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Stem cells undergo self-renewal, maintaining themselves in an undifferentiated
state while generating differentiated cells that are required for the tissue
homeostasis or repair. One intriguing feature of stem cells is their maintenance in
their respective hypoxic niche. Survival in this low-oxygen microenvironment
requires significant metabolic adaptation. However, little is known about stem cell
metabolism, its regulation or its effect on stem cell function. We started our work
by focusing on the most comprehensively characterized adult stem cell
population, the hematopoietic stem cells (HSCs). We demonstrate that mouse and
human HSCs utilize glycolysis instead of mitochondrial oxidative
phosphorylation to meet their energy demands. Furthermore, we demonstrate that
Meisl and Hif-1a are markedly enriched in HSCs and that Meisl functions

upstream of the two master redox regulators Hif-1a and Hif-20, where loss of



Meisl results in a metabolic shift from glycolysis to mitochondrial oxidative
metabolism, and increased oxidative stress, and loss of HSC quiescence. These
results underscore the critical link between metabolism and cell cycle regulation
of HSCs. We then sought to determine whether other stem cell populations share
these unique metabolic characteristics. This strategy enabled us to identify the
epicardium and the subepicardium of the heart as the cardiac hypoxic stem cell
niche, which houses a metabolically distinct, Hif-1a positive population of
glycolytic cardiac progenitors. Moreover, our studies indicate that Meis1, which
regulates HSC metabolism and quiescence, also induces post-natal cell cycle exit
and quiescence of cardiomyocytes through induction of synergistic cyclin
dependent kinase inhibitor families. We demonstrate that both embryonic and
adult deletion of Meisl in cardiomyocytes results in widespread cardiomyocyte
proliferation in the adult heart. Overall, our studies identify Meisl as a critical

transcriptional regulator of cell cycle and metabolism.

Vi



ACKNOWLEDGEMENTS

This work would not have been possible without the assistance of many. First of
all, I thank my mentor, Dr. Hesham A. Sadek, for his invaluable mentorship, his
steadfast enthusiasm, his encouragement to the scientific discipline required to be
an effective scientist and for allowing me to pursue diverse scientific questions.
The scientific environment in Sadek lab has been wonderful and fruitful. | would
like to thank my colleagues Ahmed Mahmoud and Dr. Shalini Muradlihar who

have provided me with invaluable scientific advice, friendship and support.

The many members of the Hill Lab, Mammen Lab, Garcia Lab, Alec Lab,
DeBerardinis Lab, and Olson Lab have been invaluable for good advice that made
this a productive experience. Thanks to Drs. Sarvjeet Singh and Diana Canseco at
Mammen Lab and Dr. Rui Chen at Garcia Lab for technical advice and
friendship. Thanks to the Jessica Sudderth at DeBerardinis Lab for her kindness
and help with metabolic assays. | am especially indebted to our collaboration with
Dr. Junke Zheng at Alec Lab. Our collaboration has been enjoyable as well as
productive, and | have learned a lot from him on how to address scientific
problems in hematology. In particular, I would like to thank Drs. Drazen Sosic,
Arin Aurora and Enzo Porrello at Olson Lab for their friendship, technical advice

and support.

vii



Special thanks to Suwannee Thet for excellent assistance with genotyping and
John McAnally for generation of transgenic mice. | am thankful to John Shelton
and the histology core members for outstanding histology sections and technical
advice with histological analysis and immunohistochemistry. Thanks to Dr.

Mahesh Padanad for his careful and critical reading of dissertation.

| am grateful to our collaborators for kindly sharing mice and reagents.
Specifically, 1 would like to thank Dr. Neal Copeland and Dr. Keith Humphries
for providing the Meisl floxed mice, Dr. Joachim R. Goethert at
Universitaetsklinikum Essen for providing the Scl-Cre-ER" mice and Dr. Joseph

A. Garcia for Hif-1a floxed mice.

| thank the Division of Biomedical Sciences and the Genetics and Developmental
Biology program, and the members of my committee, Drs. Eric Olson, Joseph A.
Garcia, and Hiromi Yanagisawa for their time and effort. Their insights have been

important in completing this work.

Finally, I am indebted to my parents for their love, patience and constant prayers.
| am grateful to all my friends in Dallas area for having made these years filled
with good memories, to my wife, Hatice, for her unwavering love and support and

my daughter Refia for bringing so much joy into my life.

viii



TABLE OF CONTENTS

N o111 = Tod SRR %
ACKNOWIEAGEMENTS ... vii
Table OF CONENTS ...c.viieiiiieii e IX
Prior PUBIICALIONS .....ocveiiiiie e xi
LISE OF FIQUIES ...t Xiii
List OF ADDIEVIAtIONS .....ccvviiiiieiice e XV
o =] =T =TS OSTRSPRR 1
PART 1 — Unique Metabolic Profile of Stem Cells...........ccccooeiiiiiiiiiiiiice 4
Chapter 1- INtrodUCTION ........coviiiiiiiiieee e 4
Hematopoietic Stem Cells (HSC) ......ooviieiieeieeecee e 5
HYPOXIC HSC NICNE ... 6
HypoXia SIgnaling .......cccoooveiiiiiic e 7
OXIOALIVE STIESS ...vveveeieeieeiiesieeie e st ee e e e esteenee e e saeeneesneesreeneennes 9
Cardiac Progenitor Cells ... 10

Chapter 2 — The Distinct Metabolic Profile of Hematopoietic Stem Cells

Reflects Their Location in @ HypoXiC NIiChe ..........ccccooiiiiiiinininiceee, 13
INEFOTUCTION ...ttt e e e e 13
IMIBENOTS. ... ettt ee s 16
RESUIES ... et 27
DS CUSSION .. 48

ClIS e 51
INEFOAUCTION ..o 51
IVTEENOOS. .. 54



RESUIES ...ttt e e e e 62
DISCUSSION ..ottt e e e e e e e ettt ee e e e e e e e eeeneens 76

Chapter 4 — The Cardiac Hypoxic Niche and Glycolytic Cardiac Stem Cells.78

INEFOAUCTION ...t e be e e reeea 78
MEENOAS. ... e 81
RESUILS ..t sb e s e e sbe e s be e b e e re e sree e 91
DISCUSSION ...ttt ettt ettt et re e sbe e s e e baesbeesbeesabeesbeeenree e 104

Chapter 5 — Meisl is a Transcriptional Regulator of Stem Cell Metabolism

ANA CeIL CYCIB ... 107
INETOAUCTION ..o 107
IVLEENOMS. ... s 112
RESUIES ... e et 123
DISCUSSION ...ttt e e e e e e e e et e e e e e e e e e e eeeeeas 146

PART 2 —Meisl is a Transcriptional Regulator of Cardiomyocyte Cell Cycle ..149

INTTOAUCTION ..o 149
IVLEENOMS. ... s 152
R ESUIES .. nnnn 162
DI U S SION - 177
PART 3 — Discussion and Future DireCtioNnS........oooeveeeeeeeee 180
BIbHIOGrapny ..o 191



PRIOR PUBLICATIONS

Fatih Kocabas*, Tugba Simsek* ,Junke Zheng*, Ralph J. DeBerardinis, Ahmed
I. Mahmoud, Eric N. Olson, Jay W. Schneider, Cheng Cheng Zhang, Hesham A.
Sadek. The Distinct Metabolic Profile of Hematopoietic Stem Cells Reflects Their
Location in a Hypoxic Niche. Cell Stem Cell, Volume 7, Issue 3, 380-390, 3

September 2010.

Fatih Kocabas, Ahmed 1. Mahmoud, Enzo Porrello, Drazen Sosic, Eric N.
Olson, Ralph J. DeBerardinis, and Hesham A. Sadek. The Hypoxic Epicardial and
Subepicardial Microenvironment. J Cardiovasc Transl Res. 2012 May 8.

DOI: 10.1007/s12265-012-9366-7.

Fatih Kocabas, Shalini Muralidhar, Hesham A. Sadek. New Frontiers in Cardiac

Regeneration. Journal of Biomedicine and Biotechnology (invited review).

Fatih Kocabas*, Junke Zheng*, Suwannee Thet, Ralph J. DeBerardinis,

Chengcheng Zhang, Hesham A. Sadek. Meisl Regulates the Metabolic Phenotype

and Oxidant Defense of Hematopoietic Stem Cells (Under review at Blood).

Xi



Fatih Kocabas, Junke Zheng, Ralph J. DeBerardinis, Cheng Cheng
Zhang, Hesham A. Sadek. Metabolic Profile of Human Hematopoietic Stem Cells

(Submited).

Fatih Kocabas*, Ahmed |. Mahmoud*, Shalini Muralidhar, Suwannee Thet,
Enzo R. Porrello, Eric Olson, Hesham A. Sadek. Meisl Is a Key Regulator of

Post-Natal Cardiomyocyte Cell Cycle Arrest (In Preperation).

Enzo R.Porrello*, Ahmed I. Mahmoud*, Emma Simpson, Fatih Kocabas,
Young-Jae Nam, David Grinsfelder, Beverly A. Rothermel, Eric N.Olson,
Hesham A. Sadek. Regulation of Neonatal Heart Regeneration by the miR-15

Family (Submitted to PNAS).

Sheng-Min Shih, Fatih Kocabas*, Benjamin D. Engel*, Thomas Bilyard*, Arne

Gennerich, Wallace F. Marshall, Ahmet Yildiz. Intraflagellar Transport Drives

Flagellar Surface Motility in Chlamydomonas (Submitted to Cell).

*Equal Contribution.

xii



LIST OF FIGURES

Figure 1. Metabolic profile of mouse HSCS ..o 29
Figure 2. Low MP cells are glyCOIYEIC........covieiiiiiiiiiiccc e 32
Figure 3. Normoxic upregulation of Hif-1a in Low MP cells..........c.ccocoueee. 35
Figure 4. Low MP cells are enriched for HSCs..........c.coooiiniiiiiicne, 38
Figure 5. Multi-lineage contribution of Low MP cells............cccocoviiiinennn. 40
Figure 6. Upregulation of Hif-1a in Low MP and LT-HSCs .........cccccvvnnnne. 42
Figure 7. Transcriptional regulation of Hif-1a by Meis] ........ccccoeveiiiinnnne. 44
Figure 8. Metabolic profile of human HSCS..........cccooiiiiiiiceee 63
Figure 9. Low MP cells are enriched for hematopoietic stem cells................ 67
Figure 10. Expression profile of Hif-1a and Meis1 in human HSCs ............. 69
Figure 11. Transcriptional regulation of Hif-1o. by Meis] ..o, 72

Figure 12. Cooperative role of Pbx1, HoxA9, and Meisl for transcriptional

regulation Of Hif-1o. ..o 74
Figure 13. Characterization of the cardiac hypoxic niche ...........ccocociinenn. 92
Figure 14. ENdOMUCIN SEAINING ....c.eoviiiieiiiieriesieseeeee e 94

Figure 15. Quantification of Hif-1a expression in ventricular epicardium and

SUDEPICANTIUM ... bbbt 95
Figure 16. Atrial Hif-100 @XPreSSion.........cocoviiiiiiinieiieniese s, 95
Figure 17. Metabolic profile of GCPS..........cccooiiiiiiiiiiicce e 96
Figure 18. Differentiation potential of GCPS..........ccccoeviiiiiiiiiieee 99

Xiii



Figure 19.

of GCPs...

Figure 20.

Figure 21.

quiescence

Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.
Figure 28.
Figure 29.
Figure 30.
Figure 31.
Figure 32.

Figure 33.

Role of Hif-1a in the regulation of metabolism and differentiation
....................................................................................................... 102
Conditional deletion of Meisl in LT- HSCS ..........ccocvoiiiieienn, 124
Meisl deletion in LT-HSCs results in apoptosis and loss of
...................................................................................................... 125
Impaired repopulation in Meisl-/- LT-HSCs...................... 130
Metabolic regulation of LT-HSCs by Meisl........................ 133
Metabolic phenotype of Hif-10. KO HSCs......ccooovvvveieiieniiennne 135
Characterization of Hif-10-/- HSCS ........cooviiiiiiiii 137
Effect of ROS scavenging on the Meis1-/- phenotype............... 141
Peripheral blood counts of Meis1-/- miCe ..........ccccevvvvivererennne. 144
Expression profile of Meisl inthe heart............ccoooeiiiiiicnnn, 164
Cardiomyocyte proliferation in Meisl-/- Heart.............ccccvevenen. 167
Inducible deletion of Meisl in cardiomyoCytes ............cccceevennnne. 169
ApOoptosiS IN MeiSL-/- Heart .........ccocovvvivinieeiee e, 171
Regulation of cyclin-dependent kinase inhibitors by Meis1 ........ 173
Proposed Model of Cardiomyocyte Cell Cycle Arrest by Meis1.175

Xiv



ALL
AML
Anoxia
CFSE
CFU
DAPI
FACS
FS

FTC
GCPs
HIF-1
High MP
HPSCs
Hypoxia
low MP
LT-HSCs
Meisl

MI

LIST OF ABBREVIATIONS

Acute lymphoblastic leukemia

Acute myeloid leukemia

Lack of oxygen

5-(and-6) carboxyfluorescein succinimidyl ester
Colony forming unit
4,6-diamidino-2-phenylindole
Fluorescence-activated cell sorting
Fractional shortening

Fumitremorgin C

Glycolytic cardiac progenitors

Hypoxia Inducible Factor-1

High Mitochondrial Potential
Hematopoietic progenitor/stem cells
Decreased partial pressure of oxygen
Low Mitochondrial Potential

Long-term Hematopoietic Stem Cells
Myeloid ecotropic viral integration site 1

Myocardial infarction

XV



MPB Cells Mobilized peripheral blood cells
ROS Reactive oxygen species

WBM Whole bone marrow

XVi



PREFACE

Tissue homeostasis and repair are dependent on stem cells, which maintain
themselves in an undifferentiated state by undergoing self-renewal while
generating required differentiated cells (Weissman, 2000). One crucial underlying
property of stem cells is their potency. Embryonic stem cells, for instance, are
considered as pluripotent, which denotes their ability to differentiate into all types
of cells required during development. On the other hand, most adult stem cells are
considered as multipotent as they have capacity to differentiate into only lineage-
restricted family of cells. Stem cells have been extensively studied for treatment
of a wide range of diseases including neurological disorders, heart failure,
diabetes, spinal cord injury, and leukemia. Hematopoietic stem cells (HSCs) are
among the most widely studied adult stem cells due to their incredible potential
(Gahrton and Bjorkstrand, 2000; Katzel et al., 2007). HSCs are a rare population
of bone marrow cells located in the hypoxic endosteal regions of bone marrow.
They are generally quiescent, maintained at G, phase of cell cycle and divide only
in response to stimulus to replenish blood components. Their maintenance during
the life of an organism requires complex interplay between extrinsic and intrinsic
factors such as growth factors, transcription factors and cell cycle regulators

(Blank et al., 2008; Pietras et al., 2011; Warr et al., 2011; Zon, 2008).



One of the most critical areas of research is regulation of cell cycle, as it has wide
implications in regenerative biology and cancer (Funk, 1999; He et al., 2009; Park
and Lee, 2003). Cell cycle regulation is a highly complex process that involves
hundreds of genes that regulates cell cycle progression through cell cycle
checkpoints, namely G1, G2 and Metaphase checkpoints(Malumbres and
Barbacid, 2009; Park and Koff, 2001). Lessons learned from the cancer field
indicate that dysregulation of cell cycle checkpoints and metabolism occur hand
in hand (Malumbres and Barbacid, 2009; Zhou et al., 2010). Cancer cells
preferentially metabolize glucose at higher rates using glycolysis, which is
known as Warburg effect (Vander Heiden et al., 2009). This provides a short cut
to produce enough ATP to meet energy demand. One accepted reason for
preferential use of glycolysis by cancer cells in vivo is the lack of adequate supply
of oxygen (Denko, 2008). The use of anaerobic glycolysis confers survival
advantage to cancer cells in this hypoxic environment. Similarly, several stem
cells have been reported to reside in hypoxic niches, which suggest presence of
unique metabolic adaptations in stem cells (Mohyeldin et al., 2010). However,
little is known about metabolic phenotype and its regulation or how metabolism
of stem cells is linked to their cell cycle (Aguilar and Fajas, 2010; Buchakjian and
Kornbluth, 2010). Therefore, we set out to outline the link between metabolism
and cell cycle regulation of stem cells. Part | describes characterization of HSC

metabolism, which led us to discover Meis1 as a novel transcriptional regulator of



cell cycle and metabolism in HSCs. Part Il elucidates the role of Meisl in

regulation of postnatal cardiomyocyte cell cycle arrest.



PART 1 - UNIQUE METABOLIC PROFILE OF STEM CELLS

CHAPTER 1

INTRODUCTION

Stem cells are distinguished by their ability to remain undifferentiated and
capacity to undergo self-renewal, which allow them to proliferate during fetal
development and to be maintained throughout adult life (Weissman, 2000). An
emerging hallmark of stem cell function relies on the specialized
microenvironments, called niche. Stem cell niches are initially described in
worms and flies, and later in mammals and defined as a microenvironment that
supports the function and maintenance of stem cells trough integration of local
and systemic factors (Doetsch et al., 1999a; Doetsch et al., 1999b; Kimble and
White, 1981; Mohyeldin et al., 2010; Spradling et al., 1997; Xie and Spradling,
1998). Several adult stem cells has been suggested to reside in niches which show
low partial pressure of oxygen, namely hypoxia (De Filippis and Delia;
Mastrogiannaki et al., 2009; Mohyeldin et al., 2010; Morrison and Spradling,
2008; Nakada et al., 2011; Parmar et al., 2007; Urbanek et al., 2006). Neuronal
stem cell niches, for instance, demonstrate charecteristics of hypoxic niche, where

neuronal stem cells located in the subventricular zone (SVZ) of the lateral



ventricles and the subgranular zone (SGZ) of the dentate gyrus in the
hippocampus (Mohyeldin et al., 2010; Panchision, 2009; Roitbak et al., 2010;
Zhao et al., 2008). Mesenchymal stem cells (MSCs), however, are located in
almost all tissues in relatively hypoxic perivascular niches (Crisan et al., 2008;
Pasarica et al., 2009). Moreover, hematopoietic stem cells which are among the
most widely studied adult stem cells have been shown to reside in the hypoxic

endosteal regions of bone marrow(Perry and Li, 2012; Zhang et al., 2003).

Hematopoietic Stem Cells (HSCs)

HSCs are classified by their repopulation ability in lethally irradiated recipients
(Weissman, 2000). The cells that can repopulate and maintain hematopoietic
system for the rest of life are defined as Long-term HSCs (LT-HSCs). LT-HSCs
give rise to short-term HSCs (ST-HSCs), which can only sustain hematopoietic
system for several weeks (Zhong et al., 2005). Various markers have been
identified that accurately identify HSCs (Weissman, 2000). Surface antigens and
vital dyes have been extensively used for isolation of HSCs by fluorescent
activated cell sorting (FACS) (Bhatia et al., 1997; Camargo et al., 2003;
Conneally et al., 1997; Gothert et al., 2005; Kiel et al., 2005; Majeti et al., 2007;
Osawa et al., 1996). Commonly used combination of surface antigens to isolate

LT-HSCs are CD34CD48'CD150"Linage’Scal*c-Kit" and CD34", FIk2 Linage”



Scal’c-Kit" (Goodell et al., 1996; Huynh et al.; Kiel et al., 2005; Osawa et al.,
1996; Wilson et al., 2008; Yilmaz et al., 2006). However, while HSC isolation
relies on the expression of surface antigens or transporters, functional properties

of HSCs remains to be determined for HSC enrichment protocols.

Hypoxic HSC Niche

HSC are known to reside in specialized niches within the bone marrow (Lilly et
al., 2011). Previous studies suggest that the HSC niche in the endosteal regions of
the bone marrow has limited perfusion and low levels of partial pressure of
oxygen (PO,) (average fifty-five mmHg) (Arai et al., 2004; Calvi et al., 2003;
Draenert and Draenert, 1980; Harrison et al., 2002; Zhang et al., 2003). In
addition, cells away from capillaries have been estimated to show 10-fold lower
levels of PO, (Chow et al., 2001). Moreover, perfusion studies, using a Hoechst
staining technique, demonstrated that HSCs predominantly reside in low
perfusion compartments in the bone marrow (Parmar et al., 2007). Furthermore,
HSCs are sensitive to hypoxic cytotoxin tirapazamine and show staining of
hypoxia probe pimonidazole in vivo (Parmar et al., 2007). In vitro studies also
indicate that HSC function and reconstitution ability are well preserved upon
culturing in hypoxic conditions (Cipolleschi et al., 1993; Danet et al., 2003;

Ivanovic et al., 2004). Finally, several reports also support the role of hypoxia in



the maintenance of HSCs quiescence (Goodell et al., 1996; Hermitte et al., 2006;
Kim et al., 2002; Scharenberg et al., 2002; Shima et al., 2010). These findings
suggest that HSCs reside in a hypoxic microenvironment and indicates the

importance of hypoxia signaling in HSCs.

Hypoxia Signaling

All mammals express a highly conserved transcriptional complex that responds to
decreased oxygen levels, namely hypoxia inducible factor (HIF) (Semenza, 2010).
Hif-1 belongs to PER-ARNT-SIM subfamily of the basic helix-loop-helix
(bHLH) family of transcription factors. It is composed of oxygen regulated Hif-1a
subunit and constitutively expressed Hif-1p subunit (Semenza, 2010; Wang et al.,
1995a; Wang and Semenza, 1995). Hif-la initially discovered as the
transcriptional regulator of erythropoietin gene (EPO) that controls the
erythrocyte production (Semenza and Wang, 1992). Hif-1a activity is inherently
dependent on oxygen levels and is unstable at normoxia (20% oxygen) such that
its half-life is shorter than five minutes (Jewell et al., 2001; Yu et al., 1998). In
normoxia, Hif-1a is hydroxylated by prolyl-hydroxylases (PHDs) and degraded
through the ubiquitin-proteasome pathway following interaction with the von
Hippel Lindau (VHL) protein (Bruick and McKnight, 2001; Epstein et al., 2001;

Semenza, 2001, 2007a). PHDs use oxygen and a-ketoglutarate as substrates to



undergo enzymatic reactions to modify two proline residues (P402 and P564) of
Hif-1a (Chowdhury et al., 2008; Kaelin and Ratcliffe, 2008). Hydroxylation of
Hif-1a recruits VHL protein, which interacts with Elongin C/E3 ubiquitin-protein
ligase for ubiquitination and degradation by proteasome complex. Under
hypoxia, however, hydroxylation of prolyl residues is inhibited, which results in
stabilization, formation of the Hif-1 complex, nuclear translocation, and

transactivation of downstream genes.

Hif-1, which has hundreds of downstream target gene, plays a crucial role in
cellular metabolism (Bunn and Poyton, 1996; Caro, 2001; Wang et al., 1995a).
Hif-1 induces expression of glucose transporters and glycolytic enzymes such as
hexokinase, aldolase, enolase, and lactose dehydrogenase A (Gatenby and Gillies,
2004; lyer et al., 1998; Marin-Hernandez et al., 2009; Maxwell et al., 1999;
Vander Heiden et al., 2009). Moreover, Hif-1 inhibits mitochondrial activity by
repressing key enzymes in the Krebs cycle and preventing production of NADH
and FADH2 delivered to the electron transport chain (Papandreou et al., 2006;
Semenza, 2007c). In addition to preferential induction of glycolyisis and
inhibition of mitochondrial respiration, Hif-1 inhibits mitochondrial biogenesis,
which results in a metabolic shift from oxidative phosphorylation to anaerobic
cytoplasmic glycolysis (Zhang et al., 2007). This metabolic shift may have

significant consequences unrelated to metabolism, primarily related to the



production of reactive oxygen species (ROS) by the mitochondria, which is a

major mediator of cellular oxidative stress.

Oxidative Stress

Mitochondrial oxidative phosphorylation is a major source of ROS production. It
is estimated that about 2% of all electrons flowing through the respiratory chain,
through premature transfer of electrons, result in generation of ROS (Turrens,
1997, 2003). ROS can lead to wide spread cellular damage by oxidizing proteins,
lipids, and nucleic acids. Regulation of ROS is important for HSC function (Ergen
and Goodell, 2010; Jang and Sharkis, 2007). HSCs located in the low ROS flow
cytometry compartment show selective repopulation capacity (Jang and Sharkis,
2007). In addition, high levels of ROS is associated with loss of HSC function
(Ergen and Goodell, 2010). Cells residing in hypoxic microenvironment gain
protection against harmful effects of ROS through inhibition of mitochondrial
metabolism by Hif-1a (Papandreou et al., 2006; Semenza, 2007c; Zhang et al.,

2007) or induction of antioxidant genes by Hif-2a (Scortegagna et al., 2003a).

Hif-2a (EPAS1) has many similarities with Hif-1a but demonstrates distinct
functional roles (Covello et al., 2006; Scortegagna et al., 2003a; Wiesener et al.,

2003). While Hif-1a is expressed ubiquitously, expression of Hif-2a limited to
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certain tissues (Covello et al., 2006; Scortegagna et al., 2003a; Wiesener et al.,
2003). Hif-20 knockout mice show a number of defects in hematopoiesis,
metabolism, and regulation of ROS (Scortegagna et al., 2003a; Scortegagna et al.,
2005). Increased ROS in Hif-20 knockout mice was associated with lower
expression of antioxidant genes such as Cat, Gpx1, Sodl and Sod2 (Scortegagna
et al., 2003a). Moreover, Hif-2a is associated with cardioprotection through
transcriptional activation of Abcg2 in cardiac side population progenitors (Martin

et al., 2008).

Cardiac Progenitor Cells

Recent reports indicate that the adult mammalian heart is capable of limited, but
measurable, cardiomyocyte turnover (Bergmann et al.,, 2009; Laflamme and
Murry, 2011; Laflamme et al., 2002; Loffredo et al., 2011; Segers and Lee, 2008).
While the lineage origin of the newly formed cardiomyocytes is not entirely
understood, mounting evidence suggest that they may be derived from an
unidentified cardiac progenitor population (Laflamme and Murry, 2011; Loffredo
et al., 2011). A number of resident cardiac progenitor cells are identified based on
the expression of surface markers such as c-kit, Scal-1 and Isl-1, epicardial
localization, dye exclusion or in vitro culture (Barile et al., 2007; Bearzi et al.,

2007; Chong et al., 2011; Martin-Puig et al., 2008; Matsuura et al., 2004; Oh et
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al., 2003; Passier et al., 2008; Segers and Lee, 2008; Slukvin, 2011; van Vliet et
al., 2008). Many of these cardiac progenitor cells demonstrate capacity for self-
renewal, clonogenicity, can differentiate into cardiomyocyte and vascular lineages
in vitro and express cardiac genes such as GATA-4, Nkx2.5 and MEF2, which are
important for cardiac development (Bearzi et al., 2007; Martin-Puig et al., 2008;
van Vliet et al., 2008). Willms™ tumor 1 gene (WT1) is another important
transcription factor that has been identified in cardiac progenitors (Zhou et al.,
2008). Lineage tracing studies demonstrate that WT1 expressing epicardial cells
differentiate into cardiomyocytes during cardiac development and contribute to de
novo cardiomyocytes following injury in adult mouse hearts (Smart et al., 2011,
Zhou et al., 2008). Intriguingly, Hif-1 has been shown to play an important role in
the regulating WT1 expression in vitro and in vivo (Scholz and Kirschner, 2011;

Wagner et al., 2002; Wagner et al., 2003).

Several studies suggested presence of cardiac progenitor cell niches based on the
staining of surface marker Isl-1 (Laugwitz et al., 2005; Schenke-Layland et al.,
2011). However, recent studies on lineage of Isl-1+ cells in adult heart
demonstrated that Isl-1+ positive cells are a marker of adult sinoatrial node rather
than cardiac progenitors or cardiac stem cell niche (Weinberger et al., 2012).
Hypoxia could be considered as common theme for adult stem cell niches, where

stem cells preferentially utilize cytoplasmic glycolysis to meet their energy
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demands. However, it is unclear if the heart harbors similar hypoxic regions, or

whether these regions house metabolically distinct cardiac progenitor populations.



CHAPTER TWO

THE DISTINCT METABOLIC PROFILE OF HEMATOPOIETIC STEM

CELLS REFLECTS THEIR LOCATION IN A HYPOXIC NICHE

INTRODUCTION

The microenvironment, or niche, plays a crucial role in self-renewal and
differentiation of hematopoietic stem cells (HSCs) (Fuchs et al., 2004; Spradling
et al., 2001). One of the hallmarks of the HSC niche is its low oxygen tension,
hence the term “hypoxic niche” (Chow et al., 2001; Parmar et al., 2007). This
low oxygen environment is not only tolerated by HSC, but also appears to be
essential for their function (Bradley et al., 1978; Chow et al., 2001; Cipolleschi et
al., 1993; Danet et al., 2003; Eliasson and Jonsson; Katahira and Mizoguchi,
1987; Koller et al., 1992; Kubota et al., 2008; Laluppa et al., 1998; Lo Celso et
al., 2009; Parmar et al., 2007). The mechanism of this hypoxic tolerance of HSCs,

while poorly understood, requires significant metabolic adaptation.

Hif-1 is a master regulator of metabolism. It regulates both glycolysis and

mitochondrial respiration, inducing a metabolic shift towards anaerobic glycolysis

(Hagg and Wennstrom, 2005; Kim et al., 2006b; Marin-Hernandez et al., 2009;

13
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Maxwell et al., 2007; Papandreou et al., 2006; Wang et al., 1995a; Zhang et al.,
2007). Hif-1 function is dependant on dimerization of the constitutively active
Hif-14 subunit and the tightly regulated Hif-/a subunit. Hif-/a undergoes
hydroxylation, followed by ubiquitination and degradation during normoxia in
most cells (Ivan et al., 2001; Jaakkola et al., 2001; Kamura et al., 2000; Maxwell
et al., 1999; Salceda and Caro, 1997). Upregulation of Hif-/a can occur either by
transcriptional activation (Hirota et al., 2004; Laughner et al., 2001) or protein
stabilization (Li et al., 2005; Nakayama et al., 2004; Qi et al., 2008; Semenza,
2007a). Several studies have demonstrated that Hif-/a may play a crucial role in
HSCs (lyer et al., 1998; Kim et al., 2006a; Ryan et al., 1998) , however, the
function and mechanism of regulation of Hif-/a in HSCs remain largely

unknown.

Meisl belongs to the Hox family of homeobox genes, which is a conserved set of
genes that encode DNA-binding transcription factors (Cesselli et al., 2001). Meisl
is expressed in the most primitive hematopoietic populations and is down
regulated upon differentiation (Argiropoulos et al., 2007; Imamura et al., 2002;
Pineault et al., 2002a). Moreover, targeted Meisl knockout causes lethality by
embryonic day 14.5 with multiple hematopoietic and vascular defects (Azcoitia et
al., 2005; Hisa et al., 2004; Imamura et al., 2002). Despite the clear association of

Meis1 with HSCs, the precise function of Meis1 in HSCs is not well understood.



15

In the current study, we outline the unique metabolic characteristics of LT-HSCs
and we show that separation of bone marrow cells solely based on their metabolic
footprint markedly enriches for HSCs. Finally, we demonstrate that Meisl

regulates HSC metabolism through transcriptional activation of Hif-1a.
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METHODS

LT-HSC Isolation

LT-HSCs were isolated from the bone marrow cells of 4- to 6-month-old
C57BL/6 mice by FACS after surface marker staining for Lin, Sca-1, C-Kit,
CD34, and FIk2 to identify Lin", Sca-1" C-kit", and CD34/FIk2" cells (LTHSCs).
All antibodies were purchased from BD PharMingen. In studies LT-HSCs were
isolated for metabolic analysis, magnetic lineage depletion (autoMACS separator,
Miltenyibiotec) was utilized. In these studies, additional control fluorescent
surface marker staining was performed, and the cells were evaluated by flow
cytometry for ensuring that adequate lineage depletion (>95% lineage depletion)
was reproducibly achieved. For metabolic studies, LT-HSCs isolated from 62
mice were pooled, and metabolic studies were performed within 24 hr of

isolation.

Metabolic Assays

Oxygen consumption was measured with the BD Oxygen Biosensor System in
accordance with the manufacturer’s recommendations. A total of 2 to 3 x10°
cells/well were used. Oxygen consumption was determined after 2 hr of culture in

the biosensor.
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ATP levels were quantified with ATP Bioluminescence Assay Kit HS 11 (Roche)
in accordance with the manufacturer’s recommendations. A total of 2 to 3x10°

cells/well were used.

Lactate production was measured with gas chromatography-mass spectrometry.
Cells were cultured for 12 hr in a medium supplemented with 10 mM D-[1-13C]-
glucose (Cambridge Isotope Labs) to allow up to half of the glucose-derived
lactate pool to be labeled on C-3. The samples were analyzed for lactate

abundance. The final results are presented as nMoles 13C-Lactate/nMol ATP.

Mitochondrial source of NADH was determined with the electron transport chain
complex Il inhibitor antimycin A (AMA). AMA leads to cessation of electron
flow through the respiratory chain resulting in rapid accumulation of NADH from
the Krebs cycle. Stock AMA (Sigma Aldrich) was prepared at 1 M in DMSO. A
baseline NADH fluorescence gate was set with untreated high and low MP cells.
High and low MP cells were then treated with 2 mM AMA for 5 min and profiled
for NADH fluorescence. Cells with mitochondrial source of NADH production

display an increase in NADH fluorescence following AMA treatment.

Flow Cytometric Profiling and Separation of Cells Based on Mitochondrial

Activity
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Flow cytometric profiling and separation of BM cells based on their
mitochondrial activity was performed with mitotracker dyes and endogenous
NADH fluorescence. The metabolic profile of mouse LT-HSCs was determined
with concomitant surface marker and mitotracker staining. Mitotracker dyes that
accumulate within mitochondria on the basis of mitochondrial proton gradient
(MitoTracker deep red 633, MitoTracker Red CMXRos and MitoTracker Red
CM-H2XRos) (Poot et al., 1996), as well as nonproton gradient sensitive dyes
(MitoTracker Green), were used. Endogenous NADH fluorescence was measured
flow cytometrically at 37°C with a UV laser (Ex: 350 nm, Em: 460 nm, Moflo
analyzer, Cytomation) as described previously (Chance and Thorell, 1959). Flow
cytometric separation of high and low MP cells was carried out by separating
cells in the low MP gate (6%—9%) and an equivalent number of cells with high

mitochondrial potential.

Stem Cell Assays

Colony forming cell (CFC) assays were performed on high and low MP cells
separated solely on the basis of the flow cytometric mitochondrial profile
according to recommendations (Methocult, Stem Cell Technologies). For in vivo
bone marrow reconstitution studies, high and low MP cells were isolated from 8-
to 10-week-old C57BL/6 CD45.2 mice. Equal numbers of high and low MP

CD45.2 donor cells (5 x10*) were mixed with 5 x 10* freshly isolated CD45.1
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competitor bone marrow cells, and the mixture was injected intravenously via the
retro-orbital route into each of a group of 6- to 9-weekold CD45.1 mice
previously irrad