFBP3 is upregulated in CSP cells through
a direct Wnt-mediated transcriptional mechanism.

The role of IGFBP proteins in the adult myocardium is
largely unknown. The insulin-like growth factor axis (ratio of
IGF-1 to IGFBP3) has been introduced as a predictor of
clinical outcomes in heart failure patients.*> Moreover, mice
overexpressing IGFBP3 exhibited cardiac organomegaly.**
More recently, a direct link between cardiomyogenesis,
IGFBP proteins, and Wnt signaling was identified.*> IGFBP4
increases the cardiomyogenic differentiation of P19CL6 cells
and embryonic stem cells through inhibition of canonical
Wnt.*> However, IGFBP4 activates Wnt/f3-catenin transcrip-
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Figure 8. Administration of r-IGFBP3
after Ml compromises cardiac func-
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tional shortening; and D, fractional area
change (sham, n=3; vehicle, n=6;
r-IGFBP3, n=6). All measurements were
performed at 1 week after MI. Data are
mean=+SEM. *P=0.05, all samples to
sham; #P=0.05, r-IGFBP3 to vehicle.
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tional activity in a renal cancer cell line.*¢ Thus, a context-
dependent and cell type—dependent specificity may define the
interaction between IGFBP proteins and Wnt.

Activation of Wnt signaling decreases resident cardiac
progenitor cell renewal and negatively affects the myocardial
response to infarction. SFRP1 and SFRP2, 2 well-
documented Wnt signaling inhibitors, exert a potent cardio-
protective effect after ischemic myocardial injury.*->° Simi-
larly, depletion of pB-catenin attenuates post-MI cardiac
remodeling and improves animal survival by stimulating the
resident cardiac stem cell pool.>! Wnt signaling has been
reported to be enhanced within the infarct-border zone, but
Wnt activation was limited to endothelial cells, smooth
muscle cells, CD31%/Scal™ cells, c-kit*/CD45" cells, and
fibroblasts.52>3 Results from the current study, however,
indicate that Wnt pathway genes were decreased in CSP cells
isolated from the infarcted heart, whereas Wnt inhibitors,
such as SFRP2, increased. Consistent with this observation,
we found that CSP cell proliferation was enhanced early after
MI. Conversely, activation of Wnt signaling in CSP cells
through the delivery of recombinant Wnt protein decreased
the number of CSP cells. On the basis of in vitro data, it is
reasonable to speculate that downregulation of Wnt signaling
in CSP cells may promote the proliferation of CSP cells after
cardiac injury. In addition to the effects on cardiac progenitor
cells, r-Wnt3a may influence other cell types, including
cardiomyocytes. Indeed, we found that r-Wnt3a leads to an
increase in cardiomyocyte death (Online Figure VII, A), but
no change is observed in cell death when all cardiac cells are
considered (Online Figure VII, B). Importantly, recombinant

Vehlicle

r-IGFBP3
M

Whnt3a results in an increase in heart weight—to—body weight
ratio, although cardiomyocyte cross-sectional area remains
unchanged. These results do not exclude an increase in
myocyte length, which may contribute to the expansion in
cavitary volume (Online Figure VIII). Although we cannot
exclude that Wnt affects other cell types, our findings point to
a potential interaction between impaired progenitor cell
function and negative outcome after MI. Importantly, future
research is necessary to determine those cell types which
underlie the in vivo effects of recombinant Wnt administra-
tion and whether targeting Wnt may be a viable therapeutic
option.

In summary, our work reveals a novel role of Wnt
signaling pathway in adult cardiac progenitor cells and shows
that canonical Wnt ligands compromise the self-renewal
properties of CSP cells in vitro and in vivo. This phenome-
non, in turn, may lead to impaired cardiac recovery after
ischemic injury. Furthermore, we have identified a previously
unrecognized link between Wnt signaling and IGFBP3,
which together regulate cardiac progenitor cell function.
Canonical Wnt contributes to negative left ventricular remod-
eling by interfering with the endogenous myocardial regen-
eration. Understanding the molecular signals that modulate
tissue homeostasis and repair is important for the design of
novel therapeutic strategies for the failing heart.
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Novelty and Significance

What Is Known?

e Cardiac side population (CSP) cells represent an endogenous pool of
progenitor cells in the adult heart.

* The molecular mechanisms that dictate the homeostasis and cell fate
of CSP cells remain elusive.

e \Wnt signals are key molecules that govern cardiac development and
proliferation of embryonic stem cells, though their role in regu-
lating adult cardiac progenitor cells remains unknown.

What New Information Does This Article Contribute?

e Activation of Wnt signaling pathway negatively regulates the
proliferation capacity of adult CSP cells and compromises the
endogenous regenerative capacity of the heart after myocardial
infarction.

e Wnt stimulation exerts its antiproliferative effects through a previ-
ously unappreciated transcriptional activation of insulin-like
growth factor binding protein 3 (IGFBP3).

Designing novel therapeutic approaches to modulate the endog-
enous regenerative capacity of the failing heart represents a

desirable, although challenging, task. Understanding the basic
mechanisms that control homeostasis of cardiac precursors,
such as CSP cells, is of fundamental importance in achieving
this goal. The Wnt signaling pathway is a key modulator of
cardiac development and a major factor that determines cell
fate, particularly in embryonic stem cell populations. However,
the role of Wnt signaling in adult cardiac progenitor cells
remains unclear. Our work reveals an antiproliferative effect for
Wnt signaling in adult CSP cells through a previously unappre-
ciated transcriptional interaction with IGBFP3 and direct regu-
lation of CSP cell cycle progression. After cardiac injury in vivo,
Wnt signaling is downregulated in CSP cells with corresponding
increase in CSP cell proliferation. Increasing Wnt stimulation
after myocardial infarction in CSP cells compromises the
endogenous regenerative capacity of the heart and is associated
with worsening of cardiac remodeling. Our findings demonstrate
that canonical Wnt signaling is a potent modulator of endoge-
nous adult cardiac progenitor cells and suggest that modulation
of Wnt signaling or IGFBP3 may could be an effective therapeutic
strategy for promoting cardiac regeneration.
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Cellular Bi y

Role of the ATP-Binding Cassette Transporter Abcg2 in the
Phenotype and Function of Cardiac Side Population Cells

Otmar Pfister,* Angelos Oikonomopoulos,* Konstantina-loanna Sereti,* Regina L. Sohn,
Darragh Cullen, Gabriel C. Fine, Frédéric Mouquet, Karen Westerman, Ronglih Liao

Abstract—Recently, the side population (SP) phenotype has been introduced as a reliable marker to identify subpopulations
of cells with stem/progenitor cell properties in various tissues. We and others have identified SP cells from postmitotic
tissues, including adult myocardium, in which they have been suggested to contribute to cellular regeneration following
injury. SP cells are identified and characterized by a unique efflux of Hoechst 33342 dye. Abcg2 belongs to the
ATP-binding cassette (ABC) transporter superfamily and constitutes the molecular basis for the dye efflux, hence the
SP phenotype, in hematopoietic stem cells. Although Abcg?2 is also expressed in cardiac SP (cSP) cells, its role in
regulating the SP phenotype and function of cSP cells is unknown. Herein, we demonstrate that regulation of the SP
phenotype in cSP cells occurs in a dynamic, age-dependent fashion, with Abcg2 as the molecular determinant of the cSP
phenotype in the neonatal heart and another ABC transporter, Mdr1, as the main contributor to the SP phenotype in the
adult heart. Using loss- and gain-of-function experiments, we find that Abcg2 tightly regulates cell fate and function.
Adult cSP cells isolated from mice with genetic ablation of Abcg2 exhibit blunted proliferation capacity and augmented
cell death. Conversely, overexpression of Abcg?2 is sufficient to enhance cell proliferation, although with a limitation of
cardiomyogenic differentiation. In summary, for the first time, we reveal a functional role for Abcg2 in modulating the
proliferation, differentiation, and survival of adult cSP cells that goes beyond its distinct role in Hoechst dye efflux.
(Circ Res. 2008;103:825-835.)

Key Words: Abcg2 m Mdrl m progenitor cells m proliferation m SP cells

Recently, the side population (SP) phenotype has been
introduced as a reliable marker to identify subpopula-
tions of cells with stem/progenitor cell properties in various
tissues including the heart.! On the molecular level, the SP
phenotype is linked to the presence of ATP-binding cassette
(ABC) transporters with the ability to efficiently efflux the
DNA binding dye Hoechst 33342.2 This ABC transporter—
dependent Hoechst efflux phenomenon confers the character-
istic fluorescent-activated cell sorting (FACS) profile of SP
cells as a Hoechst-low “side population” located to the
periphery of the Hoechst-high main population.?

Among the various members of the ABC transporter
superfamily, Abcg2 (also referred to as breast cancer resis-
tance protein 1 [Bcrpl]) and Mdrl (also referred to as
P-glycoprotein [p-gp] or Abcbl) have been shown to effi-
ciently efflux Hoechst 33342 and thereby confer the SP
phenotype.? Although both transporters are highly expressed
in bone marrow (BM)SP cells, studies performed in mice
with targeted disruption of the Mdrla and Mdrlb genes, the

murine homologs of the human Abcb1/Mdrl gene, demon-
strated that Abcg?2 is the sole molecular determinant of the SP
phenotype in hematopoietic stem cells.* Moreover, Abcg?2
expression is conserved in SP cells from a wide range of
tissues including blood, gonad, lung, skeletal muscle and the
retina, suggesting an important role of Abcg2 in stem cells.*~7

We and others have characterized SP cells isolated from
adult myocardium.8-!! These cardiac (c)SP cells are pheno-
typically distinct from BMSP cells, in that they are not
hematopoietic but exhibit the potential to differentiate into
functional cardiomyocytes.!® As in SP cells from the bone
marrow, Abcg2 is expressed in SP cells from the heart.” The
contribution of Abcg?2 to the cSP phenotype and its biological
significance in c¢SP progenitor cells, however, remain un-
known. In this study, we find that the contribution of Abcg2
to the SP phenotype in the heart exists in an age-dependent
manner, with Abcg2 as the molecular determinant of the SP
phenotype in the neonatal heart and Mdr1 as the basis for the
SP phenotype in the adult heart. In addition, we demonstrate
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Figure 1. The role of Abcg2 in mediating the SP cell phenotype in bone marrow and cardiac cells. FACS analyses carried out on
Hoechst-stained bone marrow and cardiac cells from WT and Abcg2~/~ mice. Hoechst-extruding SP cells are located in the boxed
area. Compared to WT cells, bone marrow cells from Abcg2~'~ mice lack a detectable SP cell population (A), whereas cardiac cells

from Abcg2~'~ mice exhibit a clearly detectable SP cell population (B).

that Abcg2 plays a crucial role in the maintenance of cSP
progenitor cells by promoting cell proliferation and survival,
while inhibiting lineage commitment. Intriguingly, for the
first time, we reveal a functional role of Abcg2 in modulating
proliferation, differentiation, and survival of cSP cells that
goes beyond its distinct role of Hoechst dye efflux.

Materials and Methods

Animals

Male mice with genetic ablation of Abcg2 (Abcg2™'") or Mdrla/b
(Mdrla/b™"") were purchased from Taconic (catalog nos. 002767-M
and 001487-MM; Germantown, NY). Age-matched FVB mice were
also purchased from Taconic to serve as wild-type (WT) control.
Mice were studied at postnatal day (p)3, pl4, and p21 and between
8 and 12 weeks of age (adult). All animal studies strictly adhered to
the guidelines of the Harvard Medical School, the Institutional
Animal Care and Use Committee of the Longwood Medical Area,
and the National Society for Medical Research.

Cardiac and BMSP Cell Preparation

Cardiomyocyte-depleted mononuclear cell suspensions were pre-
pared as previously described to obtain cSP cells.!? (For details, see
the expanded Materials and Methods section in the online data
supplement, available at http://circres.ahajournals.org.) BMSP cells
were isolated form the tibia and femur as previously described.!

Cell Viability Assay

Cell death was determined by an annexin V kit (Abcam) using FACS
analysis, and cell viability was determined by CellTiter-Glo and
CellTiter-Blue (Promega) using a luminescence/fluorescence plate
reader, respectively, according to the instructions of the manufacturer.

¢SP Expansion and Lentiviral Infection

Freshly isolated cSP cells were cultured in expansion medium
(a-MEM culture medium supplemented with 20% FBS, 2 mmol/L
L-glutamine, and 1% penicillin/streptomycin). Vector pSPORT1
(American Type Culture Collection vector no. 10471063) was
enzymatically digested with BamHI, and the resulting Abcg2 cDNA
was blunted and subsequently cloned into the HPV-422 lentivirus
vector (kindly provided by Dr P. Allen, Brigham and Women’s
Hospital, Harvard Medical School, Boston, Mass). The bicistronic
vector HPV-422 encodes the Abcg2 and IRES-GFP under the
promoter EFla. WT cSP cells from passage 4 to 6 were infected with
the Abcg2-IRES-GFP lentivirus, and 48 hours postinfection green
fluorescent protein—positive (GFP*) cSP cells were sorted and
further expanded. Culture medium was replaced every 72 hours.

Proliferation Assays

The proliferative capacity of cSP cells was determined in expanded
passage 4 to 6 cSP cells using total cell number, expression of Ki67
and phospho-histone Hj, total protein, and total DNA. For detailed
protocols, see the online data supplement.

Cardiomyogenic Differentiation Capacity
The role of Abcg?2 in regulating the ability of cSP cells to undergo
cardiomyogenic differentiation was determined in our established
coculture system.!© cSP cells were transfected with GFP-expressing
lentivirus, and cocultures were stained for a@-sarcomeric actinin
(Sigma). (For details, see the online data supplement.)

Statistical Analysis

Statistical differences between groups were evaluated using Stu-
dent’s unpaired ¢ test or ANOVA, as appropriate. All data are
presented as meanstSEM. A probability value of <0.05 was
considered statistically significant.

Results

Abcg?2 Regulates the SP Phenotype in ¢SP Cells in
an Age-Dependent Manner

Given published data suggesting that Abcg2 is the sole
molecular determinant of the SP cell phenotype in bone
marrow cells, we first sought to determine whether Abcg2
also regulates the SP phenotype in cardiac cells. To establish
the role of Abcg2 in mediating the SP cell phenotype, bone
marrow and cardiac cell suspensions were isolated from 8- to
12-week-old age-matched mice with genetic ablation of
Abcg2 (Abcg2™'™) and WT counterparts. FACS analysis of
bone marrow cell suspensions from Abcg2™'~ mice demon-
strated a complete lack of BMSP cells (WT: 0.20%+0.05%;
Abcg2™'": 0.02+0.02%) compared to WT mice, suggesting
that Abcg?2 is indeed required for conferring the SP phenotype
in bone marrow cells (Figure 1A). In contrast, cSP cells from
Abcg2™'" hearts revealed a clearly detectable, although sig-
nificantly reduced, SP population (WT: 0.80.1%; Abcg2 ™'
0.46%+0.1%) (Figure 1B).

To confirm the correct FACS gating of SP cells (Figure 2A
and 2B), we used 2 potent inhibitors of ABC transporters,
verapamil and fumitremorgin C (FTC). Treatment of cells
with verapamil or FTC completely abolished the SP cell band
in both WT and Abcg2 ™'~ cardiac cell suspensions (Figure 2C
and 2F). To further verify that Hoechst dye efflux in Abcg2™"~
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Figure 2. Hoechst dye efflux in Abcg2~'~ cardiac cells is mediated by ATP-dependent ABC transporter function. FACS analyses of
Hoechst-stained cardiac cells from WT and Abcg2~/~ mice pretreated with either vehicle (A and B), the ABC transporter inhibitors
verapamil (C and D), or FTC (E and F) or after ATP depletion with 2-deoxy-b-glucose (G and H). Similar to WT cardiac cells, inhibi-
tion of ABC-transporter function, as well as ATP depletion, completely abolishes the SP phenotype in Abcg2~/~ cardiac cells, indicating
that dye efflux in Abcg2~'~ cardiac cell suspensions is mediated via ABC transporter activity. Immunocytochemical analysis demon-
strates the expression of Mdr1a/b in freshly isolated WT and Abcg2~'~ cSP cells (I through N). The lack of Mdr1a/b expression seen in
Mdr1a/b™~ main population (MP) cells serves as negative control (O through Q).
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Table. Cell Surface Marker Expression in WT and Abcg2~'~
Cardiac SP Cells

Surface Marker WT (%) Abcg2™'~ (%)
Sca-1 90=+1 89+2
CD31 80+2 79+3
CD45 =1 =1

hearts was mediated via ABC transport, cardiac cell suspen-
sions were preincubated with 2-deoxyglucose to deplete ATP
and thereby inactivate ATP-dependent transporter function.
Depletion of ATP also resulted in a complete loss of SP cells
in both WT and Abcg2 ™'~ cell suspensions, indicating that dye
efflux in Abcg2™'~ cell suspensions is indeed mediated in an
ATP-dependent manner (Figure 2G and 2H).

We and others have previously shown that cSP cells express
high levels of stem cell antigen 1 (Sca-1) and moderate levels of
CD31 but lack the pan-hematopoietic marker CD45.1° To further
immunophenotypically characterize Abcg2™~ cSP cells, we
compared the expression of cell surface markers, Sca-1, CD31
and CD45, in Abcg2™"~ and WT cSP cells using FACS analysis.
As shown in the Table, deficiency of Abcg2 did not alter the
expression pattern of Sca-1, CD31, and CD45, as compared to
WT cSP cells, further suggesting that lacking Abcg2 does not
alter the expression pattern of major cell surface markers in adult
cSP cells.

In addition to Abcg2, another member of the ABC trans-
porter superfamily, the P-glycoprotein Mdri, has been dem-
onstrated to exhibit the capacity to efflux the Hoechst 33342
dye.'> We therefore hypothesized that Mdrl may be involved
in the regulation of the cSP phenotype in the adult heart.
Quantitative RT-PCR analysis (Figure I in the online data
supplement) and immunocytochemistry (Figure 21 through
2Q) in WT and Abcg2™"~ ¢SP cells confirmed the expression
of Mdrla and Mdrib genes and proteins independent of the
expression of Abcg2.

To determine the contribution of Mdrl to the Hoechst
33342 efflux phenotype in the adult heart, cSP cells were
isolated from hearts of adult mice with targeted disruption of
Mdrla/b genes. Strikingly, Mdrla/b™"~ hearts exhibited a
severe depletion of cSP (Figure 3A). In contrast, bone
marrow from Mdrla/b~"~ animals exhibited normal BMSP
cell numbers (data not shown). To ensure that the limited
number of ¢SP cells observed in Mdrla/b™'" hearts was not
attributable to experimental variables, in particular Hoechst
concentration, cell ratio, and staining duration, we used an
internal control by mixing 1 part of cardiomyocyte-depleted
mononuclear cells ubiquitously expressing enhanced green
fluorescent protein (GFP™ control cells) with 3 parts of
non-GFP, Mdrla/b™"", or WT cardiomyocyte-depleted mono-
nuclear cells (Figure 3B). Indeed, analysis of these cell
mixtures revealed almost exclusively GFP™ cells among the
cSP cells (>98%), with no significant contribution from
Mdrla/b™"" cells to the SP band, thereby confirming the
severely impaired Hoechst efflux capacity in Mdrla/b™"~ c¢SP
cells (Figure 3B). In contrast, 1:3 cell mixtures of GFP*
control cells and WT cardiac cells revealed only ~25% GFP”*

control cells within the SP cell population, confirming the dye
efflux competence of WT cardiac cells (Figure 3B).

Whereas Abcg?2 is enriched in early neonatal cSP cells, its
expression level is markedly decreased postnatally.® To
determine whether ABC-transporter expression in the heart is
age-dependent, quantitative RT-PCR analysis for Abcg2 and
Mdrla/b was performed in neonatal and adult mouse hearts.
These analyses confirmed profound downregulation of Abcg?2
gene expression in the adult cSP cells as compared to the
neonatal cSP cells. In contrast, Mdrla/b expression levels
demonstrated a reverse pattern with low expression in the
neonatal cSP cells and high expression in the adult cSP cells
(supplemental Figure II). To determine whether Abcg2 and
Mdrla/b mediate the SP phenotype in cSP cells in an age-
dependent manner, cSP cells were isolated from Abcg2™"",
Mdrla/b™"", and age-matched WT mice at p3, pl4, and p21
and 8 to 12 weeks (adult) of age (Figure 4A through 4D). In
contrast to adult hearts, early postnatal (p3) Abcg2 '~ hearts
demonstrated almost no detectable c¢SP cells, whereas a
similar number of SP cells was observed in Mdrla/b™"~ and
WT hearts (Figure 4A). The lack of Hoechst dye efflux was
confirmed in ¢SP cells from Abcg2™'~ hearts at p3 using
GFP-mixing studies, similar to those described above (data
not shown). A gradual decrease in cSP cells from p3
(9.4%+1.2%) to adulthood (0.8 0.1%) was noted in WT hearts.
Abcg2™" hearts, however, demonstrated a gradual increase in
cSP cells from day 3 postnatally (0.18+0.1%) to adult
(0.46+0.1%) and thereafter maintained cSP cell levels into
adulthood. The opposite profile was observed in Mdrla/b™"~
hearts, with cSP cell numbers dropping dramatically within
the first 3 weeks of postnatal life and being barely detectable
in adulthood. Taken together, these data demonstrate that the
cSP cell phenotype is mediated by Abcg2 and Mdrla/b in an
age-dependent fashion.

Abcg2 Regulates cSP Cell Proliferation

Expression of Abcg2 has been associated with cellular pro-
liferation in cancer cell lines.'* Using gain- and loss-of-
function approaches, we investigated the role of Abcg2 in the
regulation of c¢SP cell proliferation. cSP cells isolated from
adult age-matched Abcg2™~ and WT mouse hearts were
subjected to proliferation assays. As shown in Figure 5A, the
proliferation capacity, as determined by total cell number,
was markedly decreased in cSP cells lacking Abcg2. Consis-
tent with the decrease in cell proliferation, the expression of
the cell cycle markers Ki67 that identifies cells in G, S, G,,
and M phases (Figure 5B) and phospho-histone H; (Figure 5C
and 5D) that identifies cells in M phase were decreased by
~50% and ~70%, respectively, in Abcg2™'~ cSP cells when
compared to WT cSP cells. Likewise, total protein and DNA
content were significantly decreased in Abcg2™'~ cSP cells
cultured in the expansion media, thus further supporting
impaired cell proliferation seen in Abcg2 ™'~ ¢SP cells (Figure
S5E and 5F). Conversely, the proliferation capacity was
significantly enhanced in cSP cells following overexpression
of Abcg2 via lentiviral-mediated gene transfer, with an
increase in both total cell number (Figure 5G) and expression
of Ki67 (data not shown) as compared to WT cSP cells.
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Figure 3. The ABC transporter Mdr1a/b mediates the Hoechst efflux phenotype of cSP cells in the adult heart. SP cell analyses of car-
diac cells from WT and Mdr1a/b~'~ mice. A, Compared to WT cells, Mdr1a/b~~ mononuclear cells almost completely lack cSP cells. B,
SP cell analyses of cell mixtures containing 1 part of WT mononuclear cells expressing GFP and 3 parts of either WT or Mdr1a/b™'~
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Figure 4. Age-dependent regulation of the cSP phenotype by Abcg2 and Mdria/b. SP cell analyses of cardiac cells isolated from
Abcg2~'~, Mdr1a/b~'~, and age-matched WT mice at p3, p14, and p21 and 8 to 12 weeks (adult) (A through D). A gradual decrease in
cSP cells from early postnatal life through adulthood is evident in WT hearts. In contrast to WT hearts, early postnatal (p3) Abcg2~/~
hearts demonstrate almost no detectable cSP cells, whereas similar numbers of SP cells are observed between Mdria/b™~ and WT
hearts (A). During postnatal development, Abcg2~'~ hearts demonstrate a steady increase in cSP cells from early postnatal into early
adulthood (A through C) and maintain significant SP cell numbers throughout adulthood (D), whereas SP cell numbers of Mdr1a/b™'~
hearts dramatically drop within the first 3 weeks of postnatal life and are barely detectable in adulthood (B through D).

Taken together, these data demonstrate a functional role of
Abcg? in facilitating proliferation of cSP cells.

Regulation of cSP Cell Survival by Abcg2

Emerging evidence also suggests that Abcg2 may play a
critical role in protecting primitive cells from cellular inju-
ry.'+15 To date, it is unclear whether Abcg2 also exerts cell
protective effects on cSP cells. To determine whether Abcg?2
is implicated in cSP cell survival, we first assessed apoptosis
and necrosis in cSP cells under normal culture conditions
using annexin V and propidium iodide staining, respectively.
As illustrated in Figure 6A and 6B, even under normal culture
conditions, significantly elevated numbers of both apoptotic
and necrotic cells were observed in cSP cells lacking Abcg2
as compared to WT cells. In addition, cell viability assays
measuring cellular metabolic capacity by means of ATP
quantitation (CellTiter-Glo, Promega) or conversion of the
redox dye resazurin to the fluorescent end product resorufin
(CellTiter-Blue, Promega) demonstrated significantly de-

creased metabolic capacity in Abcg2™"~ ¢SP cells (Figure 6C
and 6D), thus further confirming impaired viability.

Because oxidative stress is a common mediator of cell death
in myocardial injury of various causes, we further investigated
oxidative stress—induced cell death in WT and Abcg2™~ cSP
cells after exposing cSP cell cultures to 200 wmol/L H,0,. In this
model, oxidative stress—induced cell death was significantly
higher in cSP cells lacking Abcg2 as compared to WT cSP cells
(Figure 6E). Taken together, our data indicate a protective role of
Abcg?2 in cSP cells under normal culture (21% O,) and H,O,-
induced oxidative stress conditions.

Overexpression of Abcg2 Impairs the Ability of cSP
Cells to Undergo Cardiomyogenic Differentiation
Regulation of proliferation and differentiation maintains pro-
genitor cell homeostasis. We have found that Abcg2 is an
essential regulator of cSP cell proliferation. We next sought
to determine whether Abcg2 mediates cardiomyogenic differ-
entiation of cSP cells. Using a previously described coculture
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system with adult rat cardiomyocytes, cardiomyogenic dif-
ferentiation was assessed in WT and Abcg2™"~ cSP cells, as
well as in Abcg2-overexpressing cSP cells (Figure 7A
through 7I). To track the cell fate of cells in coculture, cSP
cells were infected with lentivirus expressing GFP. Genetic
deficiency of Abcg2 did not limit the cardiomyogenic differ-
entiation of cSP cells (Figure 7D through 7F). Overexpres-
sion of Abcg2 via lentiviral-mediated gene transfer signifi-
cantly decreased cardiomyogenic differentiation of cSP cells
(Figure 7G through 7I). Moreover, overexpression of Abcg2
maintained cSP cells in a proliferative state even under
conditions promoting cardiomyogenic differentiation.

Discussion
Since the first isolation of BMSP cells more than a decade
ago,? the SP phenotype has been widely used to identify
stem/progenitor cells in various tissues.?”-16-1° More recently,

the ABC transporter Abcg2 has been identified as the sole
molecular determinant of the SP phenotype in bone marrow
cells.* However, the role of ABC transporters in the regula-
tion of SP phenotype and function of cSP cells remains
unknown. Herein, we demonstrate not only a dynamic,
age-dependent regulation of the ¢SP phenotype by Abcg2 but
also a functional role of Abcg2 in modulating proliferation,
differentiation, and survival of cSP cells that goes beyond its
distinct role in Hoechst dye efflux.

Role of Abcg2 in Conferring the SP Phenotype in
the Heart

Although Abcg2 and Mdrl are both expressed in hematopoi-
etic stem cells identified by the SP phenotype, Abcg2 was
shown to be the sole molecular determinant of the SP
phenotype in bone marrow cells.# These findings in the bone
marrow led to the assumption that Abcg2 may also be
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responsible for the dye efflux observed in SP cells isolated
from other tissues, particularly given the preferential expres-
sion pattern of Abcg2 in SP cells as compared to main
population cells. Similar to their expression in bone marrow,
Abcg2 and Mdrl were shown to be expressed in the heart,
although their contribution to the ¢SP phenotype remained to
be elucidated. Using mouse models with targeted gene
ablation of either Abcg2 or Mdrl, we demonstrate that the
cSP cell phenotype is not governed by a single ABC
transporter but rather is regulated in an age-dependent man-
ner by both Abcg2 and MdrI. Our findings show that during
early postnatal development, Abcg2 represents the main
transporter responsible for dye efflux in cardiac cells and thus
constitutes the molecular basis for the SP phenotype in the
neonatal and early postnatal heart. This is in accordance with
the role of Abcg2 in bone marrow—derived cells and may

indicate that cSP cells of the early postnatal heart share
phenotypic characteristics of bone marrow—derived SP cells.
Whether cSP cells developmentally originate from blood-
borne cells, however, remains to be determined. It is impor-
tant to point out that our present data provide no evidence to
either support or dispute such notion. Prior data from our
laboratory using labeled bone marrow transplantation, how-
ever, suggest that extracardiac stem cells only contribute to
the maintenance of resident cSP cell pools following injury,
with little role in the maintenance of cSP cell numbers under
normal physiological conditions.?

Although our results agree with previous reports of persis-
tent Abcg2 expression in cSP cells throughout adulthood,® we
find that the contribution of Abcg2 to the SP phenotype
diminishes in the adult heart. Our results show that very limited
cSP cells can be detected in early neonatal Abcg2 ™"~ hearts, with
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Abcg?2 Figure 7. Abcg2 overexpres-
. sion prevents cardiomyogenic
overexpression differentiation of cSP cells.

Fluorescence images of WT

(A through C), Abcg2~/~

(D through F), and Abcg2-
overexpressing (G through )
cSP cells in coculture with adult
rat cardiomyocytes. Green fluo-
rescence corresponds to GFP
expression that identifies
respective cSP cells (upper row).
Red fluorescence corresponds
to the expression of a-actinin, a
marker of cardiomyogenic differ-
entiation (middle row). Merged
images show areas of colocal-
ization of GFP and «-actinin in
yellow (bottom row). In this dif-
ferentiation assay, lack of Abcg2
does not limit the cardiomyo-
genic differentiation of cSP cells,
as demonstrated by a-actinin
expression and appearance of
clearly organized sarcomeric
structures in differentiated
Abcg2 '~ ¢SP cells (D through
F), similar to that seen in WT
cells (A through C). Abcg2 over-
expression, however, prevents

cSP cells from undergoing cardiomyogenic differentiation, as demonstrated by lack of a-actinin expression in Abcg2-overexpressing cSP

cells cocultured with cardiomyocytes (G through I).

clearly detectable cSP cells in adult Abcg2™'~ hearts, albeit at
a lower total number as compared to WT hearts. These
Abcg2™'~ ¢SP cells are sensitive to verapamil, FTC, and
2-deoxyglucose treatment, thus suggesting that their Hoechst-
extruding ability is mediated through another ABC trans-
porter. Analyses of mice completely lacking MdrI identified
the P-glycoprotein as the essential ABC transporter for
Hoechst efflux in adult ¢SP cells. It is important to note that
the putative Abcg2 inhibitor FTC, which was previously
shown to have no effect on Mdrl-mediated mitoxantrone
efflux in mitoxantrone-resistance-selected human colon car-
cinoma cell lines,?! did inhibit MdrI-mediated Hoechst efflux
in cSP cells, suggesting that the specificity of FTC may
depend on the cell type and the substrate.

Interestingly, this regulatory role of Mdrl in the cSP
phenotype is limited to cSP cells from mice older than 3
weeks of age, with limited contribution of Mdrl to the SP
phenotype in early neonatal mouse hearts. Although the
origin of cardiac stem/progenitor cells and their relationship
with bone marrow—derived stem cells remains speculative at
this time, our data suggest that BMSP cells do not signifi-
cantly contribute to the maintenance of cSP cells under
physiological conditions, as evidenced by the lack of SP cells
in adult Mdrla/b™"" hearts, whereas Mdrla/b~'~ bone marrow
contains normal SP cells. Thus, the present data are consistent
with our previous findings demonstrating that BMSP cells
only contribute to the maintenance of cSP cells following
cardiac injury such as myocardial infarction.?®

Our data dispute the perception that a single universal ABC
transporter is responsible for the SP phenotype and suggest
that developmental status and local microenvironment dictate

the relative contribution of ABC transporters to the SP
phenotype at the given tissue. In line with this observation is
the recent demonstration of contribution of both MdrI and
Abcg2 transporters to the SP phenotype in mammary
glands.??

Role of Abcg2 in Regulating the Function of
cSP Cells
Abcg2 has been found to be highly expressed in various
proliferating stem/progenitor cells and tumor cell lines, al-
though its role in the regulation of SP cell proliferation and
differentiation remains unknown. Using gain- and loss-of
function approaches, we demonstrate that overexpression of
Abcg? is sufficient to increase the proliferative capacity of
cSP cells, whereas lack of Abcg2 expression markedly
impairs their expandability in vitro. The marked decrease in
cells being in M phase of the cell cycle, as measured by
phospho-histone H; expression, suggests that the absence of
Abcg2 may hamper cell cycle progression. This association of
Abcg2 expression with cell proliferation is in line with the
findings in cancer cells, where Abcg2 identified mainly fast
cycling tumor progenitor cells.!? Our data provide convincing
evidence demonstrating that Abcg2 may play a functional role
in regulating the proliferation capacity of cSP cells, although
the precise mechanisms are unknown. Further investigation,
therefore, is warranted to dissect the molecular mechanisms
by which Abcg2 facilitates the cell cycle progression in
cardiac progenitor cells.

In addition to enhancing cell proliferation, we show that
Abcg?2 expression is necessary for protecting cSP cells from
undergoing apoptosis and necrosis, specifically under condi-
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tions of increased oxidative stress. A similar prosurvival
effect of Abcg2 was identified in trophoblast and hematopoi-
etic stem cells.'#23 Moreover, Martin et al recently demon-
strated that expression of Abcg2 induced low levels of
oxidative stress in C2C12 myoblasts, which resulted in
upregulation of cytoprotective and oxidative stress path-
ways.'> The cytoprotective effect of such Abcg2-mediated
ROS preconditioning was also confirmed in mouse embry-
onic fibroblasts that displayed reduced oxidative stress—
induced cell death, when transfected with Abcg2.'5 Our data
are in complete agreement with this concept by demonstrat-
ing increased tolerance of oxidative stress in Abcg2-
competent WT cSP cells as compared to cSP cells lacking
Abcg?2.

Consistent with the notion that Abcg2 maintains progenitor
cells in a proliferative stage and is downregulated during
lineage-specific differentiation, overexpression of Abcg2 pre-
vented cSP cells from undergoing cardiomyogenic differen-
tiation. Our data are supported by the recently published
work in hematopoietic and retinal stem cells demonstrating
highly regulated Abcg2 expression during stem cell differ-
entiation with a sharp decline during lineage commitment.*>
In contrast, overexpression of Abcg2 blocks the differentia-
tion of hematopoietic and retinal stem cells, indicating a
functional role of Abcg2 in the maintenance of the stem cell
pool.#> In both cell types, overexpression of Abcg?2 leads to
increased cell expansion and adversely affects their lineage
commitment.

We have shown that overexpression of Abcg2 not only
promotes proliferation and survival of c¢SP cells but, at the
same time, also inhibits cellular differentiation. Taken to-
gether, our data suggest that Abcg? is essential to the fate and
function of cSP cells. As such, the tight regulation of Abcg?2
expression may be critical for maintaining progenitor cells in
either a proproliferative or prodifferentiation state. Moreover,
such regulation may be especially essential following tissue
injury, during which a rapid increase in cSP cell proliferation
is observed to replenish tissue SP cell pools.2° Dysregulation
of Abcg2 expression may also result in uncontrolled cell
growth or cell death. To date, the exact mechanism by which
Abcg?2 prevents stem cells from lineage commitment remains
to be elucidated. Considering the primary function of Abcg?2
as a detoxifying transmembrane pump, however, it is tempt-
ing to speculate that active extrusion of key molecules of the
differentiation-promoting pathway might be involved in this
process.

In summary, our study highlights the importance of Abcg2
in regulating the function and homeostasis of cSP cells that
goes beyond its traditional role as dye efflux transporter.
Manipulation of Abcg2 expression and function may be of
particular importance in promoting cardiac regeneration fol-
lowing injury by both endogenous and exogenously delivered
cSP cells. Given the role of Abcg2 in the proliferation of
cancer cells, as well as cSP cells, there is great potential for
cardiac toxicity with emerging chemotherapeutic agents spe-
cifically targeting Abcg?2. Further investigation into the role
of Abcg2 in cSP cells is of clinical importance to limit cancer

drug—induced cardiac toxicity and to promote cardiac
regeneration.
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