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ABSTRACT OF THE DISSERTATION

Transcriptional Regulation of Hemato-vascular Lineage Specification

during Embryogenesis

by

Dan Duan
Doctor of Philosophy in Molecular, Cell and Developmental Biology
University of California, Los Angeles, 2016

Professor Hanna K.A. Mikkola, Chair

Cardiovascular and blood are the first functioning organ systems that need to be established
during embryogenesis. Although individual regulators governing blood, vascular and heart
development have been identified, we lack understanding of how these factors cooperate to enable
precisely timed fate choices. Here, genetically modified mouse embryonic stem cells and
embryoid body differentiation system were used to investigate how lineage specifying
transcription factors (SCL, GATAL, GATA2, ETV2) exploit epigenetic landscape to regulate
gene expression during mesoderm diversification to hemato-vascular and cardiac lineages. Our
lab previously showed that transcription factor SCL specifies hematopoiesis and represses
cardiogenesis during embryogenesis. In this thesis work, we determined that SCL directly binds

to enhancers of both hematopoietic and cardiac genes that were epigenetically primed for
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activation in mesoderm prior to SCL binding. The repression of cardiac fate was not caused by
SCL dependent recruitment of co-repressors but possibly by SCL blocking the activation of these
genes by cardiac transcription factors. Moreover, ChlP-seq, RNA-seq and functional analysis
showed that SCL complex partners GATALl and GATAZ2 are critical for SCL mediated
endothelial to hematopoietic cell transition, but are dispensable for cardiac suppression by SCL.
Finally, we demonstrated that SCL activates hematopoiesis and represses ectopic cardiogenesis in
hemogenic endothelium independent of its upstream transcription factor ETV2. However, ETV2
cooperates with SCL in the activation of key hemato-vascular genes by establishing chromatin
accessibility at its binding sites.

These data have increased our understanding of the transcriptional events regulating specification
of mesodermal cells to hemato-vascular and cardiac fates, and provides new insights to the basic
mechanisms of cardiovascular lineage choice. This knowledge may help develop better protocols
for hematopoietic, endothelial and cardiac cell generation in vitro and thereby advance cell-based

therapies for blood and cardiovascular disease.

iii



The dissertation of Dan Duan is approved.

Luisa M. Iruela-Arispe

Siavash K. Kurdistani

Shuo Lin

Hanna K.A. Mikkola, Committee Chair

University of California, Los Angeles

2016

iv



DEDICATION

This work is dedicated to my Mom Rui Zhang, and my Grandma Lianfang Li whose love,
support and understanding made all of this possible,
and
to Dr. Hanna K.A. Mikkola whose mentorship and encouragement were indispensable to

accomplish this work.



TABLE OF CONTENTS

Preliminary pages:

ADSEFACT. ...t I
LS OF FIQUIES. ..t e et e e e e e sbe e ree s viii
LiSt OF ADDFEVIALIONS ... X
ACKNOWIEAGEMENTS ...ttt e te e sraesneeneenres Xi
BiographiCal SKETCN .........ciiiiieee e Xiii

Dissertation Research:

Chapter 1: INErOUCTION ......couiiiiieieie e 1
Chapter 1.1: Embryonic stem cells and embryoid body differentiation ............... 4
Chapter 1.2: Hemato-vascular development .........c.coovvveiiieneneneneceeseeeeen 6
Chapter 1.3: ETV2/ER71/ETSRP in hemato-vascular development .................. 11
Chapter 1.4: SCL and its complex in hematopoietic development .................... 13
Chapter 1.5: Hemogenic endothelium ... 16
Chapter 1.6: Dynamic epigenetic landscape during specification ...................... 18
Chapter 1: Bibliography ... 25

Chapter 2: SCL binds to primed enhancers in mesoderm to regulate hematopoietic

and cardiac fate AIVEIGENCE .......ccooiiiiiieiieee et 41
Chapter 2: Supplementary INformation............c.cooviiriniiiieieeeeseeee 61
Chapter 2: Bibliography ..........coooiiiii e 87

Chapter 3: ETV2 cooperates with SCL for timely gene activation during hemogenic

endothelium SPECITICAION ..........ccoiiiiiiiiee s 91

vi



Chapter 3: BibHOGraphy ........cooiiiiieie e 128

Chapter 3: Supplementary information.................ocoeviiiiiiiiiiaiinnennn, 133
Chapter 4: SUmMmary and DISCUSSION...........cciiiiieieiieiesie st 139
Chapter 4: Bibliography ..o 147

Appendix: Endothelial cells provide an instructive niche for the differentiation and

functional polarization of M2-like macrophages ..........ccccocevviieiieie s 149

vii



LIST OF FIGURES

B OUIE L L. e e e e 6
B OUIE L 2. e e e 8
B OUIE L3 e e e e 10
o gUIE L e 15
o gUIE .S 18
FIgUIC 1.0, e 22
o gUIE 2. o e 44
o gUIE 2. e 46
FagUIE 2.3 e 48
o gUIE 2.4 e 49
UL 2. S e 52
FIGUIC 2.0, ot 53
o gUIE 2. e 55
FagUIE 3. T 100
o gUIE 3. 105

viii



FagUIE 3.3 e e 111

FagUIE 3. s 115
FagUIE 4. L e 143
o gUIC 4. o 146

ix



LIST OF ABBREVIATIONS

ESCs: Embryonic stem cells

IPSCs: Induced pluripotent stem cells

ICM: Inner cell mass

LIF: Leukemia inhibitory factor

MEFs: Mouse embryonic fibroblasts

HSCs: Hematopoietic stem cells

MSCs: Mesenchymal stem cells

EBs: Embryoid bodies

ChlIP: Chromatin immunoprecipitation

VEGF: Vascular endothelial growth factor
HSPCs: Hematopoietic stem or progenitor cells
HSCs: Hematopoietic stem cells

AGM: Aorta-gonad-mesonephros region

ETS: E-twenty-six specific sequence

bHLH: Basic helix-loop-helix

EHT: Endothelial-to-hematopoietic transition
ATAC: Assay for transposase-accessible chromatin

PRC2: Polycomb-repressive complex 2



Acknowledgements

Chapter 2 was originally published in The EMBO Journal. Org, T. *, Duan, D. *, Ferrari, R.,
Montel-Hagen, A., Van Handel, B., Kerenyi, M. A., Sasidharan, R., Rubbi, L., Fujiwara, Y.,
Pellegrini, M., Orkin, S. H., Kurdistani, S. K., Mikkola, H. K. (2015). Scl binds to primed
enhancers in mesoderm to regulate hematopoietic and cardiac fate divergence. The EMBO

Journal. doi:10.15252/embj.201490542 * denotes equal contribution. ©EMBO

Chapter 3 is a version of Duan, D., Org, T., Mikkola, H.K. ETV2 cooperates with SCL for

timely gene activation during hemogenic endothelium specification. (in preparation)

Appendix was originally published in Blood. He, H., Xu, J., Warren, C. M., Duan, D., Li, X,,
Wu, L., & lruela-Arispe, M. L. (2012). Endothelial cells provide an instructive niche for the
differentiation and functional polarization of M2-like macrophages. Blood, 120(15), 3152-62.

doi:10.1182/blood-2012-04-422758 ©the American Society of Hematology.

I would like to thank Dr. Kouskoff (University of Manchester, United Kingdom) for kindly
sharing Etv2¥CiSCL, Etv2“?iETV2 ES cell lines for the work of Chapter 3. | would also like to
thank the UCLA BSCRC Flow Cytometry Core for the assistance in FACS sorting and the
UCLA Stem Cells Sequencing core for the assistance in ChlP sequencing, RNA sequencing and

ATAC sequencing.

I would like to acknowledge our funding sources for this work. This work was funded by the
California Institute for Regenerative Medicine (CIRM) New Faculty Award (RN1-00557), the
Eli and Edythe Broad Center of Regenerative Medicine and Stem Cell Research at UCLA

Research Award, American Heart Association (#14GRNT20480340), and Leukemia Lymphoma

xi



Society Scholar Award (20103778) to H.K.A.M. D.D was supported by the government of P.R.C
through the State Scholarship Fund (File N0.2011624028) and 2016 UCLA Dissertation Year
Fellowship. T.O was supported by Leukemia Lymphoma Society postdoctoral fellowship
(57537-13) and by the European Union through the European Social Fund (Mobilitas Grant No.
MJD284). A.M.H was supported by a fellowship from HFSP and American Society of

Hematology. B.V.H was supported by the NIH/NHLBI T32 HL69766.

xii



Biographical Sketch:

DAN DUAN

EDUCATION

09/07 —07/11  B.S. in Life Science (National Key Courses), Sichuan University, China
PUBLICATIONS

Duan D, Org T, Mikkola, HK. ETV2 cooperates with SCL for timely gene activation during
hemogenic endothelium specification. (in preparation)

Org T*, Duan D*, Ferrari R, Montel-Hagen A, Van Handel B, Kerenyi MA, Sasidharan R,
Rubbi L, Fujiwara Y, Pellegrini M, Orkin SH, Kurdistani SK, Mikkola, HK. 2015 Jan 6. Scl
binds to primed enhancers in mesoderm to regulate hematopoietic and cardiac fate divergence.
EMBO J. * denotes equal contribution.

He H, Xu J, Warren CM, Duan D, Li X, Wu L, lruela-Arispe ML. 2012. Endothelial cells
provide an instructive niche for the differentiation and functional polarization of M2-like
macrophages. Blood 120:3152-62.

Wang H, Zuo B, Wang H, Ren L, Yang P, Zeng M, Duan D, Liu C, Li M. 2012. CGK733
enhances multinucleated cell formation and cytotoxicity induced by taxol in Chk1-deficient
HBV-positive hepatocellular carcinoma cells. Biochem. Biophys. Res. Commun. 422:103-8.

Ou L, Duan D, Wu J, Nice E, Huang C. 2012. The application of high throughput siRNA
screening technology to study host-pathogen interactions. Comb. Chem. High Throughput
Screen. 15:299-305.

HONORS & AWARDS

UCLA Dissertation Year Fellowship 2015-2016
Graduate Fellowship from Chinese Scholarship Council 2011-2015
Travel Award granted by the International Society Hematology and Stem Cells for the Annual
Meeting in Vienna, Austria Aug 2013
Travel Award granted by American Society of Hematology for the Annual Meeting in Atlanta,
GA, United States Dec 2012
UCLA Cross-Disciplinary Scholars in Science and Technology Award for research ~ Sept 2010
Sichuan University Excellent Student Award 2008-2011

National Scholarship 2008

xiil



INTERNATIONAL CONFERENCE PRESENTATIONS

“ETV2 and SCL cooperate to specify hemogenic endothelium and override cardiac fate choice
during mesoderm”. Poster presented at Annual Meeting of International Society for Stem Cell
Research (ISSCR), San Francisco, United States June 2016

“Scl specifies hemogenic endothelium and represses cardiac fate independent of Etv2”. Poster
presented at Keystone Symposia Conference, Hematopoiesis, Keystone, CO, United States,
Feb 2015

“Scl specifies hematopoietic fate and overrides cardiac fate in embryonic endothelium
independent of Etv2”. Poster presented at Gordon Research Conferences, Vascular Cell
Biology, Ventura, CA, United States Jan 2015

“Scl represses cardiogenesis Vvia distant enhancers during hemogenic endothelium
specification”. Talk presented at Plenary Session of Annual Meeting of International Society
for Hematology and Stem Cells (ISEH), Vienna, Austria Sept 2013

“Scl/Tall Directly Activates Hematopoiesis and Represses Cardiogenesis during Mesodermal
Diversification”. Poster presented at Annual Meeting of American Society of Hematology
(ASH), Atlanta, GA, United States Dec 2012

WORK & EXTRACURRICULARS

Graduate Industry Consultant Dec 2015-June 2016
UCLA Career Center

Helped build and deliver professional development curriculum and services specifically for
Master’s & PhD students. Organized employer information sessions, recruitment events and
work on employer and alumni outreach.

Group Leader July 2014/2015
Cross-disciplinary Scholars in Science and Technology (CSST), UCLA

Led group discussion for the summer program of CSST and led the group of reviewers to pre-
select candidates for the program interview

Teaching Assistant for MCDB 138: Developmental Biology Mar-June 2013
Department of Molecular, Cell and Developmental Biology, UCLA, Lecturer: Dr. Volker
Hartenstein

Gave independent lectures and held office hours on developmental biology

Teaching Assistant for MCDB 168: Stem Cell Biology Mar-June 2014

Department of Molecular, Cell and Developmental Biology, UCLA, Lecturer: Dr. Leanne Jones
Led discussions on research papers about stem cell biology

Xiv


http://www.iseh.org/?2013Vienna
http://www.iseh.org/?2013Vienna

Chapter 1:
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Preface

Pluripotent stem cells have the theoretical capacity to generate differentiated cells of any tissue,
thus they hold immense potential in cell-based therapy to replenish an injured or diseased tissue.
The sources for pluripotent stem cells include embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs). ESCs serve as a good model to study the developmental process
of cell type specific differentiation because they can be maintained and expanded in culture and
further differentiate into multiple tissue specific cells. However, immunocompatible match with
the recipients still need to be found when using general ESC-derived cells for regenerative
treatment. Over the past decade, induced pluripotent stem cells (iPSCs) were reprogrammed
from unipotent differentiated cells and regained pluripotency with the ability to generate multiple
cell types. iPSCs are regarded as a promising resource for cell therapy since host-donor immune
rejection can be overcome by patient specific iPSCs. Although various cell types such as
hematopoietic, endothelial and cardiac cells can be differentiated from iPSCs (ltzhaki et al.,
2011; Adams et al., 2013; Menon et al., 2015), fully functional and long lasting cells cannot be
generated to replace the diseased tissue. Thus it is critical to understand how these cells are made
during development.

Cardiovascular and blood systems are closely related both functionally and by their
developmental origin. Malfunction in these organ systems during development or post-natal life
is life-threatening, and thus they are important targets for cell based therapies. In the embryo, the
specification of cardiovascular system starts during gastrulation. Blood vessels, hematopoietic
cells and heart are all derived from lateral plate mesoderm (Kattman et al., 2006; Fehling et al.,
2003; Chan et al.,, 2013). These fates first diverge when hemato-vascular mesoderm (or

hemangioblasts) is separated from cardiac mesoderm. Thus, understanding how mesodermal



lineages diverge during embryogenesis to generate cardiovascular or hematopoietic
stem/progenitor cells is an important step in advancing cell-based therapies for blood and
cardiovascular disease.
Lineage specific regulators activate respective lineage programs for cell fate determination.
However, how these regulators cooperate with each other to guide multipotent mesodermal cells
to commit to hemato-vascular or cardiac fate is largely unknown. Moreover, the epigenetic
landscape provides the platform for the lineage specification factors to activate or repress
respective genes. Despite the critical role of epigenetic regulatory machinery, it is not known
which factors establish and modify the epigenetic landscape necessary for lineage specification.
Thus, there are important unanswered questions that require further investigation to improve the
differentiation and reprogramming protocols for generating functional hematopoietic and
endothelial cells for therapeutic application:

e How do the hematopoietic fate and cardiac fate diverge during mesoderm specification?

e How do the lineage specific transcriptional regulators specify endothelial and

hematopoietic cells from cardiovascular mesoderm?
e How is the epigenetic landscape defined or exploited by lineage specific factors during

mesoderm diversification?



1.1 Embryonic stem cells and embryoid body differentiation

1.1.1 ES cells and iPSC derived cells for regenerative medicine.

Embryonic stem cells (ESCs) are derived from the inner cell mass (ICM) of a pre-implantation
embryo (Thomson et al., 1998). They can proliferate indefinitely and be maintained
undifferentiated in vitro with leukemia inhibitory factor (LIF) (mouse ES cells) or bFGF (human
ES cells) or by being cultured on a layer of mitotically inactivated mouse embryonic fibroblasts
(MEFs) (Reubinoff et al., 2000). They are pluripotent cells that can generate cells of all three
germ layers, and have the potential to differentiate into all types of cells in the body. However,
the use of ESCs for regenerative medicine has been debatable due to potential ethical concerns
with destroying the pre-implantation embryos for ES cell generation, and the additional
challenges of immunocompatibility during transplantation. A novel technology was developed
over the past 10 years to reprogram differentiated adult cells, such as fibroblasts, blood cells, etc.
back to ES cell like stage. These induced pluripotent stem cells can be generated by ectopic
expression of transcription factors, RNA molecules or chemicals that govern pluripotent state
(Takahashi et al., 2006; Huangfu et al., 2008; Wesemann et al., 2012; Bao et al., 2013). In
contrast to adult stem cells, such as bone marrow hematopoietic stem cells (HSCs) and
mesenchymal stem cells (MSCs), which lose their differentiation and proliferation capacity after
sustained culture (de Peppo et al., 2010), both ESCs and iPSCs can be maintained in culture and
differentiated to desired lineage specific progenitors or precursors to replenish injured tissues.
Thus, ESCs and iPSCs hold tremendous potential in cell therapy for regenerative medicine.

1.1.2 Embryoid bodies (EBs) recapitulate early development in vitro

In addition to promising regenerative application, ESCs can be used to gain insight of molecular

regulation of early embryonic development due to their capability to recapitulate differentiation



process occurring during embryogenesis, which is difficult to assess in vivo, especially in human.
In the absence of LIF (mouse) or bFGF (human), ESCs differentiate into multicellular aggregates
known as embryoid bodies (EBs), which serve as a physiological in vitro model for the in vivo
germ layer formation (Doss et al., 2012). All three germ layers, ectoderm, mesoderm and
endoderm as well as their subsequent derivatives can be generated during EB differentiation
(Stevens, 1960) (Figure 1.1). For example, mesodermal cells that express Flk1, indicating the
formation of cardiovascular mesoderm, are generated from EBs by day 3. Later, EBs start to beat
spontaneously, indicating that cardiomyocytes have been produced. In addition, flow cytometry
analysis of cell surface markers shows that blood cells can be generated as well. Thus, ES cell
derived EBs are appropriate tools for studying mesoderm diversification during early
development.

Compared to in vivo study of embryonic development, the ESC system provides the possibility
to produce sufficient number of lineage specific cells for subsequent molecular assays, such as
gene expression and ChIP-sequencing analysis. Moreover, it is relatively easy to genetically
modify ESCs to investigate the function of a given gene, or generate reporter cell lines to
understand the spatial and temporal expression of a certain factor and thus better study its
potential function during development (Doss et al., 2012; Gadue et al., 2005). Thus ESC derived
EBs serve as a platform for developmental biology to discover novel regulatory mechanisms

during differentiation.
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Figure 1.1 ES cells derivation and EBs differentiation

Embryonic stem cells are derived from the inner cell mass of the blastocyst. They can be
maintained in culture and form embryoid bodies. EBs can differentiate into cells of three germ
layers, endoderm, mesoderm and ectoderm, which further generate differentiated cells of the

respective lineages.

1.2 Hemato-vascular development

1.2.1 Mesoderm diversification

Gastrulation gives rise to the three primary germ layers of an embryo: ectoderm, mesoderm and
endoderm. All organs and tissues develop from these three germ layers. During embryonic
development, mesoderm specification is initiated with formation of a primitive streak on the
surface of the epiblast and creates a mesodermal layer between the endoderm and the ectoderm
(Gilbert, 2000a). Mesoderm is composed of three important components: the paraxial mesoderm,
the intermediate mesoderm and the lateral plate mesoderm. The paraxial mesoderm forms the
somites, which give rise to skeletal muscle, cartilage and bone, as well as dermis of skin. The
intermediate  mesoderm, which connects the paraxial with the lateral plate mesoderm,

differentiates into kidneys, gonads and the adrenal glands. The lateral plate mesoderm gives rise



to the vascular system, heart and blood (Gilbert, 2000b). Lineage specific transcription factors
are responsible for activating designated programs driving the differentiation of a particular cell
fate. For example, ETV2, TAL1/SCL and GATAZ2 are critical for hemato-vascular development
(Sumanas et al., 2008; Kataoka et al., 2011a) and HAND1, HAND2, GATA4 and GATAG are
indispensable for cardiac differentiation (Niu et al., 2008).

During vertebrate embryonic development, the nascent mesodermal cells of primitive streak are
specified into cardiovascular precursors that express Flk1, the vascular endothelial growth factor
receptor 2 (VEGFR2) (Fehling, 2003). FIk1" mesoderm further gives rise to 2 groups of cells:
hemangioblasts, the assumptive common progenitor for both endothelial and hematopoietic cells,
and cardiac progenitors, capable of differentiating to cardiac cells (Figure 1.2). VEGF signaling
is considered to initiate the specification of cardiovascular mesoderm through FIk1 (Fehling,
2003). Indeed, mouse embryos deficient of FIk1 completely lack hematopoietic and endothelial
cells due to inability of the mesoderm to migrate to a correct location (Shalaby et al., 1995). In
zebrafish, the deficiency of FIk1 results in less significant hemato-vascular defect (Habeck et al.,
2002; Covassin et al., 2006; Bahary et al., 2007), whereas a mutation of the gene functioning
upstream of Flk1, called cloche, results in impaired hemato-vascular specification (Stainier et al.,

1995; Liao et al., 1998).
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Figure 1.2 Mesoderm diversification
Mesoderm is formed during gastrulation. The lateral plate mesoderm marked by FIK1 gives rise
to hemangioblasts, which generates endothelial cells and hematopoietic cells, and cardiac

mesoderm which differentiates to cardiac cells.

1.2.2 Vascular development

One of the first organ systems to develop in embryo is the vasculature, which provides nutrition
for other organogenesis. As early as day 7.5 of mouse embryonic development at gastrulation
stage, early vasculature is found in the extraembryonic yolk sac blood island (Choi, 2002),
which subsequently form the vascular network called primary plexus. This is followed by
vascular remodeling which leads to the formation of complex vasculature in the yolk sac. In the
embryo proper, blood vessel formation is initiated from angioblasts (Flamme et al., 1997) which

establishes the vasculature such as dorsal aorta, vitelline vessels as well as primary vascular



network in lungs, spleen and heart (Risau, 1997). These vessels are lined by endothelial cells and
further specified into arteries, veins and capillaries depending on the presence of smooth muscle
cells and extracellular matrix surrounding them. Two major processes have been identified for
vasculature formation: 1. Vasculogenesis, which is a de novo process where vessels are directly
formed by endothelial cells differentiated from angiogenic precursors. 2. Angiogenesis, where
new blood vessels are branching out from the preexisting ones by expansion of endothelial cells
(Poole and Coffin, 1989; Flamme et al., 1997). During vascular specification, multiple master
regulators have been identified. For example, ETV2 is the critical transcription factor for
vascular development, in the absence of which the hemangioblasts will fail to form (Lee et al.,
2008; Ferdous et al., 2009). Although SCL is not required for vasculogenesis, it has been shown
that large vessels are missing and the vasculature in SCL deficient yolk sac is disorganized,
indicating its role in vascular remodeling (Robb et al., 1995; Shivdasani et al., 1995; Porcher et
al., 1996).

1.2.3 Hematopoietic development

Embryonic hematopoiesis generates both differentiated blood cells for the embryo’s immediate
needs, as well as hematopoietic stem cells that sustain life-long need for blood cells. This process
occurs in three waves. The first wave is called primitive hematopoiesis, which originates from
the blood island of yolk sac at mouse embryonic day E7.5 and produces primitive erythroid cells,
macrophages and megakaryocytes. These cells meet the immediate needs of the embryos for
oxygen and nutrition but do not last into adulthood. The primitive erythroid cells enter
circulation with an intact nucleus and enucleate only later in development. The second wave,
also called transient definitive wave, of hematopoiesis starts right after the primitive wave at

around E8.25, generating multipotent myeloid and erythroid progenitors that give rise to



definitive myeloid and red blood cells (Mikkola et al., 2003). However, these precursors lack
robust lymphoid potential and cannot self-renew. The last wave, known as the long-term
definitive wave, generates self-renewing, multipotent hematopoietic stem cells (HSCs) that are
capable of differentiating into erythroid, myeloid and lymphoid cells. HSCs arise from
specialized endothelium, called hemogenic endothelium, of ventral wall of dorsal aorta and other
major arteries (Bertrand et al., 2010; Boisset et al., 2010) in multiple anatomic locations
including the aorta-gonad-mesonephros region (AGM) (Kyba et al., 2002; Galic et al., 2006),
yolk sac (de Bruijn et al., 2000), and the placenta (Rhodes et al., 2008). The definitive wave does
not emerge until E10.5 (Kumaravelu et al., 2002). Once emerged, HSCs will migrate to fetal
liver for active expansion until later when they move to bone marrow and acquire quiescence

(Kim et al., 2007) (Figure 1.3).

Waves of hematopoiesis

Primitive erythroblasts,
Placenta Circulation macrophages,
Yolk sac megakaryocytes
Transient
definitive g myeloe_rythroid
Yoik sac progenitors
- HSCs,
Definitive myeloid,
Fetal liver Bone marrow lymphoid,
Yolksac  AGM liver AGM-y-‘;’ﬁ(ngéa and erythroid progenitors
| 1
I 1 "
Conception E7.5 E8.25 E10.5 Birth

Figure 1.3 Waves of embryonic hematopoiesis
The primitive wave starts in E7.5 mouse yolk sac and produces primitive red blood cells,
macrophages and megakaryocytes, which enter into circulation. The transient definitive wave

generates myelo-erythroid progenitor cells in the E8.25 yolk sac, which migrate to fetal liver for

10



further differentiation. The definitive wave produces multipotent, self-renewing hematopoietic
stem cells from AGM, yolk sac and placenta from E10.5. These cells migrate to the fetal liver for

expansion, and eventually reside in the bone marrow.

1.3  ETV2/ER71/ETSRP in hemato-vascular development

The first transcription factor indispensable for the generation of endothelial and hematopoietic
progenitors is ETV2/ER71/ETSRP. ETV2 is an E-twenty-six specific sequence (ETS)
transcription factor harboring a conserved ETS DNA binding domain (Hollenhorst et al., 2004)
and binds to GGA(A/T) consensus DNA regions (Leliévre et al., 2001; Sharrocks, 2001). Unlike
the other ETS family members, such as FLI1, ETS1 and PU.1 which are continuously required
for hemato-vascular development (Hollenhorst et al., 2004; Dejana et al., 2007; Randi et al.,
2009; Ciau-Uitz et al., 2013; Findlay et al., 2013), ETV2 is only transiently expressed during a
short developmental window (Ferdous et al., 2009; Kataoka et al., 2011b; Lee et al., 2008). The
expression of ETV2 first appears in E7.0 to E7.5 mesodermal cells during gastrulation (Figure
1.4). Shortly after, ETV2 expression is detected in large vessels including dorsal aorta, cardinal
vein as well as endocardium. Similarly, during ES cell differentiation, ETV2 expression starts
from EB day 3 and ceases around day 5 (Lee et al., 2008).

ETV2 resides on top of the transcription factor hierarchy required for hemato-vascular
development, and specifies the mesodermal precursor that gives rise to hematopoietic and
endothelial progenitors, called as the hemangioblast, from Flk1 PDGFRa" primitive mesoderm
(Kataoka et al., 2011; Sakurai et al., 2006). ETV2 also marks hemogenic endothelium at the
onset of blood development (Wareing et al., 2012). ETV2 deficient embryos die around E9.0 due

to complete failure of vasculature and blood development (Lee et al., 2008). In agreement of its

11



role in endothelial and hematopoietic development, overexpression of E#v2 leads to expansion of
hematopoietic and vascular endothelial area (Lee et al., 2008). In addition, ectopic induction of
Etv2 in differentiating mouse ESCs increases hemo-angiogenic mesoderm population (Liu et al.,
2013). ETV2 is known to interact with other proteins to form complex for targeted gene
activation. FOXC2, GATA2 and OVOL2 have all been shown to interact with ETV2 and
promote gene expression for endothelial and hematopoietic differentiation (Dejana et al., 2007;
Sharrocks, 2001; Verger and Duterque-Coquillaud, 2002; Kim et al., 2014; Shi et al., 2014).
Moreover, ETV2 CHIP-seq data shows that ETV2 directly binds to the promoter and enhancers
of its regulated targets and activates the downstream genes. Among them are critical
hematopoietic regulators Sc/, Gata2, Meisl as well as vascular endothelial factors Flil, Sox7,
Flt4, DIl4 (Liu et al., 2015).

In addition to specifying hemato-vascular lineages during development, presence of ETV2 has
been shown to correlate with repression of cardiogenesis. Lack of ETV2 in mouse embryos leads
to expansion of FIk1 ' PDGFRa" cardiogenic mesoderm as well as upregulation of cardiac genes
(Lee et al., 2008; Liu et al., 2012). Furthermore, vascular endothelial and endocardial progenitors
ectopically differentiate into cardiomyocytes in ETV2 deficient zebrafish embryos (Palencia-
Desai et al., 2011; Liu et al., 2013). On the other hand, failure to repress ETV2 expression in fish
embryos results in expansion of endocardial cells at expense of myocardial population (Schupp
et al., 2014). These results imply that ETV2 expression demarcates the divergence of
cardiomyocytic and endocardial/endothelial fates.

Moreover, ETV2 is a potent reprogramming factor able to convert non-endothelial to endothelial
cells, which is promising as a cell based therapeutic reagent for treating cardiovascular diseases.

By overexpressing ETV2 alone, human dermal fibroblasts can be reprogrammed into endothelial

12



cells (Morita et al., 2015). Similarly, skeletal muscle can be converted into endothelial cells in

zebrafish (Veldman et al., 2013).

1.4 SCL and its complex in hematopoietic development

As the direct downstream target of ETV2, the basic helix—loop—helix transcription factor
SCL/Tall, which binds to the conserved DNA motif of E-BOX (CANNTG), is also critical for
the development of the hematopoietic system. SCL is first expressed in mouse embryos at day
E7.5, localizing at the sites of hematopoiesis in both extraembryonic tissues such as the blood
islands of the yolk sac, placenta, as well as the embryo proper including dorsal aorta, and even
endocardium (Kallianpur et al., 1994). SCL expression is also found in multiple hematopoietic
cell types such as HSCs, erythroid and megakaryocytic cells, and its expression is highly
conserved across vertebrates (Barton et al., 2001; Gottgens et al., 2002). SCL deficient mouse
embryos die by E9.5 with a complete absence of hematopoietic cells, whereas the endothelial
population is present (Robb et al., 1995; Shivdasani et al., 1995). However, vascular
abnormalities of vitelline artery and vein (Visvader et al., 1998) were observed in the absence of
SCL, suggesting that SCL has a role in vasculogenesis. Moreover, the expression of multiple
important hematopoietic genes such as Gatal, critical for red blood cell development (Fujiwara
et al., 2004), Pu.l, essential for myeloid development, and Runx/ which is critical for HSC
emergence from hemogenic endothelial cells (Lancrin et al., 2009), are dependent on SCL.
Ectopic induction of SCL expression in ETV2 deficient mesoderm has been shown to restore
hemangioblast development, based on flow cytometry and methylcellulose assays (Kataoka et
al., 2011; Wareing et al., 2012). Like ETV2, SCL is also required during a specific
developmental window for hematopoiesis. By inducing SCL expression from E7 to E8.5 (EB

differentiation day 2-4) in the SCL deficient embryos, hemogenic endothelial cells could be
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rescued, but not if it was induced at later stages (Endoh et al., 2002). Moreover, when SCL is
deleted by TIE2-Cre, which is expressed shortly after SCL in endothelial and hemogenic
endothelial cells, HSC population is intact in the fetal liver, indicating that SCL is no longer
essential for HSC development, but continues to be required for erythroid and megakaryocytic
differentiation (Schlaeger et al., 2005; Chan et al., 2007; Souroullas et al., 2009). Another bHLH
transcription factor LYL1 is redundant with SCL in HSC maintenance.

Given the critical function of SCL in hematopoietic development, it is perhaps surprising that
direct DNA binding by SCL is not required for hematopoietic specification (Porcher et al., 1999;
Kassouf et al., 2008). Hematopoietic regulators are rather activated by SCL centered protein
complex. SCL forms a heterodimer with ubiquitously expressed bHLH factor E2A/E47 which is
then bridged by the molecule LMO2 and LDB1 to form the core complex
(SCL:E47:LMO2:LDB1). Both LMO2 and LDBI1 are critical for SCL mediated regulation of
hematopoiesis. In the absence of LMO2 or LDB1, hematopoietic cells cannot be generated even
when SCL is present (Schlaeger et al., 2004; Mukhopadhyay et al., 2003; Lécuyer et al., 2007,
Warren et al., 1994). Furthermore, the core complex of SCL recruits additional partners for
specific functions. For example, in erythroid cells, LMO2 recruits hematopoietic-specific
transcription factor GATA1 for gene activation (Wadman et al., 1997; Kassouf et al., 2010).
GATA2 also interacts with SCL for hematopoietic gene activation during hematopoietic
stem/progenitor cell development (Wilson et al., 2010). A combination of cofactors and
chromatin remodelers ETO2, mSin3A, P300, PCAF, and LSDI1 all could be recruited for the
activation or repression of specific genes during specification of erythropoiesis (Schuh et al.,
2005; Lietal., 2012).

In addition to establishing hematopoietic lineages by promoting the formation of hemogenic
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endothelium, SCL is also found to be critical for repression of ectopic cardiogenesis during
development (Figure 1.4). Overexpression of Sc/ in ES cells result in expansion of hematopoietic
cells while the expression of cardiac markers and the formation of beating cardiomyocytes is
compromised (Ismailoglu et al., 2008). Moreover, our lab showed that Sc/ deficient mouse
embryos turn on ectopic cardiac program in the hemogenic tissue yolk sac and endocardium,
with generation of CD31PDGFRa’ cardiac progenitors and beating cardiomyocytes (Van
Handel et al., 2012). In agreement with its temporal role during development, timely deletion of
SCL starting at E 7.5, but not at E 8.5, results in ectopic cardiogenesis in yolk sac (Van Handel et
al., 2012). These data suggest that the cardiac fate repression role of SCL in hemogenic tissues is
also required for a limited developmental window. However, the mechanism of repressing

cardiogenesis mediated by SCL is not clear.
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Figure 1.4 ETV2 and SCL in hemato-vascular development
ETV2 forms an activation complex with FOXC2, GATA2, and OVOL2 to activate
endothelial’hematopoietic program for hemangioblasts and endothelial specification. ETV2 is
also shown to repress cardiac mesoderm formation. SCL activates hematopoietic genes while

repressing ectopic cardiogenesis. SCL acts in a complex containing E2A, LDB1, LMO2 and
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GATA2.

1.5 Hemogenic endothelium

Given the close functional and anatomical relation of endothelial cells and hematopoietic cells, it
has been postulated that HSCs are generated from endothelial precursors. Recent studies have
now proven that multipotent hematopoietic stem or progenitor cells (HSPCs) are indeed
generated directly from endothelial cells lining the blood vessels. Specialized endothelial cells
that acquire hematopoietic potential to give rise to HSPCs during development in vertebrates are
called “hemogenic endothelium”. Hemogenic endothelium exists transiently in the AGM (Godin
et al., 1993; Cumano et al., 1996; Medvinsky and Dzierzak, 1996; Gritz and Hirschi, 2016),
vasculature of yolk sac (Samokhvalov et al., 2007; Dzierzak and Speck, 2008), placenta (Gekas
et al., 2005), umbilical arteries (de Bruijn et al., 2000; Zovein et al., 2010; Gordon-Keylock et
al., 2013) and even endocardium (Nakano et al., 2013). Multiple real-time imaging and lineage
tracing studies have documented the emergence of hematopoietic cells from the ventral wall of
dorsal aorta in mice and zebrafish (Kissa and Herbomel, 2010; Boisset et al., 2010; Bertrand et
al., 2010). Although critical for hematopoietic system, endothelial cells that are capable of
generating hematopoietic cells only constitute a very small (around 1-3%) and transient fraction
of the endothelial population (Goldie et al., 2008; Marcelo et al., 2013). Hemogenic endothelium
harbors both endothelial and hematopoietic markers including but not limited to CD31, TIE2,
CD41, VE-cadherin and Flk1 (Sanchez et al., 1996; Yoder et al., 1997; North et al., 2002; Taoudi
et al., 2005; Taoudi and Medvinsky 2007; Taoudi et al., 2008; Medvinsky et al., 2011).

The process when HSPCs emerge from hemogenic endothelium is known as the endothelial-to-
hematopoietic transition (EHT) (Lancrin et al., 2009) (Figure 1.5). This event is precisely

regulated by transcription factors as well as cell-cell interactions and signaling in the

16



microenvironment. Specific transcriptional regulators are critical for the specification of
hemogenic endothelium as well as EHT process. As mentioned before, the helix-loop-helix
transcription factor SCL and its complex partners (GATA2, LMO2) are critical for hematopoietic
specification, in the absence of which both primitive and definitive hematopoiesis are impaired,
and hemogenic endothelium is not specified (Van Handel et al., 2012; Minegishi et al., 1999;
Ling et al., 2004; Yamada et al., 1998; Yamada et al., 2000). SCL’s downstream transcription
factor RUNX1 (AMLI1) is an essential regulator of EHT during hematopoiesis, and its deficiency
prevents blood formation from hemogenic endothelium (Lacaud et al., 2002; Liakhovitskaia et
al., 2014). RUNXI is precisely required during the process of EHT to increase hematopoietic
gene expression and repress endothelial program, but not after EHT (Rybtsov et al., 2011). In
addition, GFI1/ GFIIB, the downstream targets of RUNXI, are responsible for the
morphological change and release of round blood cells from flattened endothelial cells (Lancrin
et al., 2012). Recently, the arterial regulator SOX17 is shown to be important for the repression
of hematopoietic program to ensure the expansion and maturation of hemogenic endothelium
that will give rise to HSPCs. It is then downregulated by RUNX1 in the hemogenic endothelium
for the generation of hematopoietic cells via the EHT process (Clarke et al., 2013; Nakajima-

Takagi et al., 2013; Bos et al., 2015).
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Figure 1.5 Hemogenic endothelium specification and endothelial to hematopoietic
transition (EHT)

A subset of endothelial cells lining the large vessels in midgestation mouse embryos can be
specified to hemogenic endothelial cells, which then give rise to hematopoietic stem/progenitor

cells (HSPCs) through the process of endothelial to hematopoietic transition (EHT)

1.6 Dynamic epigenetic landscape during specification

1.6.1 Epigenetic modification

During lineage specification, lineage specific genes need to be activated while the alternative cell
fate program has to be silenced. Epigenetic landscape where the chromatin or DNA is non-
hereditarily modified at certain regulatory sites of genes is critical for cell fate determination.
Two major epigenetic modifications that can control the expression of genes at the
transcriptional level are histone modifications and DNA methylation. Genomic DNA in
eukaryotic nuclei is packed into a compact structure, called chromatin, with histone protein H2A,

H2B, H3 and H4. The lysine residues on these histones can be modified with mono-methylation,
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tri-methylation, acetylation, etc. These modifications have been demonstrated to control the
accessibility of the chromatin for transcription factors, thus regulating gene expression (Martin
and Zhang, 2005). In contrast to modification at protein level, DNA methylation occurs at
selected CpG islands around the regulatory DNA regions and is known to permanently silence

gene expression (Lister et al., 2009).

Overall, active genes generally harbor H3K4me3 at promoters, and H3K4mel, H3K4me2 and
H3K27ac at enhancers, while repressed genes can contain H3K27me3, H3K9me3 and/or DNA
methylation. Recently, it has been reported that during development, the regulatory sites of
critical developmental genes are enriched for both H3K4me3 (active mark) and H3K27me3
(repressive mark). These genes are silent in ES cells but become activated during differentiation
(Azuara et al., 2006; Bernstein et al., 2006; Pan et al., 2007; Zhao et al., 2007) and their “poised”
epigenetic state facilitates lineage specific transcription factor binding during differentiation
(Szutorisz and Dillon, 2005). As lineage specific genes become active during differentiation,
they lose the repressive H3K27me3 marks while maintaining H3K4me3 on their regulatory
regions. In contrast, the pluripotent genes and alternative lineage specific genes gradually lose
H3K4me3 while maintaining H3K27me3 and become silenced (Wamstad et al., 2012; Paige et

al., 2012).

Epigenetic landscape establishes and maintains a permissive environment for lineage specific
transcription factors to bind and specify certain cell fate (Szutorisz et al., 2005; Xu et al., 2011).
The presence of H3K4mel and H3K4me2 has been shown to facilitate the binding of ‘pioneer
factors’, which further open up the chromatin for full activation by transcription factors (Zaret
and Carroll, 2011). Moreover, when DNA is accessible, the histones around are typically marked

by H3K4mel and H3K27ac. A couple of methods are used to detect the accessibility of
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chromatin such as DNase I, MNase and ATAC, where specific enzyme (DNase, nuclease,

transposase) is used to access and cut the open chromatin followed by deep sequencing.

1.6.2 [Epigenetic modification at enhancers

Enhancers are important cis-regulatory elements for gene activation. Enhancer sequences contain
DNA motifs, which serve as binding sites for sequence-specific transcription factors (Figure
1.6). They typically locate far away from transcription start site. Enhancers can activate
transcription independent of the location, distance or orientation relative to the gene promoters
(Banerji et al., 1981). Sometimes enhancers could even induce the transcription of genes located
in a different chromosome (Geyer et al., 1990; Lomvardas et al., 2006)" Active enhancers are
typically at open chromatin where the DNA is accessible and the histones around which are

marked by H3K4mel and H3K27ac.

Two complimentary hypotheses have been proposed by which enhancers regulate transcription:
chromatin looping formation with promoter and enhancer RNA. Experimental evidence by
fluorescence in situ hybridization (FISH) and, more recently, by chromosome conformation
capture (3C) (Dekker et al., 2002) suggest that physical association of distant enhancers to
promoter is required for the recruitment of RNA polymerase Il and initiation of transcription
(Bulger and Groudine, 1999; Engel and Tanimoto, 2000; West, 2005). Recently, it has been
reported that the transcription of the enhancer, product of which called enhancer RNA, is also
shown to be positively correlated with mRNA level and likely has a role in transcription

regulation (Lei and Corces, 2006; Yao et al., 2010).

1.6.3 Epigenetic modulators
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H3K4 methylation marks are shown to be deposited by several H3K4 methyltransferases that
belong to the MLL family (Ruthenburg et al.,, 2007). As for the removal of the H3K4
methylation for the gene which become repressed, several members of the JmjC-domain-
containing family of demethylases, especially LSD1 can demethylate mono- and di-methylated
lysines (Shi et al., 2004; Klose et al., 2007). LSD1 has also been shown to assist in
downregulating pluripotent gene expression by demethylating H3K4 at the regulatory regions

during differentiation (Whyte et al., 2012).

The Polycomb-repressive complex 2 (PRC2), which mediates H3K27me3 modification contain
EZH1 or EZH2, SUZ12 and EED. It has been shown that PRC2 plays an important role in
suppressing developmental gene expression to maintain the pluripotent state of ES cells by
mediating H3K27 methylation at the regulatory domains (Boyer et al., 2006; Lee et al., 2006).
Next generation sequencing analysis (ChlP-seq, RNA-seq) revealed that PRC complex is
enriched in high H3K27me3 regulatory region and modulates the expression of developmental
regulators (Boyer et al., 2006; Lee et al., 2006). Moreover, PRC2 deficient mouse ES cells failed
to deposit H3K27me3 and resulted in ectopic induction of key developmental genes (Azuara et
al., 2006). Embryos lacking EZH2, the histone methyltransferase catalytic subunit of PRC2, are
not able to form the primitive streak from gastrulation (Lachner et al., 2001). Similarly, deletion
of the other core components of PRC2, such as SUZ12 and EED also leads to early

developmental defect (Faust et al., 1995; Pasini et al., 2004; Chen and Dent, 2014).

21



H3K4me2
H3K4me3
Acetylation
H2A.Z

&

- @D

| Exon | Intron | Exon

H3K4mel
H3K4me2
_ H3K27ac
2 N
2 ‘
> /k
]
o

—
Exon | Intron | Exon ——/

H3K27me3 H3K27me3

o

Nature Reviews | Genetics

Figure 1.6 Epigenetic landscape for gene expression

Promoters, gene bodies, and an enhancer are indicated on a schematic genomic region. Active
promoters are commonly marked by H3K4me2/3 and acetylation. Repressed genes are marked
by H3K27me3. Enhancer is enriched for H3K4mel, H3K4me2, and H3K27ac. The active

enhancer can form loop with the promoter to recruit RNA polymerase Il for gene activation.

Adapted from (Zhou et al., 2011)
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Aims of this dissertation

Given that both SCL and ETV2 have been identified as critical players during mesoderm
specification to hemato-vascular lineages and repression of ectopic cardiogenesis, we utilized
ESCs and EB differentiation system to understand how SCL and ETV2 co-regulate cell fate at

transcriptional and epigenetic level.

Aim1: To assess how SCL regulates gene expression and exploits the epigenetic landscape

to mediate hematopoietic vs. cardiac fate choice during mesoderm specification

Previous studies have shown that SCL is critical for hematopoietic gene activation and cardiac
gene repression during mesoderm diversification (Van Handel et al., 2012). The requirement for
SCL only for a short developmental window to repress ectopic cardiogenesis in endothelial cells
also implies dynamic changes in the epigenetic landscape. ChlP-sequencing for SCL was
conducted to identify whether SCL directly regulates both fates by binding to their regulatory
regions. ChlP-sequencing of multiple histone marks was performed in WT and SCL deficient
ESC derived mesodermal cells to understand how SCL modifies and exploits the epigenetic

landscape for cell fate determination.

Aim2: To investigate the function of SCL’s complex partners GATA1 and GATA2 in

hemato-vascular specification and cardiac repression

In the absence of GATAL and 2, hematopoietic progenitors in mouse embryos are dramatically
reduced, which is similar to SCL deficient mouse phenotype (Porcher et al., 1996; Robb et al.,
1996; Shivdasani et al., 1995; Robb et al., 1995). GATA 1 and GATA 2 are induced by SCL, and

form a complex with SCL in hematopoietic cells to activate gene expression (Wilson et al.,
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2010). To understand whether GATAL and GATAZ2 are required for hematopoietic vs. cardiac
fate choice, endothelial cells derived from WT, ScI*° and Gatal&2X° ESCs were subjected to

RNA sequencing and functional assays for endothelial cell differentiation potential.

Aim3: To define the function of SCL’s upstream transcription factor ETV2 in hemato-

vascular specification and cardiac repression

Apart from SCL, so far, the only hemato-vascular transcription factor that shows cardiac
derepression phenotype in loss of function studies is ETV2/ER71/ETSRP(Liu et al., 2012;
Palencia-Desai et al., 2011). ETV2 is essential for generating endothelial cells as well as
activating SCL, and thereby distinguishes the hemato-vascular branch from cardiac mesoderm.
To understand whether ETV?2 is directly involved in cardiac repression and how ETV2 regulates
the hemato-vascular program, functional rescue assays and RNA sequencing were performed in
ESC derived EBs and endothelial cells by overexpressing SCL in ETV2 deficient cells. Analysis
of ETV2 and SCL binding and ATAC sequencing was used to elucidate the role of ETV2 in the

establishment of epigenetic landscape in the genes it activates.

Aim 1 and Aim 2 are addressed in Chapter 2, which was published in EMBO Journal in 2015.

Aim 3 is addressed in Chapter 3, which was under preparation for submission.
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Abstract

Scl/Tall confers hemogenic competence and prevents ectopic
cardiomyogenesis in embryonic endothelium by unknown mecha-
nisms. We discovered that Scl binds to hematopoietic and
cardiac enhancers that become epigenetically primed in multipo-
tent cardiovascular mesoderm, to regulate the divergence of
hematopoietic and cardiac lineages. Scl does not act as a pioneer
factor but rather exploits a pre-established epigenetic landscape.
As the blood lineage emerges, Scl binding and active epigenetic
modifications are sustained in hematopoietic enhancers, whereas
cardiac enhancers are decommissioned by removal of active
epigenetic marks. Our data suggest that, rather than recruiting
corepressors to enhancers, Scl prevents ectopic cardiogenesis by
occupying enhancers that cardiac factors, such as Gata4 and
Handl, use for gene activation. Although hematopoietic Gata
factors bind with Scl to both activated and repressed genes, they
are dispensable for cardiac repression, but necessary for activat-
ing genes that enable hematopoietic stem/progenitor cell devel-
opment. These results suggest that a unique subset of enhancers
in lineage-specific genes that are accessible for regulators of
opposing fates during the time of the fate decision provide a
platform where the divergence of mutually exclusive fates is
orchestrated.
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Introduction

Specification of cell types is dictated by few master regulators that
activate lineage-specific transcriptional networks. This concept is
underscored by studies in which overexpression of a small set of
transcription factors can reprogram fibroblasts (or other cells) into a
variety of cell types that closely resemble pluripotent cells, neurons,
pancreatic beta cells, cardiomyocytes or hematopoietic cells
(Takahashi & Yamanaka, 2006; leda et al, 2010; Huang et al, 2011;
Kim et al, 2011; Pereira et al, 2013). Hematopoietic and cardiovascu-
lar systems are important targets for cell-based therapies due to the
high morbidity and mortality associated with blood and heart
diseases; however, so far, in vitro generation of transplantable cells
for treating these diseases has not been successful. Blood cells,
vasculature and the heart share not only an intimate functional
relationship, but also a common origin in Flk1® mesoderm
(Fehling et al, 2003; Huber et al, 2004; lida et al, 2005; Kattman
et al, 2006). Although many regulators of the blood and circulatory
system have been discovered, it is unclear how the divergence of
these lineages in multipotent cardiovascular mesoderm is orches-
trated and how their cell identity is solidified. Although several
specific epigenetic modifications have been associated with activa-
tion or repression of the regulatory regions of genes (Cui et al, 2009;
Creyghton et al, 2010; Zentner et al, 2011), to what degree they
cause, or are the consequence of, gene activation/repression by cell
type-specific transcription factors is still unclear.

The embryonic hematopoietic system is established in multiple
waves, starting with the generation of lineage-restricted progenitors
in the yolk sac and culminating in the emergence of multipotent
hematopoietic stem/progenitor cells (HS/PC) in the major vessels in
the yolk sac (Li et al, 2005; Yoshimoto et al, 2011), aorta-gonad
mesonephros (AGM) region (North et al, 1999; De Bruijn et al,
2000; Zovein et al, 2008; Chen et al, 2009; Bertrand et al, 2010;
Boisset et al, 2010; Kissa & Herbomel, 2010) and the placenta
(Rhodes et al, 2008). The Ets factor Etv2/ER71/Etsrp first distin-
guishes the hemato-vascular lineages from cardiac mesoderm by
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specifying endothelium (Lee et al, 2008; Sumanas et al, 2008;
Kataoka et al, 2011) and activates the bHLH factor Scl/Tall, which
confers hemogenic identity to endothelium (Van Handel et al,
2012). Scl also has a less well understood but important function in
repressing the cardiac fate (Schoenebeck et al, 2007; Ismailoglu
et al, 2008; Van Handel et al, 2012). Inducible overexpression of Scl
during ES cell differentiation resulted in the expansion of hemato-
poietic lineage at the expense of cardiac and paraxial mesoderm
(Ismailoglu et al, 2008), while the analysis of Scl knockout (Sct®®)
embryos revealed robust generation of ectopic cardiomyocytes in
yolk sac vasculature, verifying a physiological role for Scl in cardiac
repression (Van Handel et al, 2012). The requirement for Scl to
repress cardiogenesis in hemogenic tissues was restricted to early
midgestation of mouse development, suggesting the presence of
epigenetic or other contributing mechanisms that solidify the fate
choice. Scl also prevented misspecification of endocardium and
cushion mesenchymal cells to cardiomyocytes. Although these stud-
ies pointed to a critical requirement for Scl in cardiac repression, it
remained unknown whether Scl or its downstream targets repress
cardiogenesis.

Scl functions in a multi-factor complex with Gata factors 1 or 2,
E2A, Ldbl and Lmo2 (Wadman et al, 1997) that promotes gene
activation in hematopoietic cells (Tripic et al, 2009; Yu et al, 2009;
Xu et al, 2012). Gata2 functions in HS/PC generation and survival
(De Pater et al, 2013; Gao et al, 2013) whereas Gatal regulates the
maturation of erythroid, megakaryocytic and eosinophilic lineages
(Bresnick et al, 2012), although there is redundancy between these
factors (Takahashi et al, 2000). Embryos deficient for both Gatal
and Gata2 lack all blood cells, similar to Scl knockout embryos
(Fujiwara et al, 2004). However, it is unknown whether hemato-
poietic Gata factors cooperate with Scl to repress cardiomyo-
genesis.

Here we show that Scl-dependent activation of hematopoietic
fate and repression of cardiac fate during mesoderm diversification
is accompanied by Scl binding to hematopoietic and cardiac
enhancers that were epigenetically primed for activation in meso-
derm. Our findings suggest that the accessibility and decommis-
sioning of Scl-regulated enhancers is determined by modulation of
active rather than repressive epigenetic modifications and is a
major determinant of available fate choices and developmental
stage specificity of target genes. We discovered a distinct subset of
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Scl-regulated enhancers that are also accessible for cardiac tran-
scription factors in mesoderm, and propose that these enhanc-
ers serve as a platform where the fate choice between mutually
exclusive fates is determined. Although hematopoietic Gata
factors can bind with Scl to both activated and repressed
enhancers, their function becomes critical only for activating genes
required for HS/PC emergence from hemogenic endothelium.
Elucidation of the stepwise process of how master regula-
tors exploit the epigenetic landscape to establish hematopoietic or
cardiovascular cell types from multipotent mesoderm provides
new insights into improving directed differentiation and lineage
reprogramming of stem/progenitor cells of these lineages for
regenerative medicine.

Results

Scl specifies mesoderm by binding to genes encoding
hematopoietic and cardiac regulators

To understand how Scl specifies hemogenic endothelium while
simultaneously repressing the cardiac fate, we defined Scl target
genes by combining gene expression and chromatin immunopre-
cipitation sequencing (ChIP-seq) analysis on Flkl® mesodermal
cells differentiated from mouse ES cells (Supplementary Fig S1A).
Scl binding associated genes (4,393 binding sites associated with
4,158 genes within 200 kb from transcriptional start sites) (Supple-
mentary Table S1A) were intersected with Scl-dependent genes
(592 and 553 genes that were significantly up- or down-regulated
in mesoderm upon Scl expression (P-value < 0.05, fold change
< 1.5, see details in Supplementary Fig S1A-C, Supplementary
Table S1B and C, and Supplementary Materials and Methods).
Integrated analysis showed Scl binding to 57% of the activated and
29% of the repressed genes in mesoderm (Fig 1A, Supplemen-
tary Table S1B and C), which is significantly higher than would
be expected by random chance (P-values 4.08 x 107'® and
3.91 x 10°'°, respectively). The genes in activated/bound group
were enriched for GO term hematopoiesis, including key hemato-
poietic transcription factors Runxl, Gata2, cMyb and Cfba2t3/Eto2
(Fig 1B-D). The genes in repressed/bound group were enriched
for GO term heart development, including cardiac transcription

Figure 1. Scl binds to both its activated and repressed target genes in FIk1* mesoderm.
A Venn diagram showing the number of Scl binding sites and overlap with Scl activated and repressed genes in FIk1* MES (mesoderm) documents that Scl binds to

both Scl-dependent activated and repressed genes.

B DAVID (Huang et al, 2007) GO enrichment analysis for Scl-bound and activated or Scl-bound and repressed genes shows enrichment of hematopoietic and heart-

related terms, respectively.

C Gene expression heatmaps of selected genes from the bound and activated and bound and repressed groups show activation of key hematopoietic target genes and
repression of key cardiac target genes in Scl-expressing mesoderm as compared to Scl-deficient mesoderm. Control [Scl*/"CD", divided into Scl-expressing (Scl*) and

non-expressing cells (Scl~)] and Sc/*° EBs are shown.

D Scl and control 1gG ChiIP-seq tracks show examples of Scl binding sites near hematopoietic (Runx1 and Gata2) and cardiac (Gata4 and Gata6) genes in FIk1*

mesoderm (MES).

E Verification of Scl binding sites marked with asterisks in (D) using ChIP-PCR, average enrichment of at least three independent biological experiments over negative

control region (chrl6: 92230219-92230338) with SEM are shown.

F Verification of Scl-dependent gene expression using qRT-PCR. Average of three biological replicates with SD are shown.

G Venn diagrams show the number of potential ‘extended activated’ and ‘extended repressed’ Scl target genes by intersecting genes associated with Scl binding in FIk1*
MES with Scl activated and repressed genes from day 4 EBs, E9.5 yolk sac, placenta and endocardium (Van Handel et al, 2012).

H Heatmaps show Scl binding to majority of activated hematopoietic and repressed cardiac transcription factors and other proteins. See also Supplementary Fig S1 and

Supplementary Table S1A-E.
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factors Gata4, Gata6 and Tbx3 (Fig 1B-D). Quantitative RT-PCR Scl-dependent genes to those that became differentially expressed
and ChIP-PCR verified Scl-dependent expression and Scl binding in endothelium in the yolk sac or the placenta, or endocardium
with both activated and repressed genes (Fig 1E and F). in the heart in Sc“° embryos (Van Handel et al, 2012). This

As the expression analysis in day 4 EB Flkl1" cells was analysis yielded an extended list of 3,709 Scl-dependent activated
limited to genes that were immediately activated or repressed and 2,839 Scl-dependent repressed genes, of which 1,100 (29.6%)
upon Scl induction in mesoderm, we extended the analysis of and 715 (25.2%) (Supplementary Fig S1A, Supplementary Table S1D

Scl binding sites in B Gens Oniology [ Hemato-vascular Cardiac
* TFs others TFs
Flk1* MES N GO Term Gene count _P-value — — -
2 | Hematopoiesis. 16 6.7E5 38 .3 8 8 8
~ une system development 17 1.2E-4 t = = Tz = T T t
@ | Intracellular signaling cascade 34 1.7E-4 T FE [l TEg
2 | Regulation of cell shape 7 2.1E-4 S 2 = = ¢ = =
G | Hematopoietic or lymphoid system development 16 2.3E-4a| 5 & § S8 %5 3
© | Myeloid cell development 9 4.0E-4
o | Peptidyl-tyrosine phosphorylation 6 5.6E-4 Cbfa2t3/Eto2 1
S | Peptidyl-tyrosine modification 6 5.6E-4 = Tal2 Gatad
3 | Cell morphogenesis 16 6.3E-4 yb Gataé
S| Postive eguiation of dsvelopmental process 13 63E-4 . Runxitt Murc
o | Protein amino acid phosphoryi 25 7.9E-4 Ikzf2 Sall4
@ | Cellular component morpnog 17 8.3E-4 Fii1 c Tbx3
T | Small GTPase-mediated signal tran ransduction 14 1.0E-3 Ikzft < S Tox2
= | Positive regulation of mysloidcel diferentstion 5 1.0E-3 c (M s S 2 Nrp1
S | Homeostasis of number of cel 9 12E3 e Erg @ a Hey1
<< | Positive regulation of it funcllon 15 1763 2 Lyit 2 ] . Foxct
@ . sciman © s
Map to nearby genes = g o & 3
© GO Term Gene count _P-value & atal X )
8 Stasa O others
= | Embryonic morphogene: 19 24E9 o Gfitb. 2
= ) >
% | Embryonic dev. ending with in bith or egg hatching 18 1.9E-7 [ Hhex > =i
@ | Pattem specification process 15 2.0E-7 2 Nfe2 = © Smo
< | Gastrulation 9 27E-7 ® Hey2 8 o} Pdgfra
g) Tube developmen 5 14 5.8E-7 5 Sox17. [5) o Dict
Chordate embryonic development 17 8.8E-7 o Kif1 o Murc
2 | Tissue morphogenesis 13 1.3E-6 Ets1 Tdgft
5 | Heart development 12 44E6 Runx1 Cxerd
S | Gland morphogenesis 8 9.6E-6 Ets2 Ptprj
2 | Blood vessel morphogenesis 1 1.1E-5 Myct1 Fgfr1
B Blmd vessel development 12 1.1E-5 Prox1 Nrp1
@ . of mactomolecuie metabolic process 19 1265 Nfatc1 Tnc
g Vascula(ure developme 12 1.4E-5 fpr Fzd7
S | Pox-vea.of rancorption ffom ANA polll promoter 14 1.8E-5 Stpit
Scl activated Scl repressed S | Pos. reg, of macromolecule biosynihelic process. 17 18E5 Ete
genes (592) genes (553) (& |_Pos. reg. of transcription, DNA dependent 15 1.9E5 Pml
E F H Hemato-vascular Cardiac
Scl ChIP-seq Scl ChIP-PCR Q-RT-PCR TFs others TFs others
chris: 92750 000] 92 850 000 Runx1 i Runx1 l'g % % % I'% %
30| * 15) rz00058 A
9 |—100kb I9G e Boit1a Add2 Baz1b
c 0 10) 0.3 Cbta2ta/Eto2 Alas2 Bop1
o | 7 b = Cebpa Bpgm Foxc1
o ‘ Scl & S| 02 Erg Car2 Foxp1
o 0 I A gl s ‘@ Ets1 Casps |Gataa
= \t4—+—4—4+——*-J = g 0.1 ElsZ gﬂD;:i (Gataé
tv6 i
o Runx1 2] . 5| oo Fii1 Cahs Giia
S c X Gata1 Coltgat Hand1
chré: 5] Gata2 Ddaht Haacs
) hr: | 88 150 000l 88 155 000l o Gata: Dt H
30 i1 2 eyl
T 5kb i 19G 0 - ?:ﬁz .g - Gata2 Hey2 Eqfl7 Ho;yax
£ ol =l = = s 0010, Hhex Epbd. 1 Isi1
« s Hoxb4 Epbd.2 Mesp1
@i 10 © | 150 D | 010 Hoxbs Epor MixI1
T ol . Scl o o | ™ kzf1 Esam Msx2
B Bty b " i N o
0.05 lyoc
Ldb2 Fital Nfatca
Gata2 50
it Gadddsg Pit2
6 o 0.00° Mecom/Evi1 Gypa ll4
50 ohria: | 63900000l 63950000l c Hba-x Smyd1
50kb * Myb Hbb-bh1 X
o [ —— lgG Gatad Gatad et Hoby S0
AR 30) reo0z 025 o Niez lcam1 Tox20
cl o Scl 0.20f Pmi icam2 [Tox3
@ 20 Prox1 li2rg Tbx5
o e € c | 015 Rb1 llara Tead1
o Gata4 2| -9 | 010 s P 18/29
g E 2| 0.05 S e a2
5 hr:18 11.070 000! 11.090 000! £ 3| . Shoit b
il 10kb * 19G H g o Sox7 M
O 0 | S s t! Mpo
& Statsh NCt
l sal 9| Gatas e Gataé ScTalt Pecam1
0 = | 50 eoe Z 0.4 oo }‘;‘;fnz ::‘gg
| =S S g0f o/ os T Praxa
Gata6 2 Pti2b
| 30 [ 85% [
40 0.2 Piorb
G a1 Sasha
Extended list of A0 l o
Scl activated 9 L Stab2
genes (3709) The
O 1gG I8 Sol O Scf©Fik1 Tafb1
cntiFi Tie1 28/50
Tntaip2
Tspar':!z 56%
; Tic7b
Extended list Vavi
of Scl repressed 4158 Scl- Vo 8 Bound 3 Unbound
genes (2839) bound genes a8/57
84%
Figure 1.
© 2015 The Authors The EMBO Journal 3

44



Published online: January 6, 2015
The EMBO Journal

and E) were bound by Scl in FIk1* mesoderm (Fig 1G), which is
significantly higher than would be randomly expected (P-values
2.75x 107% and 4.44 x 107%°, respectively). Analysis of the
‘extended activated’ genes showed that Scl binds to regulatory
regions of the majority (33/39) of known hematopoietic transcrip-
tion factors, many (48/57) surface markers and other proteins
characteristic of nascent HS/PCs and hemogenic endothelium such
as CD41 (Itga2b) and CdhS (VE-cadherin) (Fig 1H). Scl binding
was also associated with many (18/29) cardiac transcription
factors (Gata4, Gata6, Handl and Tbx5S), PDGFRo, a marker for
cardiogenic mesoderm and ectopic cardiomyogenic precursors in
Scl“© embryos (Van Handel et al, 2012), and cardiomyocyte
contractile proteins (Tnncl, Tnnt2, Tnnil and Ttn) (Fig 1H).
These data showed that during mesoderm diversification, Scl
binds to a broad network of genes that govern hematopoietic and
cardiac development, including the master transcription factors of
each lineage.

To verify that the ES cell in vitro differentiation system recapitu-
lates ectopic cardiomyogenesis in Scl-deficient endothelial precur-
sors, Sc“° and wild-type ES cells were differentiated toward
mesodermal lineages and assayed for differentiation potential and
gene expression. Sci“C ES cells with doxycycline-inducible Scl over-
expression (Scl®°iScl) were included to assess whether reintroduc-
tion of Scl is sufficient to reverse the phenotype. As expected, both
wild-type and Scl*?iScl EBs, but not Sci“C EBs, could generate
CD41 *c-Kit" hematopoietic progenitors by day 7 (Supplementary
Fig SID). Likewise, Tie2"CD31" endothelial precursors isolated
from day 4.75 EBs from wild-type and Sc/““iScl cells, but not Sci*?
cells, robustly generated CD45"CD11b*/~ hematopoietic cells on
OP9 stroma (Supplementary Fig S1E). Scl“° Tie2"CD31" endothe-
lial precursors readily differentiated to troponin T-expressing cardio-
myocytes, whereas re-expression of Scl abolished the ectopic
cardiogenic potential in ES cell-derived endothelial cells (Supple-
mentary Fig S1E). These data were reinforced by qRT-PCR analysis
that verified the lack of expression of hematopoietic transcription
factors and ectopic induction of cardiac factors in Scl-deficient endo-
thelium, and rescue of these molecular defects by Scl overexpres-
sion (Supplementary Fig S1F). These data validate the ES cell
in vitro differentiation system as a suitable model to study Scl-
dependent cardiac repression and ectopic cardiogenesis from
endothelial precursors.

Scl represses cardiac fate via primed enhancers  Tonis Org et al

Scl regulates mesodermal fate diversification via
pre-established enhancers

Analysis of genomic locations of Scl binding showed that the major-
ity of Scl binding sites in Flk1 * mesoderm reside away from tran-
scriptional start site (TSS) (Fig 2A), suggesting that Scl functions
through enhancer elements. This was most pronounced in the
repressed genes, where only 3% of Scl binding sites were found
within 5 kb of TSS. We thus correlated Scl mesodermal binding sites
with published datasets for cardiac enhancers, including the Vista
Enhancer database that contains in vivo experimentally verified
enhancers (Visel et al, 2007) and ChIP-seq analysis for co-activator
p300, a marker of enhancers (Visel et al, 2009), in E11.5 mouse
hearts (Blow et al, 2010). Intersecting these data with Scl binding
sites in FIk1 © mesoderm revealed Scl binding in 10-16% of all puta-
tive cardiac enhancers, which is significantly (P = 8.6E—5) higher
than the overlap with enhancers in other tissues (Fig 2B and C).
Analysis of well-established enhancers of cardiac transcription
factors Myocardin and Nkx2.5 (Fig 2D) (Lien et al, 1999; Creemers
et al, 2006) and hematopoietic regulators Runxl (+23 enhancer)
(Nottingham et al, 2007) and Gata2 (+9.5 enhancer) (Wozniak et al,
2007; Gao et al, 2013) (Supplementary Fig S2A) showed clear over-
lap with Scl binding.

To assess the epigenetic state of Scl-bound enhancers, 4,393 Scl
mesodermal binding sites were assessed for the average levels of
histone modifications associated with enhancers (H3K4mel) and
active enhancers (H3K4mel and H3K27ac) (Creyghton et al, 2010;
Wamstad et al, 2012) during ES cell differentiation to cardiomyo-
cytes. In ES cells, Scl mesodermal binding sites were largely devoid
of H3K4mel and H3K27ac; however, in Flkl © mesoderm they had
acquired high levels of H3K4mel and some H3K27ac, which were in
part retained during differentiation into cardiac progenitors and
cardiomyocytes (Fig 2E and F). Analysis of the average H3K4mel
and H3K27ac levels around Scl binding sites in other mesodermal
tissues (limb, fibroblasts) showed no enrichment (Fig 2F). This indi-
cates that the regulatory regions to which Scl binds become epige-
netically primed for activation specifically in FIk1 * mesoderm.

We next asked whether Scl is required for depositing active
histone marks at hematopoietic and/or cardiac enhancers or
whether these enhancers have been epigenetically pre-established
prior to Scl binding. ChIP-seq analysis for histone H3K4mel and

Figure 2. Scl binds to enhancers that have been primed for activation in mesoderm.

A Distribution of Scl binding sites relative to TSS in Scl-bound activated or repressed genes shows that majority of Scl binding sites locate away from TSS. Chi-square

test was used to assess differences in the distribution.

B Percent of tissue-specific enhancers validated by LacZ reporter mice (Vista enhancer browser) that overlap with Scl MES binding sites shows that Scl binds to
experimentally verified heart enhancers more often compared to enhancers from other tissues.
C Percent of Scl MES binding sites that overlap with heart enhancers in E11.5 embryos defined by p300 binding (Blow et al, 2010) is higher than overlap with

enhancers from other tissues.

D Scl MES binding sites overlap with experimentally verified heart-specific enhancers upstream of Myocardin and Nkx2.5 genes and with hematopoietic enhancers

within Runx1 and Gata2 genes.

E Percent of enhancers from different cardiac developmental stages identified by H3K4mel (enhancers) and H3K4mel combined with H3k27ac (active enhancers)

(Wamstad et al, 2012) that overlap with Scl MES binding sites.

F Average H3K4mel (left) and H3K27ac (right) profiles around all 4,393 Scl binding sites show tissue-specific enrichment in FIk1* mesoderm (MES), cardiac precursors
(CP) and cardiomyocytes (CM) but not in ESC (mouse ES cells) mouse embryonic fibroblasts (MEF) and embryonic limbs (LIMB).
G Correlation analysis of H3k4mel (left) and H3K27ac (right) levels between WT and Sc/*® MES and ES cells and MES (Wamstad et al, 2012) around 4,393 Scl binding

sites shows that establishment of these marks occurs independently of Scl.

H Scl, H3K4mel and H3K27ac ChIP-seq tracks show comparable levels of H3K4me1 and H3K27ac in WT and Sc/*® mesoderm around cardiac (Gata6, Tbx5) and

hematopoietic (Eto2, Gfilb) genes.
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H3K27ac in WT and ScZ*° Flk1 * mesoderm evidenced co-localization
of the active marks across all Scl binding sites (Fig 2G) including
cardiac and hematopoietic genes (Fig 2H) in both cell lines.
Although H3K27ac levels were generally lower and this mark was
not present in all hematopoietic or cardiac enhancers, there was no
significant difference in H3K27ac levels at Scl mesodermal binding
sites in WT and Sc/““ Flk1 * mesoderm (Fig 2G and H). These results
show that Scl is not required for the establishment of active enhancer
marks in mesoderm, suggesting that these enhancers have become
primed for activation in multipotent cardiovascular mesoderm to
pave the way for Scl action.

To investigate whether the epigenetically primed status of
enhancers is necessary for Scl binding, we induced Scl expression
ectopically in Sci“?iScl ES cells and compared Scl binding in these
cells to that in Flk1* mesoderm in wild-type and Sc“iScl cells.
While inducible Scl was faithfully bound to the hematopoietic and
cardiac enhancers in mesoderm, minimal binding was observed in
ES cells (Supplementary Fig S2). Notably, the few binding sites
where ectopically expressed Scl was able to bind in ES cells also
harbored H3K4mel, whereas the key hematopoietic and cardiac
enhancers were devoid of both Scl binding and H3K4mel (Supple-
mentary Fig S2). These data imply that Scl binding is tightly devel-
opmentally controlled, and at least in part determined by epigenetic
status of the enhancers.

Repression of cardiac enhancers by Scl occurs transiently during
mesoderm diversification

Since Scl is required only during a brief developmental window in
midgestation to repress cardiogenesis in hemogenic tissues (Van
Handel et al, 2012), we assessed whether Scl binding to cardiac
enhancers is maintained in hematopoietic cells later in develop-
ment. Intersecting Scl binding sites in Flkl1 " mesoderm with previ-
ously published Scl binding sites in ES cell-derived hematopoietic
progenitor cell line (HPC7) (Wilson et al, 2010) or fetal liver
erythroblasts (Kassouf et al, 2010) showed that many Scl binding
sites are developmental stage specific (Fig 3A). GO enrichment
analysis revealed enrichment of heart-related terms only with Flk1 "
mesoderm-specific peaks (Fig 3B) and genes (Supplementary Fig
S3A). Analysis of Scl ChIP-seq tracks for cardiac regulators Gata4,
Nkx2-5 and Myocardin verified Scl binding only in FIk1 * mesoderm
(Fig 3C). To confirm that different methods for ChIP-seq analysis
between labs did not account for the difference, we performed Scl

Figure 3. Scl binding to cardiac enhancers occurs transiently in mesoderm.

Scl represses cardiac fate via primed enhancers  Tonis Org et al

ChIP-seq on MEL cells (mouse erythroleukemia line) and verified
the absence of Scl binding in cardiac genes (Fig 3C, Supplementary
Fig S3B). In comparison, Scl binding sites shared between different
stages were enriched for hematopoiesis-related terms, and included
major hematopoietic transcription factors (e.g. Gatal, Gata2, Lyll,
Giflb, Runxl and Myb) (Fig 3C, Supplementary Fig S3A and B).
While Flkl* mesoderm-specific peaks were rarely found within
5 kb of TSS (Fig 3D), 46% of the HPC7 or 34% of the erythroid cell-
specific peaks were located within 5 kb to TSS. These data suggest
that Scl binding extends from distant enhancers to promoters as
hematopoiesis progresses.

Since Scl was no longer bound to cardiac enhancers in hematopoi-
etic cells, we assessed whether the epigenetic landscape in Scl bind-
ing sites was modified upon differentiation of mesoderm to
hematopoietic cells. Combinatorial clustering of Scl mesodermal
binding sites based on H3K4mel patterns in mesoderm, hematopoi-
etic progenitors (HPC?7) and erythroid cells (MEL) revealed two major
clusters. Although the majority of Scl binding sites harbored
H3K4mel in mesoderm, this enhancer mark was lost in Scl binding
sites in cluster L (= Loss of H3K4mel) but retained in cluster
R (= Retention of H3K4mel) as hematopoietic development
progressed. The gradual loss of H3K4mel enrichment from HPC7 to
MEL in cluster L strongly correlated with the loss of H3K27ac and Scl
binding, while Scl binding sites in cluster R retained H3K4mel,
H3K27ac and Scl binding (Fig 3E). The peaks in cluster L were
enriched for cardiac GO terms and included key cardiac regulators
Gata4, Gata6 and Myocardin (Fig 3E, Supplementary Fig S3B), while
Scl peaks in cluster R were enriched for hematopoietic-related GO
terms and included hematopoietic regulators Gatal, Gata2, Lyll and
Runx1 (Fig 3E, Supplementary Fig S3B). The opposite was observed
in the cardiomyocyte cell line HL1, in which the enhancers of key
hematopoietic regulators lost H3K4mel and H3K27ac, while the
enhancers of regulators of cardiomyocyte differentiation maintained
these active marks (Supplementary Fig S3B). These results imply that
the epigenetic landscape becomes dynamically remodeled in unused
enhancers upon mesodermal fate diversification to blood and heart.

Decommissioning of Scl-regulated cardiac enhancers is
associated with loss of active epigenetic marks rather than gain
of repressive marks

We next investigated whether the active epigenetic marks in Scl-
regulated cardiac enhancers are replaced by repressive marks in

A Venn diagram showing overlaps of Scl binding sites in different developmental stages—FIk1* MES, fetal liver (FL) erythroblast cells (Kassouf et al, 2010) and
hematopoietic progenitors (HPC7) (Wilson et al, 2010) (left)—shows that majority of Scl binding sites are developmental stage specific. Examples of developmental

stage-specific Scl-bound genes are shown (right).

B GREAT (McLean et al, 2010) analysis of significantly enriched GO terms in Mouse Phenotype category for all common, FIk1* MES-specific, HPC7-specific and FL
erythroblast-specific peaks shows enrichment of heart-related terms only among FIk1* MES-specific peaks.

C ChIP-seq tracks with Scl binding in FIk1* MES, HPC7, FL erythroblasts and MEL (mouse erythroleukemia) cells around cardiac (Gata4, Myocd, Nkx2.5) and
hematopoietic (Gatal, Gata2 and Lyl1) genes show that binding to cardiac genes occurs only in mesoderm, while binding to hematopoietic genes is maintained

throughout hematopoietic development.

D Comparison of the location of developmental stage-specific Scl binding sites relative to TSS shows that Scl binding near TSS occurs more often in later hematopoietic

development compared to mesoderm.

E Heatmaps of combinatorial clustering of H3K4me1l around Scl mesodermal binding sites in MES, HPC7 and MEL reveal two major clusters: Cluster L loses H3K4mel,
H3K27ac and Scl binding during hematopoietic differentiation and is enriched for genes involved in heart development; cluster R retains H3K4me1l, H3K27ac and Scl
binding during hematopoietic differentiation and is enriched for hematopoiesis-related genes. Selected GO terms among top 10 most enriched are shown.
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Figure 4. Scl-mediated repression of cardiac genes cannot be explained by Scl-dependent corepressor recruitment.
A Heatmaps of H3K4mel, H3K27ac, H3K27me3 and H3K9me3 histone modifications in FL erythroblasts around Scl MES binding sites in cluster L and cluster R show no

gain of common repressive histone marks in cluster L.

B H3K27me3 ChIP-seq tracks in ES cells (ESC), FIkL* mesoderm (MES) and FL erythroblasts (Ery) show that cardiac genes Gata6, Tbx5 and Gata4 harbor H3K27me3 at

the TSS (pink) but not at Scl binding sites (gray).

C Average H3K27me3 (left) and H3K27ac (right) levels in FL erythroblasts around the TSS of extended list of Scl activated and repressed genes show that Scl repressed
genes have on average more H3K27me3 and less H3K27ac as compared to Scl activated genes.

D Ezh2 ChIP-seq tracks in WT and Sc/*® mesoderm showing that Ezh2 recruitment to the TSS of cardiac genes Gata6, Thx5 and Gata4 is not Scl dependent.

E Average Ezh2 enrichment in WT (left) and Sc/® mesoderm (right) for inactive enhancers (defined by having H3k4mel and H3K27me3 modifications (Wamstad et al,
2012) and distance greater than 5 kb from TSS) and for Scl binding sites shows no Ezh2 enrichment at Scl binding sites.

F Average Ezh2 enrichment at the TSS of extended list of Scl activated and repressed genes is similar in WT (left) and Sc/*° mesoderm (right).

G Heatmaps of Lsd1 enrichment in ES cells, WT and Sci*® mesoderm and in granulocytes (Gr) (Kerenyi et al, 2013) in cluster L and cluster R show co-localization of Lsd1
binding with Scl binding sites and reveal that recruitment of Lsd1 can happen independently of Scl.

H Lsdl ChIP-seq tracks (ES cells, WT and Sci*° FIkL* mesoderm and granulocytes) and H3K4mel ChIP-seq track (granulocytes) show that Lsd1 enrichment coincides
with Scl MES binding sites nearby cardiac genes Gata6 and Myocd in WT and Sc/*° FIk1* mesoderm.

hematopoietic cells to solidify the fate choice. Analysis of Ter119
erythroid cells for several histone marks (ENCODE project and
Kowalczyk et al, 2012) in Scl mesodermal binding sites confirmed
a strong correlation between Scl binding and retention of the
active histone marks H3K4mel and H3K27ac in Cluster R, and loss
of these marks in Cluster L (Fig 4A), also in erythroid cells in vivo.
A candidate for a repression mechanism was Polycomb-mediated
deposition of H3K27me3, which has been associated with silencing
of both promoters and enhancers (Harmston & Lenhard, 2013).
Moreover, Scl has been shown to interact with Ezh2, a core
component of the Polycomb repressive complex 2 (PRC2) (Pinello
et al, 2014). Analysis of H3K27me3 ChIP-seq data provided no
evidence of H3K27me3 acquisition at Scl binding sites in erythroid
cells in either Cluster R or L (Fig 4A). ChIP-seq tracks around
cardiac genes Gata4, Gata6 and Tbx5 confirmed the lack of
H3K27me3 at Scl binding sites in ES cells, mesoderm and erythroid
cells (Fig 4B). However, H3K27me3 was observed at the TSS of
some Scl-regulated genes (Fig 4B). Comparison of H3K27me3
levels in Scl-bound extended activated and extended repressed
genes (see Fig 1, Supplementary Table S1D and E) in erythroid
cells revealed an increase in H3K27me3 at the TSS of repressed
genes, while H3K27ac was more enriched at the TSS of activated
genes (Fig 4C). These data suggested that Polycomb may contrib-
ute to the silencing of Scl-regulated genes at promoters, and raised
the question whether Scl binding at enhancers is required for
bringing PRC2 complex to promoters via chromosomal looping.
ChlIP-seq analysis for Ezh2 in mesoderm showed strong correlation
between Ezh2 binding and H3K27me3 at TSS; however, there was
no enrichment of Ezh2 at Scl binding sites (Fig 4E). Moreover,
there was no difference in the ability to recruit Ezh2 to the TSS
of Scl-regulated genes in WT versus ScI° FIk1* mesoderm (Fig 4D
and F). Altogether, these data imply that although Polycomb-
mediated repression may contribute to the silencing of cardiac
genes in the blood lineage, it is not a major factor governing accessi-
bility to Scl-bound enhancers in mesoderm or their derivatives,
and the failure to repress cardiac genes in Scl-deficient mesoderm
is not caused by lack of Ezh2 recruitment to these genes.

We next assessed whether the repressive histone modification
H3K9me3 is acquired at the decommissioned enhancers during hema-
topoietic differentiation. The average levels of H3K9me3 were slightly
higher in cluster L binding sites than in cluster R binding sites in three
hematopoietic cell types (Ter119 erythroid cells, Fig 4A, Supplemen-
tary Fig S4B, and G1E embryonic erythroid cell line and Chl2 B

© 2015 The Authors
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lymphoid cells, Supplementary Fig S4A and B). However, analysis of
H3K9me3 around key cardiac genes did not show specific enrichment
for H3K9me3 at Scl-bound enhancers (Supplementary Fig S4C).
These data imply that although regions around some Scl mesodermal
binding sites acquire H3K9me3 during hematopoietic differentiation,
deposition of H3K9me3 is unlikely the predominant mechanism that
initiates Scl-mediated cardiac repression.

As DNA methylation can restrict transcription factor binding to
its target DNA (Blattler & Farnham, 2013), we asked whether
changes in DNA methylation mediate the inactivation of Scl-
regulated cardiac enhancers in hematopoietic cells. Comparison of
the average DNA methylation levels at Scl mesodermal binding sites
associated with extended list of Scl activated or repressed genes in
genome-wide methylation datasets from mouse ES cells (Habibi
et al, 2013), bone marrow, heart, pancreas and skin (Hon et al,
2013), showed that Scl binding sites are on average hypomethylated
compared to the surrounding regions (Supplementary Fig S4D).
Nevertheless, both Scl’s extended activated and repressed target
genes showed a general increase in DNA methylation within 200 kb
of Scl binding sites from ES cells to all adult cell types analyzed
(Supplementary Fig S4E). The methylation levels in Scl extended
activated genes were lower in the bone marrow compared to other
tissues, while the extended repressed genes showed lower methyla-
tion in the heart (Supplementary Fig S4E).

To investigate whether Scl initiates differential methylation in
mesoderm, we performed RRBS (reduced representation bisulfite
sequencing) in ES cells, WT and Scl®© Flk1™ mesodermal cells,
and MEL cells. Global covariance analysis showed that major
changes in DNA methylation occur later in hematopoietic develop-
ment rather than in mesoderm (Supplementary Fig S4F). Intersec-
tion of RRBS data with Scl mesodermal binding sites showed no
difference in methylation levels in ES cells and WT and Scl*?
Flk1* mesoderm; only MEL cells had higher DNA methylation
(Supplementary Fig S4G). Thus, while DNA methylation may
contribute to the silencing of Scl target genes in differentiated cells,
this occurs later in development and is not centered at Scl-bound
enhancers. These data imply that DNA methylation is not a
primary mechanism that silences Scl-regulated cardiac enhancers
during hematopoietic specification.

Our analysis of known repressive histone marks did not provide
evidence that Scl-regulated enhancers would be actively silenced
during mesodermal lineage diversification, but rather implied that
gain and loss of active epigenetic marks is the key determinant
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that governs tissue-specific access to these enhancers. We thus
assessed whether the recruitment of Lsdl, a lysine-specific demeth-
ylase 1 that decommissions enhancers by removing H3K4mel
(Whyte et al, 2012), to cardiac enhancers is interrupted in the
absence of Scl. Comparison of ChIP-seq data of Lsdl mesodermal
binding to published Lsd1 binding datasets in ES cells and myeloid
cells (Whyte et al, 2012; Kerenyi et al, 2013) showed robust co-
localization of Lsd1 at Scl-bound enhancers (Fig 4G and H) in both
cluster L and R in Flk1* mesoderm, which is a heterogenous
population of cells committed to hemato-vascular or cardiac fates.
In myeloid cells, cardiac enhancers were devoid of both Lsdl and
H3K4mel (Fig 4H), documenting a short temporal window for
Lsdl action. Nevertheless, analysis of Lsd1 binding in Scl-deficient
mesodermal cells did not show evidence of impaired Lsdl binding
in cardiac enhancers in Cluster L (Fig 4G and H). These results
imply that, although Lsdl is likely involved in the decommission-
ing of unused enhancers upon mesodermal lineage diversification,
defective cardiac repression in Scl-deficient mesodermal derivatives
is not caused by an inability to recruit Lsdl to primed cardiac
enhancers.

Binding by Scl and cardiac Gata4 and/or Hand1 define enhancer
subgroups that may determine fate choice between opposing
mesodermal fates

As the analysis of repressive marks and corepressors provided no
evidence for direct Scl-dependent corepressor recruitment to
enhancers or promoters in mesoderm, we considered the possibil-
ity that Scl inhibits cardiac fate by interfering with the activation
of these genes by cardiac regulators. To identify candidate factors
that could also bind to Scl-regulated enhancers, we performed
DNA motif enrichment analysis for known transcription factor
binding sites in Transfac and Jaspar databases. This analysis iden-
tified the composite Tall(Scl)_Gata motif and Gata motifs as the
most prevalent motifs in both activated and repressed genes
(Fig S5A).

There are six known Gata factors, of which Gatal, 2 and 3 act
in hematopoietic cells and Gata4, 5 and 6 regulate cardiac devel-
opment (Chlon & Crispino, 2012). Gata4 can regulate cardiac
development both indirectly via endoderm and directly by binding
to cardiac genes in Flk1* mesoderm (Holtzinger et al, 2010; Oda
et al, 2013). Analysis of a published dataset for Gata4 binding in
Flk1* mesoderm revealed that Gatad binding overlaps with a
large fraction (41%) of Scl binding sites (Fig 5B). Moreover, as

Scl represses cardiac fate via primed enhancers  Tonis Org et al

other bHLH factors can also bind to E-box motifs similar to Scl,
we also performed ChIP-seq for Handl, a key cardiac bHLH factor
that can interact with cardiac Gata factors. 13.2% all Scl-bound
enhancers were co-occupied by Scl and Handl1 in Flkl1* mesoderm
(9.7% Scl, Handl and Gata4 altogether, and 3.5% Scl and Handl
alone). Analysis of the regulatory regions for key cardiac (Gataé,
Tbx5 and Myocardin) and hematopoietic (Runxl, Gfilb and Gata2)
transcription factors identified at least one enhancer in each gene
bound by Scl, Handl and/or Gata4 (Fig 5C). The sites that can be
occupied by all three factors (424 sites) included both that remain
active (cluster R, 167 sites) and sites that become decommis-
sioned during hematopoietic development (cluster L, 201 sites),
and they associated with both Scl-dependent activated (128) and
repressed (79) genes. Similar distribution was observed for Scl
binding sites that were shared with Gata4 or Handl alone. These
data suggest that a distinct subset of Scl-bound enhancers may be
used by both hematopoietic and cardiac bHLH and Gata transcrip-
tion factors to activate their own lineage or repress a competing
lineage.

We next assessed whether there are any unique features that
sets the ‘dually accessible’ enhancers apart from enhancers bound
by Scl alone. The enhancers bound by both Scl and Gata4 and/or
Handl were more evolutionarily conserved as compared to other
Scl mesodermal binding sites (Fig SD) and showed higher levels of
Scl binding (Fig SE), H3K4mel, H3K27ac (Fig SF and G) and Lsdl
enrichment (Fig SH). Moreover, Scl target genes that harbor an
enhancer that can be bound by Scl and Gata4 and/or Handl
showed higher average gene expression change in Scl-expressing
WT versus Scl“° FIk1* mesoderm as compared to Scl target genes
that do not have a dually accessible enhancer (Fig 5I). The genes
that contain a dually accessible enhancer included many hemato-
poietic (27/31, 87%) and cardiac (10/15, 67%) transcription
factors (Fig 5J).

We next assessed whether similar developmental stage-specific
binding observed with Scl is also seen with Gata4, for which
several published datasets from fetal and adult stages are avail-
able (He et al, 2014). Analysis of Gata4 binding in different stages
of heart development showed gradual loss of overlap between Scl
mesodermal binding sites and Gata4 binding from Flk1 © mesoderm
to E12.5 hearts to adult hearts (Supplementary Fig SS5A and B).
While Gata4 binding was observed in both hematopoietic (Gfilb
and Myb) and (Tbx5 and Gata6) in
mesoderm, hematopoietic enhancers had lost Gata4 binding in
fetal hearts by E12.5. Many cardiac enhancers also lost Gata4

cardiac enhancers

Figure 5. A subset of Scl-bound enhancers can be accessed by cardiac transcription factors.

A Scl DNA binding motif analysis shows enrichment of Tall_Gata, Gata and Ets motifs in both Scl activated and repressed genes.
B Venn diagram showing overlaps between Scl, Hand1 and Gata4 (Oda et al, 2013) binding sites in FIk1* mesoderm documents that some of Sc| MES binding sites

are also bound by cardiac TFs.

& Gata4, Hand1 and Scl ChIP-seq tracks with cardiac and hematopoietic gene regions show examples of three subgroups of enhancers—those bound by Scl, Hand1

and Gata4 (gray), Scl and Gata4 (orange) and those bound only by Scl (blue).

D-H Scl binding sites that overlap with both Hand1 and Gata4 (gray) or with Hand1 (green) or Gata 4 (orange) alone show higher evolutionary conservation (D) and
higher average enrichment of Scl (E), H3K4mel (F), H3K27ac (G) and Lsd1 (H) in mesoderm compared to sites bound by Scl alone (blue).

| Average expression changes between Scl-expressing and Scl-deficient mesoderm shows that genes that are regulated by enhancers bound by all three (Scl,
Handl and Gata4) factors or two factors (Scl and Handl or Scl and Gata4) show higher absolute expression changes compared to those bound by Scl

alone.

) Analysis of Scl-regulated key hematopoietic and cardiac genes shows that many of them can be bound also by cardiac factors, Scl, Gata4 and Hand1 (orange);
Scl and Hand1 binding (green); Scl and Gata4 binding (orange); and Scl binding alone (blue).
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binding in adult hearts (Supplementary Fig SS5C). These data dynamically remodeled during lineage diversification and matura-

show that the key genes regulating cardiovascular fate determi- tion. Our data propose that this subset of enhancers may be critical
nation harbor dually accessible enhancers that can be bound by for initiating the fate choice between competing cardiovascular
both hematopoietic and cardiac factors in mesoderm, but are lineages.
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Figure 6. Gatal and 2 are dispensable for cardiac repression, but essential for the emergence of HS/PCs from hemogenic endothelium.

A FACS analysis of day 7 EBs with markers CD41 and c-Kit shows efficient generation of HS/PCs from WT, but not Sc/° or Gata1&2"° cells. Average of six independent
experiments with SEM is shown.

B FACS analysis of day 5.25 EBs with markers CD41, FIk1, Tie2 and CD31 shows the generation of hemogenic endothelial cells from WT and Gata1&2" cells, but not
SclC cells. Average of five independent biological experiments with SEM is shown.

C Assessment of the developmental potential of day 4.75 EB CD41~CD31 Tie2" endothelial cells on OP9 for 14 days shows the generation of CD45" hematopoietic cells
from WT cells but not Gata1&2%° or Scl* cells, and troponin T* cardiomyocytes from Sc/*® cells, but not WT or Gata1&2*° cells. Average of four independent
experiments with SEM is shown.

D Heatmaps show gene expression differences in subsets of hematopoietic genes between Gata18.2*° and WT or Scl*® day 4.75 CD41 CD31'Tie2" endothelial cells.
Cardiac derepression is observed only in Sc/C cells. *designates non-functional transcripts.
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Gatal and/or Gata2 are dispensable for cardiac repression but are
essential for emergence of HS/PCs from hemogenic endothelium

Since Scl and Gata4 share common binding sites in both hematopoi-
etic and cardiac enhancers and Scl acts together with hematopoietic
Gata factors 1 and 2 in blood forming cells, we investigated whether
hematopoietic Gata factors are required for Scl-induced gene activa-
tion and/or repression during mesoderm diversification. ChIP-PCR
for Gata2 showed that, similar to Scl, Hand1 and Gata4, Gata2 binds
to dually accessible enhancers in both hematopoietic and cardiac
transcription factors that are activated or repressed by Scl (Supple-
mentary Fig S5D).

To investigate whether hematopoietic Gata factors function in
Scl-mediated gene activation and repression, we assessed the devel-
opmental potential of Gatal and 2 double knockout (Gatal&2*°) ES
cells, which eliminates possible redundancy between Gatal and 2.
No c-Kit"CD41" hematopoietic progenitors were detected in day 7
Gatal&2"° EBs or Scl*” EBs (Fig 6A). However, FACS analysis on
day 5.25 EBs identified a subpopulation of cells in Gatal&2*° EBs
that expressed the early HS/PC marker CD41, while Sci*® EBs were
devoid of this population. Nevertheless, all CD41" cells in
Gatal&2*° EBs co-expressed FIkl and the majority also expressed
endothelial markers CD31 and Tie2, raising the hypothesis that
HS/PC development becomes stalled at hemogenic endothelium in
the absence of Gatal and 2 (Fig 6B).

To assess the differentiation potential of Gatal- and 2-deficient
endothelial cells, EBs were differentiated for 4.75 days, after which
CD41 CD31"Tie2" endothelial cells were sorted and cultured for
14 days in hematopoietic and cardiac conditions on OP9 stroma.
Neither Gatal&2*° nor Sci* endothelial cells generated CD45"
hematopoietic cells (Fig 6C). In contrast, only Sc°, but not
Gatal&2*° or WT endothelial cells, robustly differentiated into
troponin T™ cardiomyocytes. These data show that Gatal and/or 2
is required for hematopoiesis, but not for the repression of cardio-
genesis in endothelial precursors.

To investigate the effect of Gatal and 2 on endothelial gene
expression, CD41-CD31 *Tie2* endothelial cells from day 4.75 EBs
were sorted for RNA sequencing. No significant derepression of
cardiac regulators was observed in Gatal&2° endothelial cells,
unlike Scl“? endothelial cells which showed induction of several
cardiac genes (Fig 6D, Supplementary Table S2). Notably, expression
of many hemato-vascular transcription factors that were down-
regulated in Scl*© endothelial cells (e.g. Lyll, Hhex, Cbfa2t3/Eto2,
Erg, Flil, Sox7) was not significantly decreased in Gata1&2"° endothe-
lial cells. Likewise, many surface markers of hemogenic endothelium
and HS/PCs (e.g. CD41/Itga2b, VE-cadherin/CdhS, Esam, Icam2) were
expressed in Gatal&2XC endothelial cells, further supporting the
notion that Gatal&2*C cells can specify hemogenic endothelium.
However, the expression of key HS/PC transcription factors RunxI,
Myb, Gfilb, Pu.1/Sfpil and Kifl was down-regulated in Gatal&2*°
endothelial cells (Fig 6D), implying that Gatal and/or 2 is required
for the induction of the hematopoietic transcription factor
network that enables the emergence of HS/PCs from hemogenic
endothelium.

To exclude the possibility that Gata3, a hematopoietic Gata factor
that functions in T cells (Hosoya et al, 2010) and HSC maintenance
(Ku et al, 2012) compensates for Gatal and 2 in cardiac repression,
Gatal-, 2- and 3-deficient (Gatal&2X°Gata3*P) ES cells were
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generated using lentiviral knockdown of Gata3. Similar to
Gatal1&2°, Gata1&2%°Gata3*P endothelial cells showed neither up-
regulation of cardiac program nor generation of ectopic cardiomyo-
cytes in culture, and the hematopoietic program was similarly
stalled at hemogenic endothelium with intact expression of many
Scl-dependent hemato-vascular genes (Hhex, Ets2, Lyll, Itga2b/
CD41, CadhS/Ve-Cad etc) and defective expression of key HS/PC
transcription factors (e.g. RunxI and Myb) (Supplementary Fig S6).
Collectively, these data show that hematopoietic Gata factors are
critical for full activation of Scl-dependent hematopoietic transcrip-
tional network, but not for cardiac repression.

Gata factors 1 and 2 recruit Scl to specific binding sites in key
hematopoietic transcription factors

To investigate whether loss of Gatal and Gata2 compromises Scl
binding to its targets during mesoderm specification, we determined
genome-wide Scl binding sites in FIk1* mesoderm from Gata1&2*°
EBs using ChIP-seq (Fig 7A, Supplementary Table S3). The GO
terms enriched among the genes associated with overlapping Scl
binding sites included both hematopoiesis and cardiogenesis, while
the peaks lost in Gatal&2XC cells were associated with genes related
to hematopoiesis (Fig 7A). Analysis of the individual genes
confirmed intact Scl binding to key cardiac enhancers (Myocardin,
Gata4 and Gata6) in the absence of Gatal and 2 (Fig 7B, Supple-
mentary Fig S7B). Likewise, a majority of hemato-vascular tran-
scription factors (Lyll, Flil) that were expressed in Gatal&2"°
endothelium retained Scl binding (Fig 7C). The subset of genes that
lost an Scl binding site in Gata1&2"° FIk1™ cells included transcrip-
tion factors Runx1, Myb, Pu.1/Sfpil and Gfilb, whose expression in
endothelium was Gatal and 2 dependent (Fig 7D, Supplementary
Fig S7B). Remarkably, while several other Scl binding sites were
preserved near Runxl gene, the binding site that was lost in
Gata1&2*° cells corresponds to +23 enhancer that has been shown
to be essential for Runxl regulation during HSC emergence
(Nottingham et al, 2007) and becomes the strongest Scl binding site
in HPC7 hematopoietic progenitor cells (Supplementary Fig S3B).
These results imply that although Gatal and 2 are not essential for
Scl binding to the majority of its activated or repressed target genes,
they are required for the recruitment of Scl to specific regulatory
regions that govern the expression of key hematopoietic transcrip-
tion factors. ChIP-PCR for Gata1&2"“Gata3*” mesoderm confirmed
similar binding for Scl in key hematopoietic and cardiac enhancers
in the absence of all three hematopoietic Gata factors (Supplemen-
tary Fig S7A).

We also assessed whether the hematopoietic Gata factors func-
tion by modifying the epigenetic landscape to enable access of Scl
complex to key hematopoietic enhancers. Analysis of H3K4mel and
H3K27ac in Gatal- and 2-deficient mesodermal cells did not reveal
differences in the establishment of primed state in key hematopoi-
etic and cardiac enhancers, including those that could not be acti-
vated in Gata1&2"” cells (Supplementary Fig S7B). Likewise, there
was a strong correlation of global H3K4mel and H3K27ac levels
between WT and Gatal&2*° Flkl1* mesoderm (Supplementary Fig
S7C). Collectively, these data show that Scl and hematopoietic Gata
factors bind to enhancers that have been epigenetically primed for
activation in mesoderm prior to their binding. While the repression
of the cardiac fate by Scl can occur in the absence of hematopoietic
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Figure 7. Gatal and/or Gata2 modulates Scl binding in the enh of key h p ic transcription factors.

A Intersection of Scl binding sites in WT and Gata1&2*° FIk1* MES shows Gatal- and/or Gata2-dependent redistribution of Scl binding sites in a subset of target
genes (two independent experiments). Selected GO terms among top 10 most enriched for Gata-independent (blue) and Gata-dependent (purple) Scl binding sites
together with example genes reveal Gatal- and/or Gata2-dependent functions for Scl-mediated hematopoietic regulation.

Scl ChIP-seq tracks in WT and Gata1&2° FIk1* MES show Gatal- and 2-independent Scl binding to cardiac regulators (Myocardin, Gata4) (B), Gatal- and

2-independent Scl binding to key hemato-vascular regulators (Ly/1, Flil) (C) and Gatal- and/or 2-dependent Scl binding to key HS/PC transcription factors

(Myb, Runx1) (D).

Gata factors, they help recruit Scl to new regulatory regions to
enable activation of key hematopoietic transcription factors that
secure the emergence of HS/PCs from hemogenic endothelium.

Discussion

The ability to execute developmental fate decisions with proper
temporal and spatial control is critical for embryonic development,
as well as for harnessing the power of stem cell and reprogramming
technologies for therapeutic applications. The bHLH factor Scl has
emerged as a true master regulator of mesoderm fate as it not only
governs the establishment of the entire hematopoietic system, but it
also is critical for preventing ectopic cardiomyocyte development in
hemogenic tissues (Van Handel et al, 2012). Here we show that Scl
directly binds to enhancers regulating a broad network of hemato-
poietic and cardiac transcription factors to specify the hematopoietic
lineage and override the cardiac fate and thus has a dual function in
coordinating the segregation of multipotent cardiovascular meso-
derm to downstream cell fates.

We discovered that Scl regulates mesodermal fates by binding to
enhancers that have been primed for activation specifically in Flk1 *
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mesoderm. A previous study with DNA binding mutant of Scl
showed that 80% of Scl peaks in erythroid cells were lost in the
mutant and could neither be bound by Scl’s interaction partner
Gatal, raising the question whether Scl acts as a pioneer factor at
these sites (Kassouf et al, 2010). Our finding that the establishment
of the active histone modifications, H3K4mel and H3K27ac, at the
enhancers of Scl’s hematopoietic and cardiac target genes occurs
independent of Scl and its complex partners Gatal and 2 implies
that these factors do not act as a pioneer factors but rather exploit
pre-established enhancers in mesoderm. These results suggest that
yet another factor(s) is responsible for establishing primed enhanc-
ers that can attract Scl and Gata factors to their cell type-specific
binding sites. Our data are consistent with a model that the acquisi-
tion of a primed, or provisionally activated, state at hematopoietic
and cardiac enhancers precedes Scl and Gatal and 2 binding and
determines the available fate options in mesoderm. Our finding that
overexpression of Scl in ES cells did not lead to Scl binding to hema-
topoietic or cardiac enhancers also supports this model.

Several recent studies have documented highly cell type-specific,
functional Scl binding during later stages of hematopoietic develop-
ment (Calero-Nieto et al, 2014; Pimkin et al, 2014; Wu et al, 2014).
Our study documents the dynamic nature of Scl binding already in
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mesoderm. In contrast to the key hematopoietic enhancers that
retained Scl binding and active epigenetic marks throughout hema-
topoietic development, Scl binding to cardiac enhancers was
restricted to FIk1 * mesoderm and correlated with the transient pres-
ence of active histone marks. These data imply that Scl represses
the cardiac fate during a brief window of developmental plasticity
before mesodermal fates become solidified, providing a molecular
basis for the inducible loss-of-function studies that narrowed down
the temporal requirement for Scl function in cardiac repression to
mesoderm/early angioblasts (Van Handel et al, 2012). Moreover,
these data suggest enhancer decommissioning as a key mechanism
that extinguishes the cardiac fate option in hematopoietic cells.

Our studies propose a model that Scl suppresses cardiogenesis by
interfering with the activation of key cardiac genes until the ‘window
of opportunity’ for their activation is closed, rather than directly
recruiting corepressors. Analyses correlating Scl binding with major
corepressors and repressive epigenetic marks (H3K27me3, H3K9me3
and DNA methylation) did not provide a mechanism by which tran-
sient Scl binding to these enhancers results in the repression of
cardiac genes, but rather suggests that these repression mechanisms
contribute to the overall gene silencing later, once the Scl-driven
lineage choice decision has already been made.

Lsdl emerged as a key candidate for modulating enhancer
activity during mesoderm diversification as it decommissions cell
type-specific enhancers by demethylating H3K4mel in several
developmental contexts including ES cells and myeloid cells (Whyte
et al, 2012; Kerenyi et al, 2013), and interaction of Scl with Lsdl
has been implicated in erythroid progenitors and T-ALL (Hu et al,
2009a,b; Li et al, 2012). Our analysis verified a strong correlation
between Lsdl and Scl binding sites and H3K4mel in mesoderm.
However, Lsdl binding to cardiac enhancers was not impaired in
Scl-deficient cells. Thus, although Lsdl is involved in decommis-
sioning of unused enhancers during mesoderm diversification, its
recruitment to cardiac enhancers is not Scl dependent. These data
do not, however, exclude the possibility that the function of Lsdl,
or the COREST complex Lsdl is part of, may be influenced by Scl.
As acetylation can impede Lsdl function (Amente et al, 2013), it is
plausible that Scl binding at hematopoietic enhancers reinforces a
fully active state, possibly by chromosomal looping to promoter,
and thereby indirectly impairs Lsd1 function. On the other hand, Scl
binding at cardiac enhancers may interfere with chromosomal
looping and/or the establishment of a proper cardiac activation
complex, enabling Lsd1 to decommission cardiac enhancers. Future
studies are required to directly test these hypotheses.

Our findings that there is substantial overlap with Scl and Hand1
and/or Gata4 mesodermal binding sites, and essentially all major
hematopoietic and cardiac transcription factors that are regulated by
Scl contain at least one enhancer that can also be bound by Handl
and/or Gata4, support the model that repression of an alternative
fate choice may be the result of preventing activation of these genes
by competing lineage-specific regulators. The subset of Scl-bound
enhancers that can also be bound by Handl and/or Gata4 showed
higher evolutionary conservation, higher H3K4mel and H3K27ac
enrichment and Lsd1 binding in mesoderm, and stronger correlation
with Scl-dependent gene expression change. We propose that these
dually accessible enhancers that can be regulated by factors of two
opposing lineages act as a platform where the fate choice is deter-
mined. Future studies will determine which cardiac factor(s) is
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most critical for activating these cardiac enhancers and whether
they are also critical for suppressing the hematopoietic program.

We found that Gata2 can bind together with Scl to both hemato-
poietic and cardiac enhancers; however, we discovered that hemato-
poietic Gata factors (1, 2 and 3) are dispensable for Scl-mediated
cardiac repression, and only necessary for recruiting Scl to specific
binding sites to activate hematopoietic factors required for HS/PC
emergence and differentiation (Runxl, Pu.l/Sfpil, KIfl, Gfilb).
These data suggest that although the core Gata/Scl complex can
bind to both activated and repressed genes, Gata/Scl interaction
becomes critical principally in gene activation. Similar to hemato-
poietic Gata factors, Runx1 can redistribute Scl to new binding sites
as development progresses from endothelium to HS/PCs (Lichtinger
et al, 2012). Thus, Scl establishes the blood lineage by binding to a
broad set of hematopoietic enhancers; it then induces downstream
transcriptional network with the help of its target genes, which
enable Scl to relocate to new binding sites to build a functional
hematopoietic system.

The findings that Scl targets Gatal, Gata2 and Runxl (Van
Handel et al, 2012), which are critical for modulating Scl activity in
hematopoietic genes, are not essential for cardiac repression
underscore the unique role of Scl as a dual regulator of hematopoi-
etic versus cardiac fate choice. Apart from the studies with Scl,
ectopic cardiogenesis in hemato-vascular mesoderm has only been
observed upon ablation of Etv2, the upstream regulator for Scl (Ren
et al, 2010; Palencia-Desai et al, 2011; Rasmussen et al, 2011; Liu
et al, 2012; Wareing et al, 2012). Future studies will be required to
determine whether Etv2 has a specific function in silencing cardiac
fate or whether it contributes indirectly by inducing Scl expression.

Our finding that Scl directs mesoderm diversification via enhanc-
ers is concordant with the data that transcription factor binding at
enhancers is a key determinant of tissue-specific gene expression
(Heintzman et al, 2009; Visel et al, 2009; Xu et al, 2012). Our
discovery that Scl directly binds to enhancers of key transcription
factors of two alternative fates suggests a mechanism by which line-
age-specific transcription factors secure a mutually exclusive lineage
choice by both activating their own lineage and preventing the
establishment of alternative fates. Coordination of both processes by
the same factor enables accurate fate specification and prevents the
generation of a cell with mixed characteristics. As reprogramming of
induced pluripotent stem cells is also initiated at enhancers (Soufi
et al, 2012), understanding the repressive function of master regula-
tors may have broader implications in regenerative medicine as the
presence of a factor that could block lineage-specific enhancers
during lineage reprogramming may influence the efficiency and
outcome of reprogramming. Thus, better understanding of the pre-
requisites for gene activation and repression by master regulators,
and how the epigenetic boundaries are created between cell types,
will help develop more effective protocols for directing cell fates for
therapeutic applications.

Materials and Methods

ES cell culture and differentiation

Standard ES cell culture conditions were used to maintain Scl"“"*

(Chung et al, 2002), Scl“° (Porcher et al, 1996), Scl“CiScl, WT,
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Gata1&2*° and Gata1&2°Gata3"ES cells. Sc*“iScl cell line was
generated by transduction of Sc/“C ES cells with rtTA and PNL1-Scl-GFP
lentiviral vectors followed by clonal selection. Gatal&2 *°Gata3*”
ES cells were generated by transducing Gatal&2%° ES cells with
Gata3 shRNA lentiviral vector (Santa Cruz). FIkl* mesoderm and
hemato-vascular derivatives were generated using EB differentiation
as described (Mikkola et al, 2003). EBs were digested enzymatically
and analyzed by FACS or enriched for desired populations by
MACS or FACS sorting. For further details about cell culture, see
Supplementary Materials and Methods.

Gene expression analysis

RNA preparation, hybridization to Mouse Genome 430 2.0 arrays,
and analysis was conducted as described previously (Van Handel
et al, 2012). Libraries for RNA sequencing were constructed using
Encore Complete RNA-Seq DR Multiplex System 1-8 (Nugen).
Libraries were sequenced using Hlseq-2000 (Illumina). Reads were
mapped to mouse genome (mm9) using TopHat v2.0.4 (Trapnell
et al, 2009). Abundance estimations (FPKMs) were performed with
Cufflinks v2.0.1 (Trapnell et al, 2010). Assemblies for all samples
were merged using Cuffmerge, and differential expression (P < 0.01)
was determined using Cuffdiff. Quantitative reverse-transcriptase
polymerase chain reaction (QRT-PCR) was performed with Light-
Cycler 480 SYBR Green I Master (Roche) using LightCycler 480
(Roche). Primer sequences are listed in Supplementary Table S4. For
further details, see Supplementary Materials and Methods.

Chromatin immunoprecipitation sequencing analysis

ChIP with ES, Flk1* mesodermal (MES), HPC7, MEL or HL1 cells
were performed as described previously (Ferrari et al, 2012; Kerenyi
et al, 2013). Libraries were generated using Nugen Ovation ultralow
kit and sequenced using HIseq-2000 (Illumina). Mapping was
performed using Bowtie (Langmead et al, 2009) as described (Ferrari
et al, 2012). Peak identification was performed with MACS v1.3.7.1
(Zhang et al, 2008). For published ChIP-seq datasets used and more
detailed methods, see Supplementary Materials and Methods.

Reduced representation bisulfite sequencing

RRBS libraries were generated from genomic DNA of mouse ES
cells, WT and Scl® FIk1* mesoderm (MES) and MEL cells as
described previously (Meissner et al, 2005) with minor modifica-
tions. RRBS data were aligned with BS-Seeker2 (Guo et al, 2013).
Differentially methylated cytosines were calculated with methylKit
(Akalin et al, 2012). For detailed methods and the published
genome-wide methylation datasets used in this study, see Supple-
mentary Materials and Methods.

Analysis of endothelial differentiation potential

After 4.75 days of EB induction, CD41 CD31 " Tie2 “cells were sorted
from WT, SciC, Scl%iScl, Gatal&2*° and Gata1&2*° Gata3*P EBs
and 20,000 cells were plated on irradiated OP9 stroma in 8-well
chamber slides (354118 BD Falcon™). 1 mg/ml doxycycline
(1:1,000) is added to Sct¥?iScl culture and is kept on since day 2 of
EB induction. The media contained a-MEM, 20% FBS, 1% penicillin,
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streptomycin and 1% glutamine. For hematopoietic differentiation,
50 ng/ml SCF, 5 ng/ml IL3, 5 ng/ml IL6, 5 ng/ml TPO and 10 ng/ml
FIt3L were added. For cardiac differentiation, 5 ng/ml hVEGF,
30 ng/ml mFGF, 50 ng/ml hBMP4 and 1 uM Wnt/Beta-Catenin
Inhibitor XAV939 (Sigma) were added. After 14 days, FACS staining
or immunostaining was performed as described (Van Handel et al,
2012). See Supplementary Materials and Methods for details.

Accession numbers

Microarray, ChIP-seq, RNA-seq and RRBS datasets have been depos-
ited to the NCBI GEO database under the accession number
GSE47085. All datasets used in this study are listed in Supplemen-
tary Table S5.
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Figure S1. Stepwise analysis of Scl target genes in ES cell derived FIk1* mesoderm.

A Experimental workflow scheme for expression and ChIP-seq analysis to identify Scl target

genes. To define genes that become induced upon Scl expression, Scl®P*

reporter ES cells
(Chung et al, 2002) were used to identify genes that become up-regulated in day 4 Scl-
expressing mesoderm (Flk1*Scl®) as compared to FIk1*Scl” mesodermal precursors that give rise
to other mesodermal lineages (1). To define the genes that also depend on Scl for their expression,
FIk1* mesoderm from Scl“® ES cells (Porcher et al, 1996) were added in the comparison (l1).
Microarray analysis identified 592 and 553 annotated genes that were significantly up- or down-
regulated in FIk1*Scl* mesoderm in ScI"®® embryoid bodies (EBs) as compared to both
FIk1*Scl” mesoderm from ScI"“®* EBs and Flk1™ mesoderm from Scl® EBs (Table S1B, C).
ChIP-seq was used to determine genome-wide chromatin occupancy of Scl in Flk1* mesoderm
from day 4 EBs (lll). Intersecting the data from two independent Scl ChIP-seq experiments
identified 4,393 Scl binding sites, which associated with 4,158 genes within 200kb range from
transcriptional start sites (TSS) (Table S1A). To identify Scl target genes later in development
(Extended lists of Scl activated and repressed genes) Scl MES binding sites (111) were intersected

with Scl dependent genes in yolk sac and placenta endothelium and endocardium (IV) (Van

Handel et al, 2012) (Table S1D, E).

B Gene expression heatmaps and enriched DAVID (Huang et al, 2007) gene ontology (GO)
terms for the Scl activated and repressed genes in day 4 Flk1®™ MES show enrichment of

hematopoietic and cardiac terms respectively.

C Genomic Regions Enrichment of Annotations Tool (GREAT) (McLean et al, 2010)

enrichment analysis for 4393 Scl peaks in FIk1® MES shows enrichment of heart related terms.
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D FACS analysis of day 7 EBs from WT, Scl“° and ScI*iScl ES cells for HS/PC markers CD41
and c-Kit shows that HS/PC generation is rescued upon induction of Scl expression. Average of

eight independent experiments with SEM are shown.

E Developmental potential assay of CD41'CD31'Tie2" endothelial cells from day 4.75 EBs by
culturing them on OP9 for 14 days in hematopoietic and cardiac conditions followed by staining
for CD45 (hematopoietic cells) and TroponinT (cardiomyocytes) shows that induction of Scl
expression rescues hematopoietic cell generation and represses ectopic cardiomyogenesis.

Average of four independent experiments with SEM are shown.

F g-RT-PCR in day 4.75 CD41'CD31'Tie2" endothelial cells shows that, induced Scl expression
rescues the expression of hematopoietic genes and represses the expression of cardiac genes.

Average of four independent experiments with SEM are shown.
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Scl MES binding

H3K4me1 and Scl enrichment at Scl peaks in Sc/*°iScl ES, ES cells; WT and Sc/*° MES ectopic Scl binding
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Figure S2. Scl overexpression in Scl“° background restores Scl chromatin binding in

mesoderm but not in ES cells.

Scl ChIP-seq tracks in Scl“CiScl ES cells, Scl“®iScl and WT mesoderm and H3K4mel ChIP-seq
tracks in ES cells and WT mesoderm around hematopoietic and cardiac genes, and genes

ectopically bound by Scl in ES cells.
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Figure S3. Scl binding shifts dynamically at different developmental stages.

A Significantly enriched DAVID GO Biological processes for 655 common, 2,300 FIk1* MES
specific genes, 3,158 HPC?7 specific genes and 976 Fetal Liver (FL) erythroblast specific genes

shows enrichment of heart related terms only among FIk1* MES specific genes.

B ChlP-seq tracks showing that H3K4mel and H3K27ac are enriched around Scl binding sites
nearby cardiac genes (Thx5 and Myocd) in mesoderm and cardiomyocyte cell-line HL1, whereas
H3K27ac around Scl binding nearby hematopoietic genes (Gfilb and Runx1) is conserved in all

hematopoietic developmental stages and is depleted in HL1 cells.
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Figure S4. Analysis of H3K9me3 and DNA methylation do not provide a mechanism for Scl
mediated gene repression.

A H3K9me3 heatmaps in Cluster L and Cluster R in G1E (erythroid) and CH12 (B-cell) cell-

lines.

B H3K9me3 averages in Cluster L and Cluster R show that there is more H3K9me3 in Cluster L

in Terl19*, G1E and CH12 cells.

C ChlP-seq tracks with H3K9me3 enrichment at Scl MES binding sites around hematopoietic
(Myb and Runx1) and cardiac (Myocd and Gata4) genes evidence little enrichment of H3K9me3

in Scl regulated enhancers.

D Average CpG methylation in ES cells (Habibi et al, 2013), Bone marrow (BM), Heart (HT),
Pancreas (Panc) and Skin (Hon et al, 2013) show depletion of DNA methylation around Scl

binding sites associated with Scl extended activated (upper) and repressed (lower) lists of genes.

E Analysis of fraction of meC in ES cells (Habibi et al, 2013), Bone marrow, Heart, Pancreas,
and Skin (Hon et al, 2013) within 200kb from TSS of Scl extended activated (upper) and
repressed (lower) lists of genes shows that Scl activated genes have less DNA methylation in

bone marrow compared to heart, whereas Scl repressed genes have more DNA methylation

F Covariance analysis of RRBS data in ESC, WT and ScI“° FIk1* MES and MEL cells, show that
differential methylation occurs later in hematopoietic development (MEL cells, H -
hypermethylated sites, L - hypomethylated sites). Genes close to hypermethylated regions in

MEL cells are shown.
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G Fraction of meC among overlapping regions of Scl MES binding sites and RRBS data in ES
cells, WT and Scl“® FIk1* MES and MEL cells showing that DNA methylation is not Scl

dependent in mesoderm.
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Figure S5. Cardiac and hematopoietic Gata factors bind to Scl regulated cardiac and

hematopoietic enhancers in mesoderm.

A, B Venn diagrams show that there is a gradual decrease in the number of overlapping binding
sites when Scl mesodermal binding sites are compared to Gata4 binding in mesoderm (Oda et al,

2013), E12.5 hearts and adult hearts (He et al, 2014).

C Gata4 ChlP-seq tracks show the dynamics of Gata4 binding in different developmental stages
(MES, E12.5 and adult hearts) (He et al, 2014; Oda et al, 2013) at sites that are also bound by

Scl in mesoderm.

D ChIP-PCR analysis shows binding of Gata2 to Scl regulated enhancers in FIk1® mesoderm
nearby Runxl, Lyl1, Scl, Nkx2-5, Gata4 and Gata6 genes. Data is shown as relative enrichment
over negative control region (chrl6: 92230219-92230338). Average of three experiments with

SD are shown.
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Figure S6. Hematopoietic Gata factors are dispensable for cardiac repression.

A Day 4.75 CD41'CD31'Tie2" endothelial cells cultured on OP9 in hematopoietic and cardiac
conditions for 14 days show that, similar to Gatal&2"° endothelial cells Gatal&2"°Gata3"P

cells do not generate CD45" hematopoietic cells nor ectopic TroponinT™ cardiomyocytes.

B g-RT-PCR in day 4.75 CD41'CD31"Tie2" endothelial cells shows that, similar to Gatal&2"°,
Gatal&2"°Gata3“P endothelial cells have reduced expression of Runxl, Myb, and Gfilb.
Expression of hemato-vascular regulators Hhex, Lyl1, Ets2, and hemato-vascular surface markers
Itga2b, Cdh5 and Ptprb is intact. Expression of cardiac regulators Gata6, Handl and Gata4 is

not up-regulated compared to WT control.
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Figure S7. Gatal and 2 are dispensable for the establishment of H3K4mel and H3K27ac in

Scl boundenhancers in mesoderm.

A Scl ChIP-PCR shows that, similar to Gatal&2"°, Gatal&2"°Gata3“® FIk1* mesoderm cells
show loss of Scl binding at Runx1 and Gfilb enhancers while binding is retained at Lyl1 and

cardiac Gata4, Gata6 and Nkx2.5 enhancers. Average of two experiments with SD are shown.

B ChIP-seq tracks for H3K4mel and H3K27ac in ES cells, WT and Gatal&2"° mesodermal
cells show that establishment of active histone modifications in mesoderm around Scl binding

sites is not dependent on Gatal or 2.

C Genome-wide correlation analysis of H3K4mel (left) and H3K27ac (right) levels between WT
and Gatal&2“° mesoderm (MES) shows that establishment of active histone modifications in

mesoderm is not dependent on Gatal or 2.
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Supplementary materials and methods

Culture of ES, hematopoietic and cardiomyocyte cell lines

Standard ES cell culture media with DMEM (Cellgro), 15% serum (Hyclone or Omega) and
10ng/ml LIF (Millipore) and gelatin coated dishes were used to maintain mouse ES cells.
Following lines were used: WT, ScI"®®* knock-in (Chung et al, 2002), ScI® (Porcher et al, 1996),
and Gatal&2"° (Fujiwara et al, 1996). Of note, although the hCD4 knock-in disrupts one Scl
allele, these ES cells recapitulate normal hematopoietic differentiation in culture (Chung et al,
2002), and Scl heterozygous embryos do not have a reported phenotype. Gatal&2 “° Gata3"P
ES cell line was generated by infecting Gatal&2X° ES cell line with Gata3 lentiviral ShRNA
(Santa Cruz, MOI=25), after which subclones of the infected cells were isolated using limiting
dilution. Q-RT-PCR was performed to verify the knock-down of Gata3. Scl“CiScl ES cell line
was generated by infecting ScI° ES cell line with lentiviral vectors containing rtTA and Scl-
IRES-GFP controlled by TRE, after which subclones of the infected cells were isolated using
limiting dilution. Western Blot and FACS analysis of GFP was performed to verify the
expression of Scl upon doxycycline induction. In functional assays Scl expression was induced
with the addition of 1ug/ml doxycycline for 48h. MEL cells were grown in RPMI 1640 with L-
Glutamine, 10% of FBS, 1% of penicillin and streptomycin. HPC7 cells (by professor L
Carlsson, Umea University, Sweden) were grown in Iscove’s modified Dulbecco’s media
(IMDM) (Gibco), supplemented with NaHCO3, 1.5 x 10-4 M MTG (Sigma), 1% of penicillin
and streptomycin, 10% of FBS and mouse Stem cell factor (SCF) at 100ng/mL (R&D Systems).
HL1 cardiomyocyte cells were grown in Claycomb Medium with L-Glutamine plus 10% of FBS,

1% of penicillin and streptomycin and 0.1mM Norephinephrine (Claycomb et al, 1998).
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Flk1® mesodermal cells and hemato-vascular derivatives were generated by differentiating ES
cells into embryoid bodies as described (Mikkola et al, 2003). For ChiP-seq and ChIP-PCR, day
4 FIk1* mesodermal cells were digested with 0.25% trypsin (Gibco) and enriched using FIk1-PE
antibody (clone Avasl2al, eBioscience), anti-PE microbeads and MACS LS columns (Miltenyi
Biotech). For microarrays, day 4 EB cells were sorted on a BD FACS Aria Il (BD Biosciences)
using FIk1-PE and hCD4 (clone S3.5, Invitrogen) antibodies to collect distinct mesodermal cell
populations. For RNA-seq and endothelial cell developmental potential assays day 4.75 EBs
were digested with 2mg/ml collagenase (Worthington) and 0.5mg/ml dispase (Invitrogen),
Tie2"'CD31°CD41" cells were sorted on a BD FACS Aria Il (BD Biosciences) using Tie2-PE
(clone TEK4), CD31-PECy7 (clone 390) and CD41-PerCPCy5.5 (clone MWReg30) antibodies

(all from eBioscience).

Progression of hematopoietic development was assessed using the antibodies for CD41-
PerCPCy5.5 or CD41-FITC (clone MWReg30), cKit-APC or PE-Cy7 (clone 2B8) Tie2-PE
(clone TEK4), CD31-PECy7 (clone 390) (all from eBioscience) and Flk-1-APC (clone Avas
12alphal) from BD Pharmingen. Dead cells were excluded with DAPI (Roche). Cell populations
were analyzed using an LSR Il or Fortessa flow cytometer or sorted using a FACSAria Il cell

sorter (BD Biosciences). Data were analyzed with FlowJo software, version 8.8.6 (TreeStar).

Affymetrix Microarray Analysis

RNA was isolated using the RNeasy Micro kit (Qiagen), amplified using the NUGEN Pico kit
(Nugen, San Carlos CA), and hybridized on Affymetrix Mouse Genome 430 2.0 Array
GeneChip microarrays. Differential expression was calculated using the R package Limma

(Gentleman, 2005) from the open source Bioconductor project (Gentleman et al, 2004). Absolute
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MRNA expression levels were calculated using, the RMA (Robust Multiarray Averaging
(Bolstad et al, 2003)) method (provided through R library affy) resulting in background
corrected, quantile normalized and probe level data summarized values for all probe sets.
Bioconductor annotation database mouse4302.db was used to obtain official gene symbols for
probe sets. PMA detection calls for each array sample were calculated with the mas5calls
algorithm (Liu et al, 2006) within the R package affy. Probes with the ‘Absent’ designation for
all samples were excluded from further analysis. Genes with p-value 0.05 and fold change at
least 1.5 where designated as differentially expressed. Only genes that were differentially
expressed in both: FIk1*Scl* vs. FIk1*Scl™ day 4 EBs from Cntrl ScI"®® reporter ES cells, and
Cntrl ScI™P* FIk1*Scl* vs. FIk1* ScIKO ES cell (Porcher et al.,, 1996) derived day 4 EBs were
included in the final list of 592 up- and 553 down-regulated mesodermal genes. DAVID (Huang
et al, 2007) tool was used to identify significantly over-represented functional GO biological

process categories within differentially expressed genes.

To obtain the extended list of Scl dependent genes, expression profiles of Scl up- and down-
regulated genes in day 4 EBs (see above) and previously published datasets of Scl (GSE27445)
(Van Handel et al, 2012) up- and down-regulated genes in E9.25 yolk sac (Cntrl CD31" vs. Scl*©
CD31"), placenta (Cntrl CD31* vs. ScI“® CD31") and endocardium (Cntrl CD31"Pdgfra’ vs.

Scl“° cD31*Pdgfra’) were combined.

Chromatin immunoprecipitation and library preparation
Approximately 20x10° and 2x10° purified FIk1* mesodermal, ES cells, HPC7, MEL or HL1 cells
were used per IP for ChlP-seq and ChIP-PCR, respectively. Cells were washed with PBS and

crosslinked with 1% formaldehyde in PBS for 10 min at RT. After quenching with 0.125M
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glycine cells were washed twice with PBS, and lysed in 400 pl of lysis buffer (1% SDS, 20 mM
EDTA and 50 mM Tris-HCI (pH 8.0)) with protease inhibitors (Roche). Chromatin was
sonicated on average 200bp fragments for ChiP-seq and 500bp fragments for ChIP-PCR using
Misonix cup-horn sonicator, The lysate was diluted 10 times with ChIP dilution buffer
containing 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA and 16.7 mM Tris-HCI (pH 8.1) and
immunoprecipitated anti-Scl (sc-12984X, Santa Cruz), anti-Gata2 (sc-9008X, Santa Cruz), anti-
Handl (sc-9413X, Santa Cruz), anti-H3K4mel (ab8895, Abcam), anti-H3K27ac (ab4729,
Abcam), Ezh2 (39901, Active Motif) or control IgG (sc-2028, Santa Cruz) antibodies overnight
at 4 degrees. 20 pl of the lysates were used as input. The immunoprecipitated complexes were
captured using protein G Dynabeads (Invitrogen) and washed twice with the following buffers:
low-salt immune complex wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCI (pH 8.1); high-salt immune complex wash buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI (pH 8.1) and 500 mM NacCl); LiCl wash buffer (0.25 M LiCl, 1%
NP40, 1% deoxycholate, 1 mM EDTA and 10 mM Tris-HCI (pH 8.1)) and TE (10 mM Tris-HCI
and 1 mM EDTA (pH 8.0)). Chromatin complexes were eluted from the beads with 50 mM Tris-
HCI, pH 8.0, 1 mM EDTA, and 1% SDS and reverse crosslinking was performed by overnight
incubation at 65°C. Samples were treated with RNase A for 30 min at 37°C and proteinase K for
2 h at 56°C. DNA was subsequently purified using Qiagen MinElute Columns according to

manufacturers instructions. DNA concentration was measured using a Qubit (Invitrogen).

ChIP with anti-Lsd1l antibody (ab17721, Abcam) in WT and Scl*® FIk1* mesoderm was

performed as described in (Kerenyi et al, 2013).

The library for sequencing was constructed using Ovation Ultralow IL or DR Multiplex System

1-8 kit according to manufacturer's instructions (Nugen). Libraries were sequenced using Hlseq-
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2000 (I1lumina) to obtain 50 bp long reads.

Analysis of ChlP-seq data

Multiplexed runs were debarcoded using Fastx toolkit (http://hannonlab.cshl.edu/fastx_toolkit)

or Unix shell scripts. Reads were mapped to the mouse genome (mm9) using bowtie v0.12.7
(Langmead et al, 2009) with (-m 1 —strata —best —v 2) parameters. Only reads that aligned to a
unique position in the genome with no more than two sequence mismatches were retained for
further analysis. Duplicate reads that mapped to the same exact location in the genome were

counted only once to reduce clonal amplification effects.

Using mapped sam files as inputs bedgraph files were created using Homer with default
parameters (Heinz et al.,, 2010), converted to bigwig format using bedGraphtoBigwig script
(Kent et al, 2010) and visualized on UCSC genome browser (Kent et al, 2002) as custom tracks.
Peak identification was performed with MACS v1.3.7.1 (Zhang et al, 2008) default parameters
using respective input as a reference. Peaks form two independent experiments were intersected
and 1gG peaks were subtracted using Galaxy (Blankenberg et al, 2010) to obtain final list of
4393 Scl binding sites. To identify genes that are potential direct targets of Scl, peaks were
mapped to nearby genes within 200kb range from TSS using Genomic Regions Enrichment of
Annotations Tool (GREAT) (McLean et al, 2010). Top enriched terms for a given category are
reported unless otherwise noted. Peak intersections, distance to TSS and overlaps with
differentially expressed genes were determined using Galaxy (Blankenberg et al, 2010) and in
house Unix shell scripts. Motif enrichment analysis was performed with Centdist (Zhang et al,

2011) using Transfac and Jaspar databases and 1000bp maximum comotif distance.

The following published ChIP-seq datasets were used for comparisons: p300 binding in E11.5
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mouse tissues GSE22549 (Blow et al, 2010); histone modifications during ES cell step-wise
differentiation into cardiomyocytes (ESC, MES - mesoderm, CP — cardiac progenitors, CM —
cardiomyocytes) (Wamstad et al, 2012); H3K4mel in MEL cells GSE31039 (ENCODE project),
Ter119" FL erythroblasts, GSM689846 (Kowalczyk et al, 2012), embryonic limbs GSE29184
(Shen et al, 2012), mouse embryonic fibroblasts GSE41440 (Herz et al, 2012), granulocytes
GSM994230 (Kerenyi et al, 2013); H3K27ac in Terl119" FL erythroblasts GSM802477
(Kowalczyk et al, 2012); H3K27me3 in Ter119" FL erythroblasts GSM688811 (Wong et al,
2011) and GSM689847 (Kowalczyk et al, 2012); H3K9me3 in Terl19" FL erythroblasts
GSM946549 (ENCODE project), G1E cells GSM94654 (ENCODE project), Ch12 cells
GSM946548 (ENCODE project); Lsd1 binding in ES cells GSM687282 (Whyte et al, 2012),
granulocytes GSM994238 (Kerenyi et al, 2013); Gata4 binding in mesoderm GSM1015512 (Oda
et al, 2013) and in E12.5 and adult hearts GSE52123 (He et al, 2014); Scl binding in HPC7 cells
GSE22178 (Wilson et al, 2010) and in FL erythroblasts GSE21877 (Kassouf et al, 2010). All

the datasets used in this study are listed in Table S5.

For the generation of the average histone profiles and heatmaps small variations to the protocol
described in Ferrari et al., 2012 were applied. The genome was tiled into 50-bp windows. All
windows with P-values less than 1.0 x 10—5 were considered to have significant peaks. A P-
value < 1.0 x 10—5 was chosen to give a False Discovery Rate (FDR) of <1%. The FDR was
calculated by applying the same statistic described above to the two halves of the same input
library. The total number of significant peaks obtained this way was considered as an estimate of
the number of false-positive peaks. Wiggle files (generated by the algorithm) containing
significant counts were used for combinatorial binding analysis of histone modifications (Figure

3E). Combinatorial clustering signal for the significant counts was then substituted with —log
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Poisson P-values. Sitepro, as part of the CEAS suite (http://cistrome.dfci.harvard.edu/ap/), was

used to create tiling file of histone modifications for defined genomic intervals centered around
Scl binding sites. This file was subsequently processed with Cluster 3.0 to obtain a CDT file for
the generation of heatmaps with Java TreeView. Sitepro was also used for the generation of
average histone modification profiles around Scl binding sites. Wiggle files of normalized tag
density (Figures 2F, 4C, 4E, S2A, S4B) and bigwig files (Figure 5D-H) used for these analyses

were generated as described in Ferrari et al.,, 2012 and above, respectively..

The correlation for WT, Scl®®, Gata12“° H3K4mel and H3K427ac ChIP-seq enrichments
around Scl binding sites (Figure 2G, S2B) and genome-wide (Figure S7C) were calculated by

correlation tool in Cistrome (Liu et al, 2011) using bigwig files generated as described above.

Reduced Representation Bisulfite Sequencing

RRBS libraries were generated starting from 240-450 ng of genomic DNA (measured by
QUBIT, Life technology) as previously described by (Meissner et al, 2005) with minor
modifications. Briefly, Mspl- generated fragments were end-repaired and adenylated before
ligation with Illumina TruSeq adapters. DNA purifications of each enzymatic reaction as well as
size-selection of adapter-ligated fragments ranging from 200-350bp were carried out using
AMPure XP beads (Beckman Coulter). Bisulfite conversion was performed twice with EpiTect
kit (QIAGEN) in order to optimize the efficiency. Bisulfite-converted libraries were amplified
using MyTag Mix (Bioline) with the following program: 98°C for 2min, (98°C for 15sec, 60°C

for 30sec, 72°C for 30sec) 12 cycles, 72°C for 5 min, 4°C indefinitely.
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Analysis of RRBS data

RRBS data was aligned with bs-seeker2 (Guo et al, 2013). Differentially methylated cytosines
were calculated with methyl-kit (Akalin et al, 2012). To identify DNA methylation changes that
increased or decreased significantly, we focused on RRBS fragment CpG methylation levels and
calculated the covariance between the fragment methylation and sample order (ordered by least
to most differentiated). To determine the fragment CpG methylation score, we only considered
CpG sites with a minimum coverage of four reads common to all the samples. The fragment
methylation score is the Z score of the CpG methylation levels within the RRBS fragment

standardized by the number of CpG sites within the fragment,

G/\/N

where X is the average CG methylation within the fragment, p is the mean CpG methylation of

Z

the sample methylome, o is the standard deviation of the sample methylome, and N is the
number of CpG sites within the fragment. DNA methylation fragments were ranked based on
covariance and gene ontology determined with GREAT. For Fig S4G GCmap files for each
sample were intersected (BEDtools) with coordinates of Scl peaks in mesoderm. All mapped
cytosines were average for methylation fraction and plotted using R. Kolmogorov-Smirnov test
p-value was calculated to compare the ESC and MEL distribution of methylated cytosines using

matlab.

Genome-wide DNA methylation analysis

Published genome-wide DNA methylation datasets from various cell types (GSM1127953 — ES

cells (Habibi et al, 2013); GSE42836 - Bone marrow, Heart, Pancreas and Skin (Hon et al,

83



2013)) (Figure S4D) were used to analyze average and differential DNA methylation. Average
DNA methylation around 8kb regions centered at Scl mesodermal binding sites associated with
extended lists of Scl activated or repressed genes was calculated in 50bp windows using Sitepro
tool (Ji et al, 2006) within Cistrome integrative platfrom (Liu et al, 2011). For differential
methylation analysis on Fig S4E raw data was reprocessed with BS-seeker2 and single GCmap
files for each tissue were generated. BEDtools was used to generate the intersection between
cytosines present within 200 kb from TSS of extended lists of Scl activated and repressed genes.

Average methylation fraction was plotted for each tissue as boxplot using R.

Library preparation for RNA-seq

Total RNA was extracted using the RNeasy Mini kit (Qiagen) and library was constructed using
an Encore Complete RNA-Seq DR Multiplex System 1-8 (Nugen). Libraries were sequenced

using Hlseq-2000 (Illumina) to obtain paired end 50 bp long reads.

Analysis of RNA-seq data

Debarcoding of the multiplex runs was performed using in house Unix shell script. Splice
junction mapping to the mouse genome (mm9) was performed using TopHat v2.0.4 (Trapnell et
al, 2009) with default parameters. For abundance estimations (FPKMs) the aligned read files
were further processed with Cufflinks v2.0.1 (Trapnell et al, 2010). Assemblies for all samples
were merged using Cuffmerge and differential expression was determined using Cuffdiff. Genes
with a p-value smaller than 0.01 where considered as differentially expressed. All transcripts
where the FPKM values for all the samples were lower than 0.5 were excluded from further
analysis. For the calculation of fold change and heatmap generation FPKM value of 0.1 was used

if no transcripts were detected for a given sample. For the generation of heatmaps with relative
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expression each genes log2 ratio of a given sample FPKM was divided with the average of the

all samples FPKM’s and visualized using Java TreeView (Saldanha, 2004).

Statistical analysis

For ChIP-PCR on Figure 1E, 21 and S5D paired ratio t-test was used to calculate significance
between shown pairs. Student’s t-test was used to calculate if changes in expression detected
with g-RT-PCR and if Scl binding overlaps with cardiac enhancers (Figure 2B, C) are significant
and if there is a significant difference between absolute fold change between the groups in Figure
51. Hypergeometric probability calculation in Geneprof software (Halbritter et al, 2012)
(population size was set to 23148, that corresponds to the number of mouse genes in mm9
assembly) was used to assess if overlaps on Figures 1A and 1G are significant. In Figure 2A, chi-
square test was used to calculate if differences between observed and expected are significant.
Kolmogorov-Smirnov test was used to test differences in methylation levels (Figure S4E and

S4G).

FACS staining and Immunostaining for hematopoietic and cardiac cells

Hematopoietic differentiation potential of sorted endothelial cells was assessed using the
antibodies for CD11b-PE (cloneM1/70) from BD Pharmingen and CD45-PECy7 (clone30-F11)
from eBioscience. Dead cells were excluded with DAPI (Roche). Cell populations were analyzed
using an LSR 1l or Fortessa flow cytometer. Endothelial cells cultured in chamber slides were
fixed with 4% PFA for 15min at room temperature and then permeabilized for 10min with PBS
containing 0.25% Triton. After permeabilization, cells were blocked in with PBS containing 1%
BSA and 0.05% Tween20 for 30 min. Primary antibody cardiac Troponin T (1:400, MS-295-P1,

Thermo Scientific) and CD45 (1:300, 550539, BD Biosciences) were applied to the cells
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overnight at 4 °C. After washing 3 times with PBS (0.05% Tween20), secondary antibody and
DAPI were applied for 1h. Images were obtained on a Zeiss LSM 510 equipped with 405 nm,

488 nm, 543 nm, and 633 nm lasers after mounting.
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Chapter 3:

ETV2 cooperates with SCL for timely gene activation

during hemogenic endothelium specification
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Abstract

The ETS transcription factor Etv2 and its target Scl are critical for establishing blood and
vascular lineages from cardiovascular mesoderm and repressing ectopic cardiac differentiation.
However, their respective functions in these cell fate decisions are unknown. Overexpression of
SCL in Etv2 deficient mesoderm (Etv2<CiSCL) was sufficient to bypass the functional
requirement for ETV2 in both hemato-vascular specification and cardiac repression. However,
although Etv2CiSCL endothelial cells showed timely induction of most hematopoietic
transcription factors and suppression of cardiac regulators, there was a delayed rescue of several
vascular genes. ChlP-sequencing showed direct binding by ETV2, often together with SCL at the
same or different sites, in genes that were rescued with delay in Etv2“°iSCL endothelium.
ATAC-sequencing of Etv2“°iSCL endothelial cells showed that ETV2 is required for opening of
chromatin at ETV2 binding sites. The co-operation of ETV2 and SCL is thus essential for timely
activation of hemato-vascular genes during mesoderm diversification to blood and vascular

lineages.
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Introduction

Cardiovascular and blood systems are closely related both functionally and by their
developmental origin. Serious problems will be caused when these organ systems become
dysfunctional during development or post-natal life, and thus there are extensive efforts to
develop cell-based therapies to help regenerate these organ systems. Although hematopoietic,
endothelial and cardiomyocytic cells can be differentiated from pluripotent stem cells, and
reprogrammed from fibroblasts (Margariti et al., 2012; Morita et al., 2015; Levenberg et al.,
2002; Adams et al., 2013; Wang et al., 2005), it has not been possible to generate fully functional
and long lasting stem/progenitor cells for these tissues. Thus, it is important to develop a more
detailed molecular map of how cardiovascular and hematopoietic cells are generated during
development.

Hematopoietic, endothelial and cardiac cells are all derived from Flk1* cardiovascular mesoderm
(Chung et al., 2002; Ema et al., 2003; Ema et al., 2006). Although several transcription factors
that are required for blood or cardiovascular development have been identified, how the various
cardiovascular and blood lineages diverge from a common precursor is poorly understood. ETV2
specifies hemangioblast that gives rise to hematopoietic and endothelial progenitors, from
FIk1'PDGFRa" primitive mesoderm (Kataoka et al., 2011; Sakurai et al., 2006). Etv2 deficient
mouse embryos die around E9.0 due to complete failure of vasculature and blood development
(Lee et al., 2008). Etv2 expression also demarcates the establishment of hemogenic endothelium
and the onset of blood development (Wareing et al., 2012). ETV2 activates the hematopoietic
master regulator SCL, which is critical for specification of hemogenic endothelium and

hematopoietic cells (Ren et al., 2010; Wareing et al., 2012; Lancrin et al., 2009; Liu et al., 2015).
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Scl®© embryos die around E9.5 due to lack of all blood cells (Shivdasani et al., 1995). Thus, both
ETV2 and SCL are indispensable for establishing the hematopoietic system.

Recent studies suggest that both ETV2 and SCL are also involved in repressing the cardiac fate
as the vascular endothelial and hematopoietic lineages diverge from common mesodermal
precursor (Ismailoglu et al., 2008; Gering et al., 2003). In addition to failing to activate
hematopoiesis (Van Handel et al., 2012), Scl deficient endothelium in the yolk sac became
misspecified to cardiac fate and generated fully functional, beating cardiomyocytes.
Misspecification to cardiac fate was also observed in Scl deficient endocardium in the heart. SCL
directs this dual fate decision by binding to epigenetically primed cardiac and hemato-vascular
enhancers in mesoderm. While cardiac enhancers lose the enhancer mark H3K4mel upon
hematopoietic development, hematopoietic enhancers generally retain an active state and SCL
binding. These data suggest that SCL directly represses cardiac fate during a specific temporal
window in mesoderm by silencing epigenetically primed enhancers, while it converts the
hematopoietic genes into fully active state (Org et al., 2015). Notably, SCL complex partners
GATAL and 2, and its downstream target RUNXZ1, are only required for hematopoietic
activation, and not for cardiac repression.

In addition to SCL, the only other transcription factor whose loss has been associated with
ectopic cardiac development is ETV2. The lack of ETV2 in mice leads to increased
FIk1'PDGFRa" cardiogenic mesoderm as well as upregulation of cardiac genes (Lee et al., 2008;
Liu et al.,, 2012). Furthermore, the precursors for vascular endothelial and endocardial cells
ectopically differentiate into cardiomyocytes in Etv2 deficient zebrafish embryos(Palencia-Desali
et al., 2011; Liu et al., 2013). On the other hand, failure to repress ETV2 expression in fish

embryos results in expansion of endocardial cells at the expense of myocardial population
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(Schupp et al., 2014). These results imply that ETV2 expression has to be precisely regulated to
enable the divergence of cardiomyocytic and vascular lineages during development. However,
whether ETV2 is directly involved in cardiac repression, or merely does so by inducing SCL, is
not known.

Here we show that SCL can specify hemogenic endothelium and repress ectopic cardiogenesis in
mesodermal precursors independent of ETV2. However, ETV2 co-operates with SCL to ensure
timely activation of hemato-vascular genes by promoting chromatin accessibility at its binding
sites. In contrast, ETV2 function in cardiac repression is indirect and mediated by its downstream
target genes, such as SCL. SCL thus has a unique role in regulating mutually the exclusive fate
decision between hematopoietic and cardiac lineages by directing both gene activation and

repression.
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Results

ETV2 and SCL co-regulate one another

Our goal was to dissect the individual functions of ETV2 and SCL in the divergence of vascular,
hematopoietic and cardiac fates. ETV2 has been shown to directly activate SCL expression
through 5’ enhancer (Wareing, et al., 2012; Gottgens et al., 2004). Analysis of published ETV?2
binding data verified that ETV2 directly binds to Scl upstream regulatory regions in mesoderm to
activate the expression of Scl (Liu et al., 2015) (Supplementary Figure S1A). In concordance
with the finding that Scl is a direct target gene for ETV2, Scl expression could not be detected in
Etv2"° D4.75 FIk1* mesodermal cells (FiglA).

Analysis of published SCL binding data in FIk1" mesoderm showed that SCL directly binds to
an upstream regulatory region of Etv2 (Org et al., 2015)(Supplementary Figure S1A) that is
responsible for driving Etv2 expression (Ferdous et al., 2009; Rasmussen et al., 2011). Indeed,
Scl“© ES cell derived day 4.75 CD41CD31'Tie2" endothelial cells showed increased Etv2
expression. The overexpression of Etv2 was suppressed to levels comparable to WT upon
restoration of Scl expression during ScI“® ES cell differentiation (FiglB). These data suggest that
SCL may regulate the timely repression of Etv2 expression through a negative feedback loop.
Notably, although Etv2 is expressed robustly in ScI“® endothelial cells both in vitro and in vivo

(Supplementary Figure S1B), Scl©

endothelial cells cannot generate hematopoietic cells, or
prevent misspecification to cardiac fate (Org et al., 2015 Jan 6). These data indicate that ETV2 is
not sufficient to repress cardiac fate and specify hematopoiesis in endothelium in the absence of

SCL.
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SCL can functionally restore the development of hemato-vascular lineages and repress
ectopic cardiogenesis in the absence of ETV2

Prior studies have shown that induction of SCL expression in Etv2 deficient cells can rescue the
generation of VECAD" endothelial cells (Kataoka et al., 2011), CD41" hematopoietic progenitor
population as well as precursors for primitive erythropoiesis and transient definitive
hematopoiesis (Wareing et al., 2012). To investigate how SCL can rescue hemato-vascular
development in the absence of Etv2, and to assess the function of ETV2 in cardiac repression,
SCL expression was induced in Etv2 deficient cells using the doxycycline inducible Etv2*°iSCL
ES cell line where doxycycline-inducible Scl-2A-GFP transgene was introduced into Etv2-

2KOIETV2 cell line was used as a control. Since

deficient ESCs. Rescue of Etv2 expression in Etv
ETV2 is only transiently expressed during development (Ferdous et al., 2009; Kataoka et al.,
2011; Lee et al., 2008) ETV2 was induced transiently by limiting doxycycline administration
from day 2 to day 4.75 of EB differentiation, while SCL expression was induced from day 2 of
EB differentiation and maintained throughout the assays, mimicking its known expression
pattern (FiglC). Real-time PCR and FACS analysis of GFP was performed to verify the
expression of Scl and Etv2 upon doxycycline induction (Supplementary Figure S1D).

Whereas Etv2<° EBs failed to generate CD31*TIE2* endothelial population, promiscuous
activation of SCL in Etv2CiSCL cells was sufficient to enable the generation of CD31*TIE2*

endothelial cells in day 7 EBs to frequency comparable to WT and Etv2“CiETV2 cells.

Whereas no c-KIT'CD41* hematopoietic progenitors were detected in day7 Etv2<® EBs or Scl<©

2KO

EBs, the hematopoietic progenitor population was rescued in Etv2™~iSCL EBs to frequency

comparable to WT and Etv2¥C iETV2 cells (Fig1D).
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To examine the differentiation potential of endothelial cells derived from the various genetically
modified ES cells, EBs were differentiated for 4.75 days when hematovascular precursors are
first specified and sorted CD31"TIE2" endothelial cells were subjected to in vitro differentiation
assays. Although the population of Etv2<CiSCL CD41-CD31*TIE2" endothelial cells was
rescued to similar frequency as WT in day 7 EBs (Fig 1D), the day 4.75 Etv2<®iSCL CD41-
CD31'TIE2" endothelial cell population was significantly smaller than in WT (Supplementary
Figure S1C). This was mainly due to reduced Tie2 expression, as the CD31" population in
Etv2“CiSCL cells was comparable to, if not higher, than WT and Etv2“CiETV2 cells,

To test whether day 4.75 Etv2<iSCL endothelial cells are hemogenic, CD41°CD31*TIE2" cells
were sorted and cultured for 14 days with hematopoietic growth factors on OP9 stroma (Fig1C).

1“C endothelial cells that could not give rise to any CD45" hematopoietic cells,

In contrast to Sc
induction of SCL expression in Etv2“CiSCL ES cells rescued the generation of CDA45*
hematopoietic population (FiglE). These data confirm that SCL is capable of functionally
restoring the generation of hemato-vascular populations, the specification of hemogenic
endothelium and its subsequent differentiation to hematopoietic cells in EBs in the absence of
ETV2.

To investigate whether SCL can prevent the misspecification of endothelium to cardiac fate in
the absence of ETV2, EBs were differentiated for 4.75 days, after which CD41° CD31'Tie2"
endothelial cells were sorted and cultured for 14 days in cardiomyocyte-promoting conditions on
OP9 stroma (FiglC). In Etv2“°iSCL day 4.75 endothelial cells, SCL expression was induced
from day 2 onward, while in Etv2XCiETV2 cells, ETV2 was transiently induced between D2-
D4.75. Whereas Scl“® endothelial cells gave rise to TroponinT expressing cardiomyocytes in

2KO

culture, no significant ectopic cardiogenic differentiation from Etv2™~iSCL endothelial cells was
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observed (FiglF). These data imply that Etv2 expression is not essential for cardiac repression in
the endothelium, as SCL can represses cardiogenesis in endothelial cells that have never

expressed ETV2.
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Figure 3.1: Scl overexpression functionally rescues endothelial and hematopoietic

populations and represses ectopic cardiogenesis in Etv

A

2KO cells

qRT-PCR of Scl expression relative to GAPDH in day 4.75 Flk1™ WT and Env25° cells.
Average of 3 biological replicates with SD is shown.

qRT-PCR of Etv2 expression relative to GAPDH in day 4.75 CD41°'CD31 " TIE2" WT, Sc/°
and Sc/°iSCL endothelial cells. Average of 3 biological replicates with SD is shown.
Schematic of WT, Sc/X©, Evv2%%iSCL, Evv2X°iETV2 ES cell differentiation strategy to EBs
and differentiation of sorted endothelial cells to hematopoietic cells or ectopic
cardiomyocytes.

Flow cytometry analysis of day 7 EBs with CD31 and TIE2 shows efficient generation of
endothelial cells from WT, Sc/®°, En2%°iSCL and Env2%°iETV2, but not Env2° cells.
Average of 4 biological replicates with SD is shown.

Flow cytometry analysis of day 7 EBs with ¢c-KIT and CD41 shows efficient generation of
hematopoietic progenitors from WT, Env2X°iSCL and Env2X°iETV2, but not Sci*° and
Etv2%C cells. Average of 4 biological replicates with SD is shown.

Flow cytometry analysis of day 4.75 CD41 CD31 TIE2" endothelial cells cultured on OP9
for 14 days in hematopoiesis promoting media, stained for CD45 shows efficient generation
of hematopoietic cells from WT, Erv2X°iSCL and Erv2*?iETV2, but not Sc/*© cells. Average
of 6 independent experiments with SD is shown.

Immunostaining of day 4.75 CD41°CD31'TIE2" endothelial cells on OP9 for 14 days in
cardiac promoting media with TroponinT shows robust generation of ectopic cardiomyocytes
from Sci*© cells, significantly fewer in Erv25iSCL and Etv2*°iETV2 cells, and not in WT

cells. Average of 4 independent experiments with SD is shown.
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Molecular rescue in Etv2¥°iSCL endothelial cells is incomplete at day 4.75

Despite the ability of Etv2"°

ISCL endothelial cells to functionally rescue hematopoiesis and
repress ectopic cardiogenesis, the observed delay in inducing TIE2 expression raised the
hypothesis that lack of ETV2 in Etv2<?iSCL endothelial cells somehow impacts the specification
or maturation of hemato-vascular precursors. To define at the molecular level whether SCL can
properly specify the hemato-vascular precursors in the absence of ETV2, CD41° CD31'TIE2"
endothelial cells from day 4.75 EBs were sorted for RNA sequencing. Direct comparison of
CD31'TIE2" endothelial cells by RNA sequencing identified 149 genes that were significantly
downregulated in day4.75 Etv2<?iSCL endothelial cells compared to WT and Etv2“CiETV2 cells
(Fig2A). These poorly activated genes were enriched in gene ontology categories involving
vascular development and hematopoietic development (Fig2B). Among them, many HSC and
endothelial transcriptional regulators (e.g. Sox17, Erg, Etsl, Ets2, JunB) and HSC/hemogenic
endothelium surface markers (e.g. Esam, Cdh5) failed to be activated in day 4.75 Etv2<iSCL
CD31'TIE2" endothelium (Fig2D,2E). The poor induction of endothelial /HSC marker ESAM in
day 4.75 Etv2*°iSCL CD31" cells was confirmed by flow cytometry (Fig2L). In contrast, many
of the hematopoietic regulators that are known SCL targets (e.g.Runxl, Lyl1, Gata2, Myb, Hhex,
Cbfa2t3/Eto2,) were induced in Etv2“CiSCL endothelial cells to levels comparable to WT and
Etv2“%iETV2 endothelial cells (Fig2D,2E).

153 genes (which were rescued in Etv2“CiETV2 cells to levels similar to WT) failed to be
repressed by Scl in day 4.75 Etv2¥°iSCL CD31*TIE2" cells (Fig2A). These genes were enriched
in chordate embryonic development, RNA processing and heart development (Fig2C). Analysis

of the individual cardiac genes showed that some genes involved in embryonic morphogenesis

and early cardiac development (e.g. Hand1, Fgf8, Foxhl, Tpm1, Bmp4, Lefl) were upregulated
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in day 4.75 Etv2“°iSCL CD31'TIE2" endothelial cells (Fig2F, 2G). However, most cardiac
genes were not significantly derepressed in Etv2“°iSCL endothelial cells (e.g. Gata6, Isl1,
FoxC1, Pdgfra) (Fig2F, 2G). These data imply that although SCL can functionally rescue the
generation of hematovascular populations and repress ectopic cardiogenesis from endothelium,
the molecular rescue of hemogenic endothelium specification is incomplete in day 4.75
endothelial cells, as evidenced by poor induction of vascular genes, and persistent activation of

early cardiac mesoderm genes.

Molecular rescue of Etv2“°iSCL endothelium occurs with delay

Flow cytometry analysis of Etv2<CiSCL EBs at day 7 showed that although ESAM surface
expression was minimal in CD31" endothelial cells in day 4.75 EBs, its expression was
comparable to WT in day 7 CD31" endothelial cells (Fig2L). This raised the question of whether
the poor activation of hematovascular genes in day 4.75 in the absence of Etv2 could be rescued
by SCL at later stage.

To assess at a genome-wide level the degree of molecular rescue in day 7 endothelial cells,
CD31'TIE2*CDA41 cells from day7 WT, Scl“?, Etv2XiSCL and Etv2X°iETV2 EBs were sorted
for RNA sequencing. The majority of genes that were rescued at day 4.75 retained stable

2X9iSCL endothelial cells. Most of the hematovascular genes that

expression also in day 7 Etv
were not activated in day 4.75 in Etv2“CiSCL endothelial had reached expression level
comparable to WT and Etv2“CiETV2 cells cells by day 7 (e.g Sox17, Junb) (Fig2H,2l).
Similarly, most of the genes associated with heart and mesoderm development that failed to be

repressed by Scl overexpression in day 4.75 Etv2“°iSCL endothelial cells were downregulated

by day7 (e.g. Handl, Tpml, Bmp4), unlike ScI“® endothelial cells in which cardiac gene
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expression level remained high (Fig2J,2K). Intersection of genes that could not be activated or
repressed properly in day 4.75 and day 7 endothelial cells showed only 13 genes remained
suppressed and 4 remained derepressed at both stages (Fig2M). These data imply that although
the molecular maturation from cardiovascular mesoderm to hematovascular precursors in Etv2
deficient cells appears delayed, forced SCL activation alone is sufficient to induce hematopoiesis
and repress cardiogenesis independent of Etv2. However, these data imply that Etv2 is necessary
for the properly timed activation of a subset of hemato-vascular genes and repression of cardiac

mesoderm genes during development.
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Figure 3.2: Molecular rescue in Etv2<°iSCL endothelial cells is partially delayed

A

Bar graph of RNA seq analysis shows 147 genes uninduced and 152 derepressed in day
4.75 Etv2*°iSCL endothelial cells compared to WT and Etv2*°iETV2 cells.

DAVID GO analysis for genes uninduced in day 4.75 Erv2*%iSCL CD41 CD31 TIE2"
endothelial cells shows enrichment of vascular development and angiogenesis categories.
DAVID GO analysis for genes derepressed in day 4.75 CD41°CD31"TIE2" Env2X°iSCL
endothelial cells shows enrichment of embryonic and heart development categories.
Heatmaps assessing gene expression differences between WT, Sc/°, Ernv2"°iSCL and
Etv2X9iETV2 day 4.75 CD41'CD31'TIE2" endothelial cells show poor induction of a
subset of hemato-vascular genes in Etv2“°iSCL cells, while others are induced to levels
comparable to controls

qRT-PCR verification of SoxI7 (uninduced) Runx! (induced) expression in WT, Sc/<°,
Etv2"9iSCL and Etv2*%iETV2 day 4.75 CD41°CD31 TIE2" endothelial cells. Average of
3 biological replicates with SD is shown.

Heatmaps assessing gene expression differences between WT, Sc/*°, Env2*%iSCL and
Etv2%9iETV2 day 4.75 CD41'CD31'TIE2" endothelial cells show poor repression of a
subset of cardiac and mesodermal genes, whereas others are derepressed to levels
comparable to controls.

qRT-PCR verification of Handl and Gata6 expression in WT, SclKO, Etv2%9iSCL and
Etv2%9iETV2 day 4.75 CD41'CD31'TIE2" endothelial cells. Average of 3 biological

replicates with SD is shown.
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Heatmaps assessing gene expression differences between WT, Sc/*°, Env2*%iSCL and
Env2X°iETV2 day 7 CD41'CD31 TIE2" endothelial cells in the same subsets of hemato-
vascular genes uninduced and induced in day 4.75 Etv2“°iSCL endothelial cells.
qRT-PCR verification of Sox/7 and Runxl expression in WT, Scl®©, Etv2%°iSCL and
Etv2*9iETV2 day 7 CD41'CD31'TIE2" endothelial cells. Average of 3 biological
replicates with SD is shown.

Heatmaps assessing gene expression differences between WT, Sc/°, Ernv2*iSCL and
Etv2"9iETV2 day 7 CD41°CD31 TIE2" endothelial cells show subsets of cardiac and
mesodermal genes that are derepressed or repressed in day 4.75 Erv2*%iSCL endothelial
cells.

qRT-PCR verification of Handl and Gata6 expression in WT, Scl®°, Erv2®°iSCL and
Etv2*9iETV2 day 4.75 CD41'CD31 TIE2" endothelial cells. Average of 3 biological
replicates with SD is shown.

Flow cytometry analysis of day 4.75 and day 7 EBs with ESAM and CD31 shows ESAM
expression in day 4.75 WT and Env2XiETV2, but not in Sc/X°, Etv2*° and Evv2*°iSCL
CD31" cells. Esam” becomes expressed in CD31" cells in day 7 WT, En25%iSCL and
Etv2%9iETV2, but not in Sc/*° and Erv2° EBs. Average of 4 biological replicates with
SD is shown.

Venn diagram shows intersection of genes uninduced or derepressed in day 4.75 and day
7 CD41'CD31'TIE2" endothelial cells. 13 and 4 genes remained uninduced and

derepressed in both day 4.75 and day 7 CD41°CD31 TIE2" endothelial cells, respectively
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ETV2 and SCL cooperate by binding to the same or different regulatory sites of hemato-
vascular genes to induce timely activation

To understand how ETV2 and SCL cooperate to regulate gene expression during mesoderm
specification to hemato-vascular lineages, published SCL binding data (Org et al., 2015) and
ETV2 binding data (Liu et al., 2015) in FIk1+ mesodermal cells were analyzed together. SCL
binding was associated with 4158 genes, and ETV2 binding with 2287 genes. Intersection of
SCL and ETV2 bound genes yielded 1101 genes that were bound by both SCL and ETV2
(Fig3A). Gene ontology analysis showed that these genes were enriched in both vasculature
development and heart development. However, comparison of the exact SCL and ETV2 binding
sites showed that out of 4373 SCL binding sites and 2729 ETV2 binding sites, only 393 sites
were bound by both SCL and ETV2 (Fig3B). These common binding sites were enriched in gene
ontology categories related to hematopoiesis and vascular development (Fig3B, C). The
regulatory sites that were uniquely bound by either SCL or ETV2 were also enriched in genes
associated with cardiovascular development, implying that ETV2 may co-operate with SCL in
gene regulation by binding to different sites than SCL (Fig3B, C).

In contrast to SCL binding sites, which typically reside away from transcription start site (TSS),
more than 20% of ETV2 binding sites located within 5kb of TSS (Fig3D). These data support the
hypothesis that SCL and ETV2 may function at different regulatory regions to co-ordinate gene
expression. Analysis of selected hemato-vascular genes shows that ETV2 can bind to regulatory
sites of the same genes as SCL binds to (e.g. Gata2, Scl/Tall). Particularly, ETV2 binds to the
same sites as SCL does which include many vascular transcription factors whose activation was
delayed (e.g. Flil, Sox17) in Etv2*°iSCL endothelium (Fig3C). In comparison, ETV2 binds to

few cardiac and mesodermal genes (Fig3C).
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To correlate ETV2 and SCL binding with gene expression, the genes that could not be induced
by SCL overexpression in day 4.75 Etv2 deficient endothelial cells were categorized in
subcategories based on whether they were bound by ETV2 and/or SCL. 53.7% of the genes that
could not be activated in a timely manner were bound by ETV2, and 46.3% were co-bound by
SCL at the same or different regulatory sites (Fig3E). 29.5% genes whose rescue was delayed in
Etv2“CiSCL endothelium were bound by SCL alone, whereas 16.8% of the genes were not
bound either by ETV2 or SCL. As an example of ETV2 and SCL co-regulated genes, Esam,

whose expression in Etv2"<©

ISCL cells was delayed, contained both ETV2 binding sites that were
ETV?2 specific, as well as common with SCL. Cdh5, which was not activated in day 4.75 or day
7 endothelium, harbored different SCL and ETV2 binding sites (Fig3F).

In contrast to the genes whose activation was delayed in Etv2“°iSCL, only 15.7% of the genes
that could not be repressed in a timely manner were bound by ETV2 (7.8% ETV?2 alone, or 3.3%
and 4.6% together with SCL in the same or different regulatory sites, respectively). This binding
pattern was similar to that of genes whose expression was not significantly different between
WT, Etv2XCiSCL and Etv2"%iETV2 day 4.75 endothelial cells (Fig3E). Compared to genes
activated with delay in Etv2“CiSCL endothelial cells, of which only 16.8% were bound by
neither ETV2 nor SCL, 59.5% of genes repressed with delay did not harbor any ETV2 or SCL
binding sites, suggesting most of the genes repressed with delay in Etv2“°iSCL endothelial cells
are indirect targets of ETV2 or SCL. 24.8% genes that were repressed with delay in Etv2<®iSCL
endothelium were bound by SCL only, suggesting these may represent genes that are directly
repressed by SCL. Examples to these were the cardiac regulator Hand1, the repression of which

was delayed, that was bound only by SCL, whereas Sox9, whose expression was also not

repressed timely in Etv2“°iSCL endothelial cells, was neither bound by ETV2 nor SCL (Fig3G)
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This analysis implies that ETV2 cooperates with SCL by binding to the same or different
regulatory sites to activate hemato-vascular genes, while the repression of cardiac genes occurs

via ETV2 induced genes, including SCL.
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Figure 3.3: ETV2 and SCL cooperate by binding to the same or different regulatory sites of

hemato-vascular genes to induce timely activation

A

Venn diagram shows intersection of genes associated with ETV2 and SCL binding sites in
Flk1" mesoderm. 1101 genes are bound by both ETV2 and SCL. DAVID GO analysis for
genes bound by both ETV2 and SCL, genes specifically bound by ETV2 and genes
specifically bound by SCL all show enrichment in hemato-vascular and heart development.
Venn diagram shows intersection of sites bound by ETV2 and SCL in Flk1™ mesoderm. 393
genomic sites are bound by both ETV2 and SCL. GREAT analysis of significantly enriched
GO terms for ETV2 and SCL common binding sites, ETV2 specific binding sites and SCL
specific binding sites all show enrichment of hemato-vascular system.

Bar graph shows distribution of the distance of ETV2 and SCL binding sites relative to TSS.
23% of ETV2 binding sites and 9% of SCL binding sites locate within 5kb to TSS.

Heatmaps show ETV2 and SCL binding to selected hemato-vascular, cardiac and
mesodermal transcription factors and other genes. Asterisk indicates genes containing ETV2
and SCL common binding sites.

Pie chart shows percent of genes bound by ETV2 and/or SCL in genes uninduced, genes
derepressed and genes not differentially expressed in day 4.75 Erv2*°iSCL endothelial cells.
ChIP-seq genome browser tracks with ETV2 and SCL binding in Flk1" mesodermal cells

around uninduced genes (Esam, Cdh5) in day 4.75 Etv2*°

1SCL endothelial cells are shown.
ETV2 and SCL common binding site is shadowed in purple, ETV2 and SCL different

binding sites to the same gene is shadowed in blue. SCL specific binding site is shadowed in

red.
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G. ChIP-seq genome browser tracks with ETV2 and SCL binding in Flk1™ mesodermal cells
around derepressed genes (Handl, Sox9) in day 4.75 Env2*°iSCL endothelial cells are

shown.

ETV2 facilitates SCL mediated timely activation of hematovascular genes by increasing
chromatin accessibility

To understand how ETV2 assists SCL in timely hemato-vascular gene activation, we
investigated whether lack of ETV2 in Etv2“?iSCL mesoderm impairs SCL’s ability to bind to its
target genes. 65% of genes that were poorly induced in day 4.75 Etv2“°iSCL endothelial cells
and bound by SCL in WT mesoderm retained SCL binding in Etv2“?iSCL mesodermal cells.
73% of derepressed genes that were bound by SCL in WT mesoderm were also bound by SCL in
Etv2“°iSCL mesodermal cells. Similarly, 69% of the not differentially expressed genes retained
SCL binding in Etv2XCiSCL mesodermal cells (Supplementary Figure S3A, B). These data
indicate that SCL binding to its target genes occur largely independent of ETV2, and that the

delayed activation and repression of genes in Etv2"<°

iISCL endothelial cells is not explained by
loss of SCL binding.

To assess whether ETV2 assists SCL in gene activation by preparing the chromatin configuration
suitable for gene activation, assay for transposes accessible chromatin (ATAC) sequencing was
performed on day 4.75 endothelial cells. Changes in chromatin accessibility were identified by
intersecting ATAC sequencing peaks between WT, Etv2“°iSCL and Etv2“CiETV2 endothelial
cells. 6067 sites were less accessible in Etv2XiSCL cells compared to WT and Etv2XCiETV2

cells. These sites were enriched in gene ontology terms related to arterial system and blood
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island. In contrast, only 176 sites were more accessible in Etv2<°iSCL endothelial cells than WT
and Etv2XCiETV2 cells. These sites were not enriched for any specific gene ontology categories.
Correlating gene expression, chromatin accessibility and binding, 99 out of 149 genes (66%) that
could not be activated in day 4.75 Etv2<CiSCL endothelial cells contained less accessible sites,
and 36 (24%) of them were bound by ETV2 (Fig4A). Only 2 of 149 uninduced genes in day 4.75
Etv2XCiSCL endothelial cells contained more accessible sites, and none of them was bound by
ETV2 (Fig 4B).

76 out of 153 (49%) of genes that were derepressed in day 4.75 Etv2“CiSCL endothelial cells
harbored less accessible sites, but only 5 (3%) of them were bound by ETV2, which is
comparable to the percentage of genes that were not differentially expressed in WT, Etv2“°iSCL
and Etv2“°iETV2 endothelial cells (30% and 2%). 1% of genes that could not be repressed
timely harbored more accessible sites, which is comparable to genes not differentially expressed
(1%)

Quantification of average ATAC sequencing signal around ETV2 specific binding sites showed a

drop in chromatin accessibility in Etv2<°

iISCL endothelial cells compared to WT and
Etv2XCiETV2 cells. The decrease became more obvious at ETV2 and SCL co-binding sites. In
contrast, average ATAC seq signal around SCL specific binding sites showed no significant
change in chromatin accessibility in the absence of ETV2 (Fig4C). Genome browser shots
showed example genes (CD34, Cdh5, Etsl, Flil) whose activation was delayed in day 7
endothelial cells harboring ETV2 binding sites that are less accessible in Etv2<®iSCL compared

to WT or Etv2XCiETV2 day 4.75 endothelial cells. The reduction of chromatin accessibility was

not obvious at sites specifically bound by SCL or sites bound by neither ETV2 nor SCL (Fig4D).
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These data suggest that ETV2 may be responsible for opening chromatin at its binding sites

related to hemato-vascular genes, enabling SCL mediated gene activation.

A Genes containing less accessible sites B Genes containing more accessible sites
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Figure 4

Figure 3.4: ETV2 facilitates SCL mediated timely activation of hemato-vascular genes by

increasing chromatin accessibility
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A Bar graph shows the percentage of genes bound by ETV2 and/or SCL among uninduced,
derepressed and not differentially expressed genes that harbor less accessible regulatory sites in
day 4.75 Etv2*°iSCL endothelial cells.

B. Bar graph shows the percentage of genes bound by ETV2 and/or SCL among uninduced,
derepressed and not differentially expressed genes that harbor sites that are more accessible in
day 4.75 Etv2*°iSCL endothelial cells.

C. Average ATAC seq profiles of WT ES cells, WT, Env2¥iSCL and Env2*°iETV2 day 4.75
endothelial cells around ETV2 specific binding sites, ETV2 and SCL common binding sites and
SCL specific binding sites show reduction of ATAC seq signal around ETV2 binding sites,
especially ETV2 and SCL common binding sites in Efv2*°iSCL compared to WT and
Etv2XiETV2 day 4.75 endothelial cells.

D. ChIP-seq and ATAC-seq genome browser tracks show ETV2 and SCL binding in Flk1"
mesodermal cells and ATAC-seq peaks in WT, Ev2“°iSCL and Etv2*°iETV2 day 4.75
endothelial cells around uninduced genes (Cdh5, Flil, CD34 and Etsl). Sites that are bound by

ETV2 and are less open in Erv2¥°iSCL endothelial cells are shadowed in yellow.
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Discussion

One of the first challenges in embryonic development is to establish functional cardiovascular
and blood systems to support the growth and survival of the fetus. Although individual factors
regulating cardiac, hematopoietic and vascular lineages have been identified, how these
regulators cooperate to execute the precisely timed fate decisions is poorly understood. The
bHLH factor SCL is critical for activating hematopoiesis while repressing cardiac fate. SCL
complex partners GATAL and GATAZ2, or its target gene Runxl, are not needed for SCL
mediated cardiac repression but are essential for hemogenic endothelial to hematopoietic
stem/progenitor cell transition (Org et al., 2015). The only factor in addition to SCL that has
been shown to repress cardiogenesis during mesoderm specification to cardiovascular and blood
lineages is ETV2, the upstream regulator of SCL (Palencia-Desai et al., 2011; Rasmussen et al.,
2011; Schupp et al., 2014). Whether ETV2 is directly involved in cardiac repression process
remained to be addressed.

Here we show that ETV2 is not directly involved in or critical for repression of cardiac
transcriptional programs, but rather does so by inducing SCL. SCL overexpression in Etv2
deficient mesoderm was sufficient to functionally repress ectopic cardiogenesis in endothelial
cells. In agreement with previous studies, SCL induction in Etv2 deficient mesoderm was also
sufficient to rescue hematopoietic progenitors and endothelial cells in the absence of Etv2
(Kataoka et al., 2011; Wareing et al., 2012). Most genes associated with cardiac development
were properly repressed in day 4.75 Etv2<CiSCL endothelial cells although some early cardiac
genes and mesodermal genes were repressed with delay, suggesting that mesoderm divergence to
hemato-vascular and cardiac lineages was inefficient in the absence of Etv2. There was minimal

binding of ETV2 to the genes that were repressed with delay, suggesting that ETV2 does not
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have a direct repressive function at this stage but that it does so through its downstream
transcriptional targets. In support of this model, a recent study showed that ETV2 mediated
activation of miRNA130a is required to enable cardiac gene repression and endothelial gene
activation (Singh et al., 2015).

Although previous work had shown that SCL overexpression in Etv2 deficient mesoderm is
sufficient to generate hematopoietic and endothelial cells, it was unknown how complete the
rescue of the hemato-vascular molecular program was in the absence of the key endothelial
specification factor Etv2. Analysis of endothelial gene expression profile at 2 different stages
(day 4.75 and day 7) identified a subset of hemato-vascular genes whose activation in
Etv2“°iSCL endothelial cells was not complete until day7, implying that ETV?2 facilitates timely
gene activation during mesoderm specification to endothelial and hematopoietic lineages. Genes
activated with delay include known transcription factors and cell surface markers for endothelial
cells, hemogenic endothelium and HSCs, such as Ets1, Flil, Sox17, Junb, Esam. Although most
of these genes were rescued in day 7 endothelial cells, a different subset of genes enriched in cell
adhesion, blood vessel development including Itga6, Stabl etc. were deregulated
(Supplementary FigureS2). 13 genes that were not activated in day4.75 Etv2“°iSCL endothelial
cells remained suppressed in day7, including Cdh5, CD34, Sox18. These data raise the questions
whether the failure to properly coordinate the activation of these genes compromises
hematovascular differentiation. This is in particular relevant to the question of generating HSCs,
as many of the hemato-vascular genes that are induced with delay are genes involved in
specification of definitive HSCs from specialized hemogenic endothelium. Although

2KO

hematopoietic progenitors can be readily generated from Etv2"~iSCL cells, the generation of true

self-renewing HSCs cannot be assessed in the ES cell differentiation system. Although it is
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generally thought that Etv2 expression declines after vessel specification (Lee et al., 2008;
Kataoka et al., 2011), recent studies suggested that ETV2 may be expressed and function in
mouse adult hematopoietic stem cells and post-natal vascular regeneration (Lee et al., 2011; Park
et al., 2016). Further studies are needed to understand how ETV2 functions in HSC development
and maintenance, and governs vessel formation under stress condition such as irradiation,
infection or injury.

It is well established that ETV2 and SCL act serially to regulate hematovascular differentiation
(Sumanas et al., 2008; Chan et al., 2013; Ciau-Uitz et al., 2013). However, how ETV2 and SCL
cooperate to facilitate precise gene regulation during mesodermal lineage specification is not
known. By combining the analysis of RNA sequencing gene expression and published ChIP
sequencing data for ETV2 and SCL, we found that ETV2 may cooperate with SCL for timely
gene activation of hemato-vascular genes through the same or different regulatory sites. It is
likely that ETV2 also brings other factors to enhance SCL mediated gene activation. This is
supported by multiple studies which showed that ETV2 can form complexes with other proteins
to coordinate gene regulation. FOXC2 and GATAZ2 interact with ETV2 to synergistically
activate hematopoietic and endothelial gene expression (De Val et al., 2008; Shi et al., 2014). In
addition, the recent study showed that Etv2 interacts with a C2H2 zinc finger protein OVOL2
which enhances ETV2 mediated hematovascular lineage development (Kim et al., 2014).
Notably, we found that ETV2 binds more often to the promoter than SCL, which generally binds
to the enhancers of genes in mesoderm. These data raise the hypothesis that ETV2 may prepare
the promoter for SCL mediated gene activation.

Previous studies have shown that Etv2 expression alone is sufficient to reprogram fibroblast to

endothelial cells (Morita et al., 2015; Veldman et al., 2013). Additionally, prolonged Etv2
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expression forces abnormal endothelial program in hematopoietic cells (Hayashi et al., 2012).
However, the mechanism for the strong reprogramming power of ETV2 is unknown. We have
shown that SCL binds to pre-established enhancers to regulate gene expression, but the factor
that establishes the epigenetic landscape remain to be identified (Org et al., 2015). Our data
indicate that ETV2 binding correlates with chromatin accessibility. The chromatin is less open at
ETV?2 binding sites in Etv2“°iScl endothelial cells, suggesting that ETV2 may prepare the open
sites for SCL or other factors to bind and regulate gene expression. ETV2 may not be absolutely
required for, but it can facilitate timely gene activation by SCL. For example, Esam whose ETV2
binding sites are less open at day 4.75 in Etv2“°iSCL endothelial cells are deregulated in day
4.75, but rescued at day 7. The strong power of ETV2 could be explained by its function in
establishing epigenetic landscape for other factors to function.

In summary, these data solidify that ETV2 is an activator rather than a repressor of gene
expression during hemato-vascular specification, and reinforce that SCL is the key factor that is
responsible for activating hematopoietic genes while repressing cardiac program in hemogenic
endothelium. Furthermore, for the first time we show that cooperates with SCL to ensure the
timely activation of many critical hemato-vascular genes by increasing chromatin accessibility at
its binding sites. Further studies are needed to understand how ETV2 modifies the chromatin and

which factors it activates to cooperate with SCL for cardiac and mesodermal gene repression.
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Methods

ES cell culture and EB differentiation

Standard ES cell culture conditions were used to maintain WT, Scl*®, Etv2<%iSCL and
Etv2“?iETV2 cell lines. Dr. Kouskoff kindly shared their Etv2“°iSCL and Etv2“?iETV2 ES cell
lines where doxycycline-inducible Scl-2A-GFP transgene or Etv2-2A-GFP transgene was
introduced into Etv2-deficient ESCs. FIk1" cardiovascular mesoderm and hemato-vascular
derivatives were generated using EB differentiation as described (Mikkola et al., 2003). EBs
were digested enzymatically and analyzed by flow cytometry or enriched for desired populations
by MACS or FACS sorting. Real-time PCR and FACS analysis of GFP was performed to verify
the expression of Scl and Etv2 upon doxycycline induction (Supplementary Figure S1D). For
RNA-seq and endothelial cell developmental potential assays, day 4.75 and day 7 EBs were
digested with 2mg/ml collagenase (Worthington) and 0.5mg/ml dispase (Invitrogen), and
Tie2"CD31°CD41 cells were sorted on a BD FACS Aria Il (BD Biosciences) using Tie2-PE
(clone TEK4), CD31-PECy7 (clone 390) and CD41-PerCPCy5.5 (clone MWReg30) antibodies

(all from eBioscience).

Analysis of endothelial cell differentiation potential

After 4.75 days of EB induction, CD41CD31'Tie2*cells were sorted from WT, Scl“®,
Etv2“9iSCL, Etv2“CiETV2 EBs and 20,000 cells were plated on irradiated OP9 stroma in 8 well
chamber slides (354118 BD FalconTM). 1mg/ml Doxycycline (1:1000) was added to
Etv2“%iETV2 culture from EB day 2 to day 4.75, and to Etv2CiSCL culture at day2 EB
induction throughout the culture. The differentiation media contained a-MEM, 20% FBS, 1%

Penicillin, Streptomycin and 1% Glutamine. For hematopoietic differentiation, 50ng/ml SCF,
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5ng/ml IL3, 5ng/ml IL6, 5ng/ml TPO and 10ng/ml FIt3L were added. For cardiac differentiation,
Sng/ml hVEGF, 30ng/ml mFGF, 50ng/ml hBMP4 and 1 uM Wnt/Beta-Catenin Inhibitor
XAV939 (Sigma) were added. After 14 days, FACS staining or immunostaining was performed

as described (Van Handel et al., 2012).

Immunostaining

Endothelial cells cultured in chamber slides were fixed with 4% PFA for 15min at room
temperature and permeabilized for 10min with PBS containing 0.25% Triton. After
permeabilization, cells were blocked in PBS containing 1% BSA and 0.05% Tween20 for 30
min. Primary antibody cardiac Troponin T (1:400, MS-295-P1, Thermo Scientific) was applied
to the cells overnight at 4 °C. After washing 3 times with PBS (0.05% Tween20), secondary
antibody and DAPI were applied for 1h. Images were obtained on a Zeiss LSM 510 equipped

with 405 nm, 488 nm, 543 nm, and 633 nm lasers after mounting.

Flow cytometry for hematopoietic and endothelial cells

Progression of hematopoietic development was assessed using the antibodies for CD41-
PerCPCy5.5 or CD41-FITC (clone MWReg30), cKit-APC or PE-Cy7 (clone 2B8) Tie2-PE
(clone TEK4), CD31-PECy7 (clone 390) (all from eBioscience), Esam-APC (clone 1GS8,
Biolengend). Dead cells were excluded with DAPI (Roche). Cell populations were analyzed
using an LSR Il or Fortessa flow cytometer or sorted using a FACSAria Il cell sorter (BD

Biosciences). Data were analyzed with FlowJo software, version 8.8.6 (TreeStar).
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Quantitative reverse transcription PCR (QRT-PCR)

Total RNA was isolated from sorted cells using RNeasy Mini kit (QIAGEN). cDNAs were
prepared by the Quantitect reverse transcription kit (QIAGEN), and quantitative polymerase
chain reaction (qQPCR) was performed with LightCycler 480 SYBR Green I Master (Roche)
using the LightCycler 480 real-time PCR system (Roche). All samples were normalized

to GAPDH unless otherwise noted. All primer sequences can be found in Supplementary Tablel.

RNAseq library preparation and date analysis

Total RNA was extracted using RNeasy Mini kit (Qiagen) and library was constructed using
Ovation RNA-seq System 1-16 for Model Organisms (0348, Nugen). Libraries were sequenced

using Hlseq-2000 (Illumina) to obtain paired end 50 bp long reads.

Debarcoding of the multiplex runs was performed using in house Unix shell script. Splice
junction mapping to the mouse genome (mm9) was performed using TopHat v2.0.4 (Trapnell et
al., 2009) with default parameters. For abundance estimations (FPKMs), the aligned read files
were further processed with Cufflinks v2.0.1 (Trapnell et al., 2010). Assemblies for all samples
were merged using Cuffmerge and differential expression was determined using Cuffdiff. Genes
with a g-value smaller than 0.05 where considered as differentially expressed. Relative
expression of each gene was calculated by dividing FPKM with average FPKM of all samples.
Heatmap was generated with log2 ratio of relative expression of genes by Java
TreeView(Saldanha 2004). An online tool DAVID Bioinformatics Resources 6.7 (Huang et al.,

2009) was used for Gene ontology (GO) analysis.

Criteria for differentially expressed genes in Etv2<°iSCL endothelial cells
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2 replicates of RNAseq were performed from day4.75 WT, Scl“®, Etv2*°iSCL and Etv2<CiETV?2
endothelial cells. Cuffdiff was used to calculate significant difference for gene expression
between different cell lines. Genes with a g-value smaller than 0.05 where considered as
differentially expressed. The expression of uninduced genes in day4.75 Etv2“?iSCL endothelial

cells was significantly lower in Etv2<°

ISCL, but higher or not significantly different in
Etv2“%iETV2 than in WT. To exclude genes that are repressed by Etv2, genes upregulated in
Etv2“° FIk1* mesoderm microarray data (Liu et al., 2012) were intersected and 2 (Egrl, Fstl1)
overlapping genes were taken out of the list. The expression of genes derepressed in day 4.75
Etv2“iSCL endothelial cells was significantly higher in Etv2<®iSCL, but lower or not
significantly different in Etv2“%iETV2 than WT. To exclude genes that are activated by Etv2,
genes downregulated in Etv2“° FIk1" mesoderm microarray data(Liu et al., 2012) were
intersected and only 1 overlapping gene (Scl) was taken out of the list. Finally, genes not

2KO

differentially expressed in day 4.75 Etv2"-iSCL endothelial cells were expressed and the

expression was not significantly different in Etv2“°iSCL and Etv2“?iETV2 compared to WT.

Assay for transposase accessible chromatin (ATAC) seq

ATAC-seq libraries were constructed by adapting a published protocol(Buenrostro et al., 2015).
In brief, ES cells were grown and differentiated to day4.75 EBs. 50,000 CD41-CD31+Tie2+
endothelial cells were sorted, washed with cold PBS and resuspended in 50ul of ES buffer
(10mM Tris, pH 7.4, 10mM NaCl, 3mM MgCl,). Permeabilized cells were resuspended in 50ul
transposase reaction (1x tagmentation buffer, 1.0-1.5ul TnS transposase enzyme (Illumina)) and
incubated for 30min at 37°C. Subsequent steps of the protocol were performed as previously

described (Buenrostro et al., 2015). Libraries were purified using a Zymo Research DNA Clean
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& Concentrator kit. Each library was then paired-end sequenced (2x50bp) on a HiSeq instrument

(Mlumina).

Analysis of ATAC-seq data

Reads were mapped to the mouse genome (mm9) using Bowtie v0.12.7 (Langmead et al., 2009)
with (-m 1 —strata —best —v 2) parameters. Only reads that aligned to a unique position in the
genome with no more than two sequence mismatches were retained for further analysis.
Duplicate reads that mapped to the same exact location in the genome were counted only once to
reduce clonal amplification effects. Using mapped sam files as inputs, bedgraph files were
created using Homer with default parameters (Heinz et al., 2010), converted to bigwig format
using bedGraphtoBigwig script (Kent et al., 2010) and visualized on UCSC genome browser
(Kent et al., 2002) as custom tracks. Peak identification was performed with MACS v1.3.7.1
(Zhang et al., 2008) default parameters. Peaks from WT, ScI*®, Etv2“CiSCL and Etv2<CiETV?2
endothelial cells were intersected using Galaxy(Blankenberg et al., 2010). To identify genes
associated with ATAC peaks, peaks were mapped to nearby genes within 200kb range from TSS
using Genomic Regions Enrichment of Annotations Tool (GREAT) (McLean et al., 2010). Top
enriched terms for a given category are reported unless otherwise noted. Peak intersections,
distance to TSS and overlaps with differentially expressed genes were determined using Galaxy
(Blankenberg et al., 2010), GREAT and in house Unix shell scripts. ATAC seq average signal

profiles were generated using Galaxy Cistrome Sitepro.

Analysis of ChlP-seq data
Raw data of ETV2 and SCL ChIP sequencing in mesodermal cells were accessed from GEO

(Liu et al., 2015; Org et al., 2015). Reads were mapped to the mouse genome (mm9) using
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bowtie v0.12.7 (Langmead et al., 2009) with (-m 1 —strata —best —v 2) parameters. Only reads
that aligned to a unique position in the genome with no more than two sequence mismatches
were retained for further analysis. Duplicate reads that mapped to the same exact location in the
genome were counted only once to reduce clonal amplification effects. Mapped sam files were

analyzed the same way as described in ATAC-seq data descried earlier.

Statistical analysis
Student's t-test (Prism5, GraphPad Software, La Jolla, CA) was used for statistical analysis. *
indicates 0.01< p value < 0.05, ** indicates 0.001 < p value < 0.01, *** indicates 0.0001 < p

value < 0.001, **** indicates p value < 0.0001
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Supplementary Figure S1: Differentiation of day 4.75 CD41 CD31'TIE2" endothelial cells

is delayed in En2%°iSCL EBs

A. Genome browser tracks show ETV2 binding to Scl upstream regulatory sites and SCL
binding to Etv2 regulatory site in FIk1™ mesoderm cells

B. Microarray data shows Efv2 expression is upregulated in Sc/“© day 4 Flk1" mesoderm
cells and yolk sac and placenta CD31" population compared to WT.

C. Flow cytometry analysis of day 4.75 EBs with markers CD31 and TIE2 shows efficient
generation of endothelial population from WT, Sc/*© and Etv2*°iETV2, but not Erv25° cells.

The population is reduced in Erv2"°

iSCL EBs. Average of 4 biological replicates with SD is
shown.

D. Flow cytometry analysis of GFP in day 4.75 CD41°CD31 TIE2" population show
efficient gene induction by doxycycline

E. qRT-PCR verification of Sc/ and Etv2 expression in WT, Sc/*°, Erv2"°iSCL and
Env2*CiETV2 day 4.75 CD41°CD31 TIE2" endothelial cells. Average of 3 biological replicates

with SD is shown.
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Supplementary Figure S2: Deregulated genes in day 7 CD41'CD31 TIE2" Etv2<?iSCL

endothelial cells

A. Bar graph of RNA seq analysis shows 78 genes uninduced and 92 genes derepressed in

day 7 Erv2%iSCL endothelial cells compared to WT and Erv2X°iETV2 cells.

B. DAVID GO analysis for genes uninduced in day 7 En2°iSCL CD41°CD31 TIE2"

endothelial cells shows enrichment of cell adhesion and vascular development .

C. DAVID GO analysis for genes derepressed in day 7 CD41'CD31'TIE2" En2"°iSCL

endothelial cells shows heart and muscle development.
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Supplementary Figure S3: Rescue of SCL binding in day 4 Flk1* Etv2¥°iSCL cells

A. Venn diagram shows intersection of sites bound by SCL in Flk1™ mesoderm of WT,
Etv2%°iSCL and Etv2X°iETV2 EBs. 1758 sites retain SCL binding while 1109 genomic sites
are lost in Etv2*%iSCL cells. GREAT analysis of significantly enriched GO terms for SCL
both lost and retained sites show enrichment of cardiovascular system and heart.

B. Bar graph shows the percentage of genes retaining SCL binding sites in Erv2*°iSCL

mesoderm in genes that were uninduced, derepressed and not differentially expressed.
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A ATACseq peaks in Day4.75 endothelial cells
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Supplementary Figure S4: ATAC seq in day 4.75 WT, Ern2%%iSCL, and Ewv2*%iETV2
endothelial cells

A. Venn diagram of intersection of peaks called from ATACseq in WT, Etv2*°iSCL and
Etv2"°iETV2 day 4.75 endothelial cells shows 6067 and 176 sites that are more accessible or
less accessible in Erv2X°iSCL cells compared to WT and Erv2X%iETV2 cells. GREAT analysis
of significantly enriched GO terms for less accessible sites shows enrichment of arterial
system.

B. Bar graph shows the percentage of sites that are more accessible or less accessible, out of

sites bound by both ETV2 and SCL, bound by ETV2 only and bound by SCL only.
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Table S1. Primers used in g-RT-PCR assays

Name Forward primer Reverse primer
mGapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

mEtv2 CAGAGTCCAGCATTCACCAC AGGAATTGCCACAGCTGAAT

mTal1/Scl GACCCGCAACTAGAGGGACAG CGCTCCTAGCTCGATGACG

mRunx1 TGGTAGGTAACGCAGCAATG AAGGGAAGGAGCCAGGTATG
mSox17 ACTTGTAGTTGGGGTGGTCC GAACCCAGATCTGCACAACG
mGatab CCAGATGGCAGCAAAAAT GCAGAGTCAGAGGCAGGAAG
mHand1 CCTCTTCCGTCCTCTTAC GGGGCTGCGAGTGGTCA
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Chapter 4:

Summary and Discussion
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Cardiovascular and blood systems are the first functioning organ systems during development,
dysfunction of which during embryogenesis or post-natal life can be life-threatening.
Understanding how mesoderm gives rise to hematopoietic or cardiac stem/progenitor cells is an
important step in advancing cell-based therapies for blood and heart disease.

In this work, we have:

1. Discovered that SCL acts via enhancers that have been epigenetically primed for
activation in mesoderm. SCL transiently binds to cardiac enhancers and possibly
represses cardiogenesis by preventing gene activation through these enhancers by cardiac
regulators.

2. Shown that GATA1 and GATA?2 are dispensable for hematopoietic vs. cardiac fate choice,
but are essential for endothelial to hematopoietic transition.

3. Discovered that ETV2 is not directly required for cardiac fate repression in mesoderm
during hemato-vascular specification, but it cooperates with SCL for timely hemato-

vascular gene activation by increasing chromatin accessibility at its binding sites.

Chapter 2: SCL binds to primed enhancers in mesoderm to regulate hematopoietic and

cardiac fate divergence

Although SCL was known to specify hematopoietic fate while repressing the competing cardiac
fate during mesoderm diversification, how SCL exploits the epigenetic landscape and regulates

gene expression for the fate choice has been unknown

In this work (Org et al., 2015), We discovered that SCL dictates mesodermal diversification by
binding to enhancers that have been primed for activation with active histone modifications,

H3K4mel and H3K27ac, specifically in mesoderm (Figure 4.1). Moreover, epigenetic priming
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of the enhancers is a prerequisite for SCL binding to these regulatory regions. In contrast to the
key hematopoietic enhancers that retained SCL binding and active epigenetic marks throughout
hematopoietic development, SCL binding and the presence of active marks at cardiac enhancers
were restricted to Flk1® mesoderm, and gradually disappeared during hematopoietic
development. These data imply that hematopoietic enhancers remain open to ensure the
activation of hematopoietic genes while cardiac enhancers become inactive and SCL is no longer
needed for cardiac gene repression at later stages of hematopoietic development. This provides a
molecular explanation for why SCL is only required for cardiac fate repression during a temporal

developmental window (Van Handel et al., 2012).

No direct correlation between SCL binding and gain of “classical” repressive epigenetic marks
(H3K27me3, H3K9me3 and DNA methylation) was detected in this study. This suggests that
SCL represses cardiac fate through a “passive” mechanism rather than “active” recruitment of
co-repressors. We identified substantial overlap with SCL and cardiac transcription factor
HAND1 and/or GATA4 mesodermal binding sites, including at least one enhancer in the genes
encoding essentially all major hematopoietic and cardiac transcription factors. This supports the
hypothesis that repression of an alternative fate choice may be the result of SCL preventing the
activation of these genes by competing lineage specific regulators. These dually accessible
enhancers that can be regulated by factors of two opposing lineages act as a platform where the
fate choice is determined. Future studies will determine which cardiac factor(s) are most critical
for activating these cardiac enhancers, and if they are also critical for suppressing the
hematopoietic program. Other complementary hypotheses for how SCL regulates gene
expression are: 1. SCL binding at enhancers may lead to or block enhancer RNA transcription

which is required for gene activation or repression. 2. SCL mediates or blocks enhancer-
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promoter looping for gene activation or repression. Interestingly, DNA binding domain of SCL
is not required for early hematopoietic development (Kassouf et al., 2008; Kassouf et al., 2010),
but whether SCL DNA binding capability is essential for cardiac repression remains elusive.

These important questions require further studies to address.

We found that GATA2 can bind together with SCL to both hematopoietic and cardiac enhancers
(Figure 4.1). However, hematopoietic GATA factors (1, 2 and 3) are dispensable for SCL
mediated cardiac repression, and only necessary for recruiting SCL to specific binding sites to
activate hematopoietic factors required for HS/PC emergence and differentiation (Runxl,
Pu.1/Sfpil, KIfl, Gfilb). These data suggest that although the core SCL/GATA complex can
bind to both activated and repressed genes, SCL and GATA interaction becomes critical only in
gene activation. Moreover, we have shown that SCL loses its binding at regulatory sites for the
key hematopoietic genes which cannot be induced in the absence of GATAL and 2. Similar to
hematopoietic GATA factors, RUNX1 can also redistribute SCL to new binding sites as
development progresses from endothelium to HS/PCs (Lichtinger et al., 2012). Apart from
GATAL and GATAZ2, LDB1 and LMO2 are also part of the SCL complex, serving as bridging
molecules and have been implicated in hematopoietic development (Schlaeger et al., 2004;
Mukhopadhyay et al., 2003; Lécuyer et al., 2007; Warren et al., 1994). Whether LDB1 and/or

LMO2 are required for SCL mediated cardiac repression remains to be elucidated.
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Figure 4.1 SCL dictates hematopoietic fate while repressing cardiogenesis
SCL is critical for hematopoiesis, in the absence of which ectopic cardiomyocytes are mis-
specified in hemogenic endothelium. GATAL and GATAZ2 are not required for hematopoietic vs.

cardiac fate choice but are essential for endothelial to hematopoietic transition.

Chapter3: ETV2 cooperates with SCL for timely gene activation during hemogenic
endothelium specification

Our data in Chapter 3 show that SCL can specify hemogenic endothelium, HS/PCs and repress
ectopic cardiogenesis in hemogenic endothelium independent of ETV2 (Figure 4.2). Our finding
that SCL overexpression is sufficient to repress ectopic cardiogenesis in ETV2 deficient
endothelial cells implies that ETV?2 is not directly involved in cardiac repression, but rather does
so by inducing SCL. While SCL can bind directly to most cardiac genes in Etv2 deficient

2KO

mesoderm and repress their expression in day 4.75 Etv2™-iSCL endothelial cells, some early
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cardiac/mesodermal genes are repressed with delay. This suggests that other ETV2 target genes
may also contribute to timely gene repression during mesoderm diversification to cardiac and
hemato-vascular fates. One such candidate is miRNA130a, which was recently shown to be
activated by ETV2, and regulate both cardiac repression and endothelial activation (Singh et al.,
2015).

SCL induction is sufficient to rescue endothelial cells, hematopoietic progenitors, primitive
erythroid cells and myeloid cells in ETV2 deficient cells (Kataoka et al., 2011; Wareing et al.,
2012) (Chapter 3). However, the degree to which the molecular program is rescued during
endothelial differentiation is unknown. By assessing gene expression profile at two different
stages (day 4.75 and day 7) of endothelial differentiation, we identified a subset of genes, the
activation of which in Etv2“°iSCL endothelial cells is not complete until day 7, implying that
ETV2 cooperates with SCL to enable timely gene activation. Genes activated with delay include
known transcription factors and cell surface markers for endothelial cells, hemogenic
endothelium and HSCs, such as Etsl, Flil, Sox17, Esam, Junb, etc. The timely activation of
these genes may ensure the proper hematovascular differentiation during development and in
particular affect correct specification of hemogenic endothelium to HSCs. Moreover, while most
of these genes were rescued in day 7 endothelial cells, yet, a different subset of genes enriched in
cell adhesion and blood vessel development were still deregulated, such as Itga6, Stabl.
However, only 13 genes that were not activated in day 4.75 Etv2“°iSCL endothelial cells
remained suppressed in day 7 endothelium, including Cdh5, CD34, Sox18. These data indicate
that lack of ETV2 may affect different programs at different stages of endothelial cell
specification and maturation. Although ETV2 is generally thought as a developmentally

expressed vascular gene (Lee et al., 2008; Kataoka et al., 2011), recent studies suggested that
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ETV2 may be expressed and function in mouse adult hematopoietic stem cells and post-natal
vascular regeneration (Lee et al., 2011; Park et al., 2016). Further studies are needed to
understand how ETV2 functions in HSC development and maintenance, and governs vessel
formation under stress condition such as irradiation, infection or injury.

Previous studies have shown that ETV2 alone is sufficient to reprogram fibroblast to endothelial
cells (Morita et al., 2015; Veldman et al., 2013). Additionally, prolonged ETV2 expression
forces abnormal endothelial program in hematopoietic cells (Hayashi et al., 2012). However, the
molecular mechanism underlying the strong reprogramming power of ETV2 are unknown. Our
data indicate that ETV2 binding correlate with chromatin accessibility, as critical regulatory sites
bound by ETV2 in hemato-vascular genes are less open in Etv2“CiSCL endothelial cells.
Moreover, ETV2 binding sites that lose chromatin accessibility are enriched in genes whose
expression cannot be timely activated in Etv2“CiSCL endothelial cells. This implies that ETV2
may prepare chromatin for SCL or other factors to regulate gene expression. The strong
reprogramming power of ETV2 could be explained by its function in establishing epigenetic
landscape that is exploited by other factors. Further investigation is needed to understand the
mechanisms by which ETV2 increases the chromatin accessibility to facilitate timely gene

activation.
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Figure 4.2 ETV2 cooperates with SCL for timely hemato-vascular gene activation in
hemogenic endothelium

SCL can functionally restore the development of hemato-vascular lineages and repress ectopic
cardiogenesis independent of ETV2. ETV2 cooperates with SCL for timely activation of some

hemato-vascular genes by increasing chromatin accessibility at its binding sites.
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Endothelial cells provide an instructive niche for the differentiation and functional
polarization of M2-like macrophages

Huanhuan He,! Jingying Xu,2 Carmen M. Warren,® Dan Duan,? Xinmin Li,* Lily Wu,25 and M. Luisa Iruela-Arispe356

Departments of 'Human Genetics, 2Medical and Molecular Pharmacology, 2Molecular, Cell and Developmental Biology, and 4Pathology and Laboratory
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Endothelial cells and macrophages are
known to engage in tight and specific
interactions that contribute to the modula-
tion of vascular function. Here we show
that adult endothelial cells provide criti-
cal signals for the selective growth and
differentiation of macrophages from
several hematopoietic progenitors. The
process features the formation of well-
organized colonies that exhibit progres-
sive differentiation from the center to the
periphery and toward an M2-like pheno-
type, characterized by enhanced expres-

sion of Tie2 and CD206/Mrc1. These colo-
nies are long-lived depending on the
contact with the endothelium; removal of
the endothelial monolayer results in rapid
colony dissolution. We further found that
Csf1 produced by the endothelium is criti-
cal for the expansion of the macrophage
colonies and that blockade of Csf1 recep-
tor impairs colony growth. Functional
analyses indicate that these macrophages
are capable of accelerating angiogenesis,
promoting tumor growth, and effectively
engaging in tight associations with endo-

thelial cells in vivo. These findings un-
cover a critical role of endothelial cells in
the induction of macrophage differentia-
tion and their ability to promote further
polarization toward a proangiogenic phe-
notype. This work also highlights some of
the molecules underlying the M2-like dif-
ferentiation, a process that is relevant to
the progression of both developmental
and pathologic angiogenesis. (Blood.
2012;120(15):3152-3162)

Introduction

The link between the hematopoietic and the endothelial cell
lineages is rooted early in development. In fact, definitive hemato-
poietic stem cells (HSCs) first emerge in the embryo from a
specialized endothelial intermediate that holds hemogenic
capacity.'* Although the process of hematopoietic cells (HCs)
budding from hemogenic endothelium is no longer present in the
adult, the interactions between HCs and the endothelium continue to be
critical for the trafficking and homing of HCs, as well as for activation
and recruitment of inflammatory cells to specific tissue sites.’

More recently, sinusoidal endothelial cells were shown to be
essential for the self-renewal capacity of hematopoietic stem/
progenitor cells (HSPCs) through the production of specific
angiocrine factors.®’ Intriguingly, bone marrow sinusoidal endothe-
lial cells can also constitute a platform for the differentiation of
HSPCs. This dual role of endothelial cells has been best exempli-
fied by findings communicated by Kobayashi and colleagues,
where the coculture of genetically modified human umbilical vein
endothelial cells (HUVECs) with HSPCs supported both self-
renewal and lineage-specific differentiation of HSPCs.® Notably,
the mechanisms by which endothelial cells mediate regeneration or
differentiation of HCs depend largely on organ-specific determi-
nants. Overall, mounting evidence supports the concept that the
crosstalk between endothelial cells and HCs impacts the differentia-
tion and stem cell properties of hematopoietic progenitors.

The consequences of endothelial-hematopoietic cell interac-
tions are not unidirectional toward the latter; endothelial cells have
also shown to benefit. In fact, macrophages have been demon-
strated to associate tightly with capillaries and aid in the progres-

sion of angiogenesis. Specifically, during development, tissue-
resident macrophages facilitate vascular morphogenesis by bridging
the neighboring tip cells and mediating anastomosis of adjacent
capillaries.”!" In pathologic situations, such as carcinogenesis,
Tie2-expressing macrophages (TEMs) are actively involved in
promoting tumor neovascularization. Selective depletion of TEMs
significantly impairs angiogenesis and tumor growth.!13

To further dissect the impact of the crosstalk between adult
endothelial cells and HCs, we established a long-term coculture
system. Here we show that adult endothelial cells of diverse origins
provide critical niches for the selective growth and differentiation
of macrophages from hematopoietic progenitor cells. This process
involves the formation of colonies that exhibit progressive differen-
tiation toward an M2-like phenotype. The formation and mainte-
nance of these colonies require direct contact with endothelial cells.
Overall, the findings provide novel insights into the broad impact
of the endothelium on HCs and further define the interactions that
are critical for angiogenesis in both physiologic and patholo-
gic settings.

Methods
Mice

DsRed mice, B6.Cg-Tg(CAG-DsRed*MST)1Nagy/J, were purchased from
The Jackson Laboratory. Immortalized mouse endothelial cells (IMECs)
were isolated from Immortomice, CBA;B10-Tg(H2K"-tsA58)6Kio/Crl,
that were purchased from Charles River. Animal protocols were conducted
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in accordance with University of California, Los Angeles (UCLA) Depart-
ment of Laboratory Animal Medicine’s Animal Research Committee
guidelines.

Isolation and purification of IMECs

Mice were perfused with PBS, followed by 500 pg/mL collagenase (c0130;
Sigma-Aldrich). Liver, lung, and adipose tissue were homogenized and
incubated with collagenase at room temperature for 30 minutes. Samples
were mixed with MCDB-131 medium (VEC Tech) containing 20% FBS
(FB-11; Omega Sci), centrifuged at 200 rcf for 5 minutes, and then
resuspended in MCDB-131 medium with 20% FBS. The suspension was
passed through a 40-pm filter (352340; BD Biosciences), and plated onto
gelatin-coated culture dishes. After 2 hours, cells were washed extensively
to remove nonadherent cells, then cultured at 33°C (for induction of the
oncogene). For purification, confluent endothelial cells were washed with
cold DMEM (10-017-CV; Cellgro) twice then incubated with rat anti—
mouse CD31 (553370; BD Biosciences) in DMEM for 15 minutes under
agitation at room temperature. Cells were washed twice with cold DMEM
and incubated with anti-rat-IgG magnetic beads (Invitrogen) for 15 minutes
at room temperature, followed by washes, trypsinization, and magnetic
purification. After several washes, purified endothelial cells were resus-
pended in DMEM with 10% FBS and 20 U/mL IFNgamma and cultured at
33°C. Characterization of the IMECs confirmed the expression of Vegfr2
and VE-Cadherin and their functional activation by Vegfa (supplemental
Figure 1A, available on the Blood Web site; see the Supplemental Materials
link at the top of the online article). Purity of the IMECs was evaluated by
the expression of CD31 via flow cytometry (supplemental Figure 1B).

Isolation of bone marrow cells

Bone marrow cells were isolated from DsRed mice. Briefly, tibia and femur
were obtained then bone marrow was flushed using DPBS (21-031-CV;
Cellgro). Red blood cells were lysed. Cell suspension was passed through a
40-pm filter (BD Biosciences, 352340) and seeded on the top of the IMEC
monolayer. Cells were cultured in HSC media (a-MEM; 12 000-022;
Gibco) with 20% fetal bovine serum (SH30070.03E; Hyclone), penicillin-
streptomycin (100 U/mL; Cellgro), B-mercaptoethanol (55uM; Gibco),
murine SCF (40 ng/mL), Flt3-L (20 ng/mL), IL-6 (10 ng/mL), IL-3 (10 ng/mL),
thrombopoietin (TPO; 10 ng/mL), and vascular endothelial growth factor A
(VEGFA; 10 ng/mL). All cytokines were purchased from PeproTech.
Culture media were changed weekly. Cultures were observed under
Axiovert 200M microscope (Carl Zeiss) for phase contrast and fluorescent
imaging twice every week at room temperature.

Colony cell harvesting

Cocultures of indicated days were washed twice with DPBS (21-031-CV;
Cellgro) then incubated with Versene for 5 minutes. IMECs were separated
from colonies by incubating with Versene at 37°C until they detached from
the plate as a thin layer. Attached cells were rinsed with DPBS and collected
by cell lifter. The purity of colony cells being F4/80" and Macl™ was
evaluated by flow cytometry, as shown in Figure 1D.

May-Griinwald-Giemsa staining

Cytospin slides of bone marrow and colony cells were prepared by Shandon
Cytospin 4 cytocentrifuge (Thermo Electric) following standard proce-
dures. To identify nuclear and cytoplasmic characteristics of each cell,
cytospin specimens were stained with 100% May-Griinwald solution
(Merck) for 5 minutes, followed by phosphate buffer wash, and then stained
with 5% Giemsa solution (Merck) in deionized water for 15 minutes. All
staining procedures were performed at room temperature. Staining was
analyzed with Olympus BX40 microscope (Olympus).

Flow cytometry and cell sorting

Colony cells were isolated, counted, and incubated with fluorophore-
conjugated antibodies at 4°C for 30 minutes, then resuspended in FACS
buffer [(HBSS; Cellgro, 21-022-CV) with 2% FBS (Omega Sci; FB-11) and
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10mM HEPES (Gibco; 15 630)]. Antibodies used were APC-eFluor780-
F4/80 (eBio; 47-4801), eFluor450-Ly6C (eBio; 48-5932), AlexFluor700-
MHCII (eBio; 56-5321), APC-Tie2 (Biolegend; 124009), PE-Gr-1 (eBio;
12-5931), PE-Cy7-Scal (eBio; 25-5981), FITC-cKit (eBio; 11-1171),
APC-lineage cocktail (BD Biosciences; 51-9003632), APC-CD31 (eBio,
17-0311), FITC-Mac-1 (eBio; 11-0112), APC-CD206 (Biolegend; 141707),
APC-CD36 (eBio; 17-0361), FITC-iINOS (BD; 610330), and PerCP-
eFluor710-CD115 (eBio; 46-1152). DAPI (Invitrogen; D1306) was used as
cell viability dye. LSRII Analytic Flow Cytometer (BD Biosciences) was
used for acquisition. For progenitor sorting, DsRed bone marrow cells were
isolated and immunofluorescently labeled with indicated markers. FACS Ari-
all High-Speed Cell Sorter (BD Biosciences) was used. Data were analyzed
with FlowJo Version 9.5 (TreeStar). Triplicates were analyzed for
quantification.

Immunofluorescent staining

For cocultured cells, colony cells were fixed with 2% PFA after removal of
the IMEC layer. Inmunofluorescent labeling was performed using standard
procedures. Antibodies used were anti-mouse Csflr (eBio; 14-1152),
anti-mouse F4/80 (Serotech; MCA497R), anti-mouse CD206 (Santa Cruz
Biotechnology; sc-34577), and anti-mouse CD31 (BD Biosciences; 553370).
DAPI (Invitrogen; D1306) was used to stain nuclei. Fluorescent micros-
copy was performed using confocal microscope, LSM710 (Carl Zeiss) at
room temperature.

BrdU assay

BrdU (Sigma-Aldrich; B5002) was added to the coculture for 6 hours
before cells were fixed with Carnoys fixative. DNA was then denatured with
2M HCI (Sigma-Aldrich) and neutralized with borate buffer (pH 8.5;
Sigma-Aldrich). Inmunofiuorescent labeling was performed using standard
procedures with anti-mouse BrdU (Pierce, MA3-071) and anti-mouse
F4/80 (Serotech; MCA497R) antibodies. DAPI (Invitrogen; D1306) was
used to stain nuclei. Fluorescent microscopy was performed using confocal
microscope, LSM710 (Carl Zeiss) at room temperature.

Dil-Ac-LDL assay

Cells were labeled with 10 wg/mL Dil-Ac-LDL (Invitrogen; L.3484) for
4 hours at 37°C, then washed with PBS, trypsinized and passed through a
40-pm filter (BD; 352340) to produce single-cell suspension. LSRII
Analytic Flow Cytometer (BD Biosciences) was used. APC-CD31 (eBio;
17-0311) was used to exclude IMEC contamination.

Ultrastructural analysis

For transmission electronic microscopic (TEM) analysis, cells were cul-
tured on Thermanox Coverslips (Ted Pella; 26028) and fixed in Karnovsky
glutaraldehyde. Ultrathin sections were prepared by UCLA Electron
Microscopy Core Facility and examined under transmission electron
microscope (JEOL 100CX) at room temperature.

Transwell assay

All transwell assays were performed with HSC media (see “Isolation of
bone marrow cells™). IMECs were seeded in the cell culture inserts (BD
Biosciences; 353090) and HCs were seeded into the 6-well plate. For direct
contact transwell experiment, IMECs were seeded with inserts (BD
Biosciences; 353090 and 353091) upside-down, incubated with medium for
2 hours, and then place into a 6-well plate as regular cultures. Cultures were
observed under Axiovert 200M microscope (Carl Zeiss) for phase contrast
and fluorescent imaging at room temperature.

Real-time PCR

Total RNA was extracted using RNeasy Kit (QIAGEN; 74106). RNA was
reverse transcribed to ¢cDNA using SuperScript First-strand Synthesis
System (Invitrogen; 18080-051) according to the manufacturer’s instruc-
tions. Quantitative real-time PCR was performed using SYBR Green
system (QIAGEN; 330509) and detected on Opticon2 PCR machine (MJ

152



From www.bloodjournal.org by guest on April 17, 2016. For personal use only.

3154 HEetal

Research) by 3-stage program parameters provided by the manufacturer.
Each sample was tested in triplicates and samples obtained from
2 independent experiments were used. Analysis of relative gene expression
data used the 224€T method. Primers used are provided in supplemental
Table 1.

GW2580 treatment and annexin V/PI staining

GW2580 (a gift from Dr Lily Wu, UCLA) was dissolved in dimethyl
sulfoxide and added to the coculture from day 1 at the concentration of
2uM. For cell-cycle analysis, GW2580 treated colony cells and control
were fixed with 75% ethanol (Gold Shield Chem) for 1 hour at 4°C. Cells
were then washed twice with PBS. Propidium iodide staining solution
(0.5 mL; BD Biosciences, 556463) and 0.1 mg/mL RNase A (Sigma-
Aldrich; R4875) were added to the cell pellet and incubated for 1 hour at
room temperature. Histogram of PE (for PI detection) was obtained using
LSRII Analytic Flow Cytometer (BD Biosciences) and analyzed with
FlowJo Version 9.5 (TreeStar). For annexin V/PI staining, colony cells were
washed twice with cold PBS and resuspended in FACS Buffer (see “Flow
cytometry and cell sorting”) at a concentration of 1 X 10° cells/mL. The
solution (100 wL) was added with FITC-annexin V (BD Biosciences;
556419) and PI (BD Biosciences; 556463), and then incubated for 30 minutes at
room temperature in the dark and washed before flow cytometric analysis.

Microarray hybridization and data analysis

Total RNA was extracted using RNeasy Mini Kit (Invitrogen). Integrity of
the RNA was evaluated using an Agilent 2100 Bioanalyzer (Agilent
Technologies) and purity/concentration was determined by NanoDrop
8000 Spectrophotometer (Thermo Scientific). Agilent mouse 8 X 60k array
hybridizations were performed by UCLA Clinical Microarray Core following
standard Agilent Expression Analysis protocol (GSE39660). The acquisi-
tion of array image was undertaken by Agilent Scan Control and Feature
Extraction 10.7 software. Raw data were analyzed using Partek genomics
Suite 6.4. Data were normalized by RMA algorithm. Thresholds for
selecting significant genes were set at > = 2-fold and FDR corrected
P < .05. Genes met both criteria were considered as significant changes.

Tumor growth and angiogenesis model

RMI cells (1 X 10°) alone or with colony cells (2 X 10%) were injected
subcutaneously on the flank of C57BL/6 mice. Tumor size was determined by
caliper measurements when tumors were palpable from day 6. Tumor volume
was calculated by a rational ellipse formula (m1 X m1 X m2 X 0.5236, where
ml is the shorter axis and m2 is the longer axis). Thin sections (~ 4 pwm)
were prepared from PFA-fixed paraffin-embedded tumor tissues. To
quantify vessels, 3 sections from 2 to 3 tumors of each group were
immunostained for CD31 (BD Biosciences; 553370) and scanned by a
confocal microscope (Carl Zeiss; LSM710) at room temperature. Three
high-power fields from each slide were examined using Image] Version
1.46d software (National Institutes of Health; NIH). In all studies, values
were expressed as mean = SEM.

Matrigel assay

Cocultured colony cells (5 X 10*) and IMECs (1 X 10*) were resuspended
in DMEM (Cellgro, 10-017-CV) and mixed with Matrigel (BD Biosci-
ences; 354248) at the ratio of 1:1 by volume. The mixture was injected
subcutaneously on the flank of nude mice. As control, DMEM was mixed
with Matrigel and injected on the other side of the flank. Animals were
killed at day 7 after injection and Matrigel implants were dissected out. The
implants were fixed and processed as regular histologic tissue. Matrigel
sections were immunostained for anti-MECA-32 (Santa Cruz Biotechnol-
ogy; sc-19603) and anti-DsRed (MBL; PM005) antibodies and scanned by
a confocal microscope (Carl Zeiss; LSM710) at room temperature. 3D
rendering of z-stack images were acquired by Volocity Version 5.5 software
(Improvision).
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Results
Endothelial cells instruct the differentiation of macrophages

To determine the effect of heterotypic endothelial-hematopoietic
cell interactions, we established an in vitro coculture system where
these 2 types of cells could engage in direct contact and the impact
could be investigated over time at both cellular and molecular
level. Liver sinusoidal endothelial cells (IMECs) were used to
support the growth of HCs isolated from the bone marrow of
DsRed mice (Figure 1A). Upon coculture, a subset of HCs
transmigrated across endothelium, took residence under the endo-
thelial monolayer, and formed colonies that were visible under the
fluorescent microscope 5 days after coculture. The number and size
of the colonies expanded quickly (Figure 1B). Cells comprising the
colonies were evaluated by cytospin. These cells were morphologi-
cally homogeneous compared with the original mixture of the bone
marrow cells (Figure 1C). Further characterization revealed that the
large majority of these cells were positive for F4/80 and Mac-1
(Figure 1D), markers for the macrophage lineage. Cells within the
colonies were engaged in active proliferation, as shown by BrdU
incorporation analysis (Figure 1E). Colony cells were also able to
endocytose Dil-Ac-LDL providing further support to the macro-
phage identity of these cells (Figure 1F). Adult endothelial cells
isolated from lung and adipose tissue were also able to induce and
support macrophage differentiation (supplemental Figure 1C-D).
Emergence of colonies did not occur when bone marrow was
cultured alone or in the presence of OP9 stromal cells (supplemen-
tal Figure 2A-B).

Endothelial cell contact is essential for the emergence and
maintenance of macrophage colonies

Given the intimate association between the endothelium and the
colonies (Figure 2A-B), we next investigated whether the emer-
gence and maintenance of the colonies were dependent on the
physical contact with endothelium. Ultrastructural analysis con-
firmed the physical association between IMECs and colony cells
(Figure 2C). Careful removal (peeling) of the endothelial mono-
layer from cultures containing colonies resulted in quick disaggre-
gation of underlying colonies within 24 hours (Figure 2D).
Furthermore, cocultures using transwells, which prevent cell-cell
contact but enable exchange of secreted factors, did not support the
growth of colonies, revealing that colony formation required direct
contact with the endothelium (Figure 2E). Through modification of
the transwell assay whereby minimal contact with the endothelium
was enabled, we further determined that contact with endothelial
cell processes was sufficient to elicit organization of colonies
(supplemental Figure 2C). Several cell adhesion molecules were
significantly expressed in both cell types. We found that VCAM1
and VE-Cadherin were present in colony macrophages with low
but detectable levels of ICAM1 (Figure 2F, supplemental Figure
2D). Interestingly, contact with bone marrow cells induced an
up-regulation of ICAMI and VE-Cadherin in the endothelial
monolayer (Figure 2G).

CSF1 signaling is critical for the expansion but not for the
initiation of macrophage colonies

Macrophage colony-stimulating factor (MCSF; or CSF1) is a
chemokine shown to stimulate proliferation, differentiation, and
survival of macrophages.'* To determine whether it plays a role in
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in vitro. (A) Schematic representation of the coculture system that includes murine

hematopoietic cells (HCs) and immortalized mouse endothelial cells (IMECs). All HCs express DsRed fluorescent protein. (B) Phase contrast (left) and fluorescent (right)
micrographs depict the formation of DsRed* colonies (arrow) during coculture. Note that the colonies were phase-dim or invisible under phase view. Scale bar, 200 um.
(C) Photomicrographs of isolated bone marrow (BM) cells and cells from day 27 colonies (CC, arrow) after May-Griinwald-Giemsa staining. Scale bar, 50 p.m. (D) FACS profile
(left) indicates that the large majority of cells in the colonies were F4/80*/Mac-1* (n = 3). (E) Fluorescent micrographs of bromodeoxyuridine (BrdU) staining indicating active
proliferation within the colony. Day 10 colonies were pulse-labeled with BrdU for 8 hours and then costained for anti-BrdU (red) and anti-F4/80 (green) antibodies. Arrow, cells
positive for both F4/80 and BrdU. Arrowhead indicates F4/80" cells not stained for BrdU. DAPI indicates staining for nucleus (blue). Scale bar, 50 um. (F) Colony cells uptake
Dil-ac-LDL. Cells were incubated with 10 p.g/mL Dil-ac-LDL for 4 hours, followed by fluorescent microscopy (left). (Right) FACS profile shows the majority colony cells take up

Dil-ac-LDL. CD31, to exclude possible IMEC contamination. Scale bar, 200 pm.

endothelial-induced colony formation, we first determined transcrip-
tional levels of both secreted and membrane-bound forms of Csf!
in cocultured IMECs. Interestingly, membrane-bound Csf7, the less
dominant isoform, was prevalent in IMECs (Figure 3A). Tran-
scripts for the Csfl receptor (Csflr) were highly expressed by
colony macrophages with the peak at day 21, time of maximal
expansion of the colonies (Figure 3B). Expression of Csflr in the
macrophage colonies was also confirmed by immunostaining
(Figure 3C) and flow cytometry (supplemental Figure 3A-B).

To further ascertain the functional contribution of CSF1 in the
formation and expansion of the colonies, we applied a CSFIR
exclusive inhibitor, GW2580, to the cocultures. GW2580 is a
selective small molecule kinase inhibitor that was shown to
completely prevent CSFIR-dependent growth of macrophages in
vitro and in vivo at therapeutically relevant doses.!> Exposure to
GW2580 (2uM) from the onset of the coculture drastically
impaired colony formation (Figure 3D-E). Small colonies were
present in GW2580—treated culture, but these never expanded.

Evaluation with propidium iodide indicated an increase in the early
apoptotic and dead cells on treatment (Figure 3F-G) and an
alteration in cell cycle (supplemental Figure 3C). Together, these
findings demonstrate that the CSF1 pathway is certainly involved
in the expansion and the survival of the colonies. However,
blockage of CSFI pathway does not alter the initiation of the
macrophage differentiation program, as the percentage of F4/80™
cells was unaltered on the exposure to GW2580 albeit the colony
size was much smaller (data not shown).

Macrophages in colonies are polarized toward the M2 subtype
and express high levels of VEGFA

Thl (eg, LPS and IFN-y) and Th2 (eg, IL-4, IL-13, and IL-10)
cytokines can differentially polarize macrophages to M1 (or
classically activated) or M2 (or alternatively activated) phenotype,
respectively. M1-polarized macrophages produce high levels of
IL-1pB, IL-12, IL-23, TNFa, and CXCL10, and are markedly
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Figure 2. Direct contact with the endothelium is required for the formation and maintenance of macrophage colonies. (A) Schematic representation of the colonies as
they take residence under the endothelial monolayer. (B) Confocal 3D reconstruction of the DsRed colonies (arrows) growing underneath the IMEC layer. Composite x-y
sections and a single z-section are shown. Scale bar, 50 um. (C) Ultrastructural analysis of cells cocultured for 28 days by transmission electron microscopy. (Bottom)
Magnified micrograph reveals direct contact (arrows) between the 2 cell types. EC indicates endothelial cell; and M, macrophage-like cell. Scale bar, 4 pm. (D) Colonies
disaggregate (arrow) after the removal of IMEC layer for 1 day, depicted by phase contrast and fluorescent micrographs (left). Colonies with IMECs were maintained (right).
Scale bar, 200 um. (E) Colonies failed to form via transwells. (Left) Cocultures of HCs and IMECs separated by the transwell (0.4-.m pore size). (Middle) Cocultures through
direct contact. Arrows indicate colonies. (Right) Quantification of colony number at day 10 of coculture (n = 3). Scale bar, 200 um. (F) Real time PCR quantification of ICAM1,
VCAM1, and VE-Cadherin in colonies. Ctrl indicates bone marrow—derived macrophages with 5 ng/mL IL-4 stimulated for 24 hours (n = 6). (G) Corresponding cell adhesion
molecules (CAMSs) expression in IMECs. Ctrl indicates IMECs in the absence of coculture (n = 6; *P < .05; **P < .01; ***P < .001; unpaired Student ttest).

proinflammatory and angiostatic, whereas M2 macrophages secrete
IL-10, CCL17, and CCL22, which are known to promote tissue
repair and angiogenesis.!®-!8

To determine whether the polarization of macrophages occurs
in the colonies, we evaluated levels of MHCII, a phenotypic marker
for inflammatory/M1-polarized macrophages. Flow cytometric
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overlay graphs at progressive time points of cocultures showed a
continuous reduction of MHCII expression on colony macrophages
(Figure 4A) indicating that the colony macrophages were not
MI-polarized.

To evaluate M2-associated markers, we first determined Tie2
levels. Tie2, a tyrosine kinase receptor for angiopoietin, is also
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PCR analysis. Ctrl, IMECs in the absence of coculture (n = 6). (B) Csf1 receptor (Csf1r) transcripts are highly expressed in colony cells (n = 6). (C) Immunolocalization of
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impairs colony emergence and growth. Coculture was treated with GW2580 (2.M) for 7 days. Ctrl indicates coculture exposed to vehicle. Arrow indicates a colony. Scale bar,
200 pm. (E) Quantification of colony cell number at day 14 of coculture in the presence or absence of GW2580 treatment (n = 3). (F) Representative dot plots showing
increased apoptotic activity on GW2580 treatment. Colony cells from day 14 coculture treated with GW2580 (2uM) or vehicle were stained for propidium iodide (Pl) and
annexin V. (G) Apoptotic analysis of colony cells on GW2580 or vehicle treatment (n = 3; *P < .05; ***P < .001; unpaired Student t test).

considered to be a marker associated with M2-like, proangiogenic
macrophages in tumors.'>!® Interestingly, the expression of Tie2
rose significantly in colony macrophages over time (Figure 4B),
suggesting that the endothelial-induced macrophages were polar-
ized toward the M2 fate.

Additional transcripts associated with M1 and M2 polarization
were measured. We consistently found that colony macrophages
expressed high levels of M2 markers, Argl, CD206/Mrcl, and
CD36. In contrast, levels for IL-12, IL-1, and Tnfa (M1 markers)
were not detectable in these macrophages (Figure 4C). Additional
phenotypic markers for M1 and M2-associated markers were
examined by flow cytometry (supplemental Figure 4A-C). Com-
bined, the data indicate that the colony macrophages were M2
polarized, which is also confirmed by microarray data (GSE39660;
supplemental Figure SA-D). We were also able to detect M2-like
macrophages in the supernatant of the cocultures (supplemental
Figure 4D-E). We further found that the macrophages expressed
high levels of Vegfa (Figure 4D), which may explain why the
endothelial monolayer is able to be retained under the coculture
conditions for longer periods of time (up to 2 months), compared
with in the absence of the coculture (1-2 weeks).

We further confirmed the M2-like polarization of macrophages
by immunofluorescence and noticed a hierarchical organization
within the colonies. Expression of the pan-macrophage marker
F4/80 was concentrated in the center of the colonies; whereas
levels of CD206/Mrcl were gradually increased toward the periph-
ery of the colony (Figure 4E). This indicates that maturation toward
an M2-skewed phenotype occurred as the cells migrated toward the
edge of the colony.
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Endothelial cells induce M2-like macrophage differentiation
regardless of the developmental stage of the initiating myeloid
progenitor

To identify the progenitor cell that could induce the generation of
the M2-like macrophages on contact with the endothelium, we
sorted HSPCs, G/CMPs (granulocyte-macrophage and common
myeloid progenitors), and MEPs (megakaryocyte-erythroid progeni-
tors) from whole bone marrow and proceeded to test their ability to
generate colonies on coculture with endothelial cells. These
3 populations were sorted based on lineage markers, c-Kit, Scal,
and CD34 expression (supplemental Figure 6A). We found that all
of the progenitor populations were able to generate colonies on
coculture, but at different times. Colonies from MEP culture
emerged first at day 7, followed by G/CMP at day 14. Cocultures
with HSPCs were the last to show emergence of colonies, at day
25 (Figure 5A).

Although unsorted bone marrow gave rise to the highest
number of colonies (supplemental Figure 6D), normalization to the
original number of seeded cells revealed that HSPCs had the
greatest fold of expansion (Figure 5B). The findings imply that on
contact with endothelium, HSPCs were able to survive, self-renew,
and further differentiate into the M2-like subtype more effectively
than other progenitors. These results also showed that the adult
endothelium is able to directly program the differentiation of
macrophages from any hematopoietic progenitors. Similar to the
effect of Csflr inhibition on whole bone marrow, GW2580 also
impaired the expansion of colony cells from all progenitors (data
not shown).
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Figure 4. Endothelial cells impart M2 polarity on colony macrophages. (A) MHCII expression in colony cells is reduced on coculture, as determined by FACS overlay graph
(left) and quantification (right; n = 3). (B) Tie2 expression in colony cells is gradually increased over time as shown by FACS overlay graph (left) and quantification (right;
n = 3). (C) Colony cells exhibit M2 macrophage markers but not M1 markers, as detected by real-time PCR analysis. Ctrl indicates bone marrow-derived macrophages
stimulated with 50 ng/mL LPS (for M1 control) or with 5 ng/mL IL-4 (for M2 control) for 24 hours (n = 6). (D) Colony cells express high level of Vegfa transcripts.
(E) Immunolocalization of F4/80 (pan macrophage marker, red) and CD206/Mrc1 (M2 macrophage marker, green) in a macrophage colony. Note that cells in the center of the
colony are F4/80* and CD206; cells on the periphery are F4/80~ and CD206; cells in between are positive for both markers. Colony shown is from day 14 coculture. DAPI
indicates staining for nucleus (blue). Scale bar, 50 um (*P < .05; unpaired Student ttest).

Evaluation of transcripts and immunofluorescence for M2-
associated markers confirmed that the colony macrophages emerg-
ing from the coculture with each progenitor population were also
alternatively activated (Figure 5C-D). This suggested that IMECs
were able to support M2-like macrophage colony differentiation
from all hematopoietic progenitors.

We also demonstrated that the colonies could be promptly
induced from CD457 cells rather than CD45~ cells. Surprisingly,
Gr-1"/Mac-17 cells were not able to induce colony formation on
coculture, yet the Gr-1~ population was able to generate macrophages
on exposure to endothelial cells (supplemental Figure 6B-C).

Macrophages from colonies promote tumor growth and
angiogenesis

Tumor associated macrophages (TAMs) have been generally
considered as M2-polarized.'” These cells have been shown to
promote tumor growth and angiogenesis.'>!” To test whether the
colony macrophages could function as M2 macrophages in the
tumor microenvironment, we coinjected these cells together with
RMI cells (murine prostate cancer cells) into wild type C57BL/6
mice. Resulting subcutaneous tumors were palpable by 6 days after
injection and reached terminal point around day 12.

Tumors injected with colony macrophages exhibited faster
growth kinetics compared with the control group. Although tumors
from both groups were similar by day 7, the tumors coinjected with
macrophages showed higher tumor volume at subsequent time
points (Figure 6A). The proangiogenic function of colony macro-
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phages in the tumors was also evaluated. CD31 staining revealed
greater vascular density in the tumors that were injected with
colony macrophages (Figure 6B-C). Quantification of the vascular
area and vessel numbers also supported the proangiogenic role of
these macrophages in vivo (Figure 6D-E).

The association of colony macrophages with capillaries was
clearly noted in matrigel assays. Macrophages isolated from the
cocultures were coinjected with IMECs in matrigel plugs. After
7 days, vascular networks were found highly decorated with
macrophages (Figure 6F) simulating the intimate interaction be-
tween macrophages and blood vessels described in vivo.2?

Discussion

In the last decade, interactions between endothelial cells and
macrophages have been characterized in detail and their biologic
consequences have started to be understood. Yet, as we gain further
appreciation of the physical and functional relationships between
macrophages and endothelial cells, additional questions arise. In
particular: How do these interactions take place and what are the
relevant molecular players? How and when does macrophage
polarization occur? And does proliferation/expansion of macro-
phages take place in situ or does it require individual cell
recruitment and differentiation? The work presented here demon-
strates that endothelial cells can provide a selective niche for the



From www.bloodjournal.org by guest on April 17, 2016. For personal use only.

BLOOD, 11 OCTOBER 2012 * VOLUME 120, NUMBER 15

A | Progenitor Hierarchy ‘
@ HSPC: Linc-Kit*Sca1*CD34- l’:>
1
]
]
v
‘ G/CMP: Linc-Kit'Sca1CD34* [ >
‘ MEP: Linc-Kit'Sca1CD34- >
B D
: .
'é ¢
Z3 +
3 é (2]
S +
E- =t E
$ a
$
C
21
x
g = I _-WBM
% 0.1 n '
o 0.10- i
(8]
& 0.05 B
kS ")
0.00. ?
ST X
M -

Figure 5. IMECs support macrophage diff from

ENDOTHELIUM INDUCES M2 MACROPHAGE DIFFERENTIATION 3159

l Day of Colony First Observed

(A) Schematic representation of hematopoietic progenitors evaluated and the time

p
of emergence of macrophage colonies (right). HSPC indicates hematopoietic stem/progenitor cell; G/CMP, granulocyte-macrophage and common myeloid progenitor; and
MEP, megakaryocyte-erythroid progenitor. Arrows indicate colonies. Scale bar, 200 um. (B) Colony cell number at day 28 of cocultures was normalized to the initial number of
progenitor cells plated (n = 6). (C) Colony cells from all progenitors moderately display M2 macrophage markers but lack M1 markers. Ctrl indicates colony cells from the
coculture of whole bone marrow (WBM) cells and IMECs (n = 6). (D) Colonies from all progenitors expressed CD206/Mrc1 (M2 macrophage marker, green) and F4/80 (pan
macrophage marker, red). Colonies shown are from d14 coculture. DAPI indicates staining for nucleus (blue). Scale bar, 100 pm.

differentiation and functional polarization of M2-like macro-
phages. We found that several types of adult endothelial cells
shared this capacity and that endothelial-mediated macrophage
differentiation could be triggered in hematopoietic progenitors at
several stages of developmental progression. The growth-mediated
properties imparted by endothelial cells were greatly dependent on
their ability to activate CSFIR through production of CSFI. In
turn, colony macrophages increased the stability of endothelial cell
monolayers and provided a local source of VEGFA. We also found
that macrophage colonies were M2-polarized and that the colonies
exhibited a well-organized structure with poorly differentiated cells
in the center and M2-polarized cells in the periphery (Figure 6G).
More importantly, these endothelial-induced macrophages were
able to associate with blood vessels and promote angiogenesis and
tumor growth similarly to M2-like macrophages in vivo. These
findings imply that the differentiation of macrophages, particularly
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M2-polarized cells such as TEMs, might be mediated by cell-cell
interactions with the endothelium as these cells extravasate and
gain residence in the vessel wall. Such instructive role of the
vascular niche in promoting macrophage differentiation toward an
M2-like, proangiogenic phenotype may well explain the reported
association of Tie?*CD206/Mrcl™ TEMs with tumors blood
vessels. 219

The recent realization that the diversity of macrophage pheno-
types also impacts their interaction and functional relationship with
the endothelium has resolved some ongoing controversies.?' In
particular, there is increasing evidence that M1-like macrophages
have angiostatic properties and do not necessarily associate with
vessels. In contrast, M2-like macrophages tightly associate with
endothelial cells and promote angiogenesis.?’ In this context, our
findings that endothelial cells could effectively induce macrophage
differentiation and M2-like polarization in vitro is consistent with a
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Figure 6. Macrophages derived from coculture promote tumor growth and angiogenesis. (A) Colony cells promote tumor growth in wild-type C57BL/6 mice. Mice were
injected with RM1 tumor cells (1 X 105) alone or with colony cells (1 X 10¢ n = 3~5). (B) Representative pictures of tumor sections stained for CD31 (red). Tumors that were
co-injected with colony cells showed a higher vascular density. Arrowhead indicates representative vessel. DAPI indicates staining for nuclei (blue). Scale bar, 100 pm.

(C) Quantification (percentage) of vascular area in tumor sections shown in (B; n
(E) Quantification of vessel number in tumor sections from indicated days (n = 3). (F)
(MECA, green) after colony cells and IMECs were injected with matrigel for 7 days.

= 3). (D) Quantification of vessel area in tumor sections from indicated days (n = 3).
Immunolabeling (i,ii) and 3D surface rendering (jii,iv) of colony cells (DsRed) and vessels
Colony cell (arrowhead) is bridging 2 endothelial cells. Scale bar, 50 pm. (G) Model of

IMEC-induced M2 macrophage differentiation (*P < .05; **P < .01; unpaired Student ttest).

productive and symbiotic relationship between these 2 cell types.
The present studies now raise the question as to whether endothe-
lial contact is largely (or solely) responsible for the induction of the
M2 phenotype, whereas the M1 phenotype might be induced by
different cells or through distinct mechanisms. Furthermore, if
vessel-associated M2 macrophages continuously promote angiogen-
esis, what is the counteracting factor that inhibits the abnormal
angiogenic response? In addition, it is unknown, at present,
whether these macrophages are constitutively associated with the
vasculature or only recruited by the endothelium under pathologic
settings. If constitutively associated, are they inactive in their
proangiogenic capacity during normal conditions?

Our understanding of macrophage heterogeneity is only rudimen-
tary. The topic has been on the spotlight because of the widely
diverse and important effects that each different subset of macro-
phages has on autoimmune disorders, microbial infections, and
cancer.?22* The initial inflammatory response is typically con-
ducted by classically activated (M1-like) macrophages.>* In con-
trast, the resolution phase is driven by alternatively activated
(M2-like) macrophages. The latter are known to be hyporesponsive
to inflammatory stimuli, to drive tissue remodeling, promote
wound healing, and accelerate angiogenesis.”® Previous studies
have shown that M2 polarization can be induced by specific

2

cytokines and exposure of adherent macrophages to 1L4.2527 Qur
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findings indicate that direct contact with the endothelium was
necessary and sufficient for the induction of macrophage colonies
and M2-like polarization; therefore it is unlikely that in this setting
secreted factors alone would be sufficient. Instead, our findings
demonstrate that endothelial cell contact is essential to initiate,
support, and maintain M2-like macrophage colonies. Nonetheless,
the identity of the cell adhesion molecules that drive the process is
still unclear and subject to current investigations.

Cell-surface interactions between endothelial and HCs play
essential roles in immune function and homeostasis.” In fact,
heterotypic molecular activation plays a pivotal role in hematopoi-
etic homing and in the inflammatory response. More recently
endothelial cells have been proposed to constitute the bone marrow
niche and support stem cell maintenance; as well as to regulate
their differentiation.®828-29Although soluble factors have been
shown to promote HSCs, a rapid attrition is shown to occur in
cell-free cultures.’35 On the other hand, the direct interaction of
HSCs with stroma, and in particularly with endothelial cells has
shown to be necessary to support long-term self-renewal and
maintenance of these hematopoietic progenitors,*** and more
recently of HSCs.” Consistent with the latter, our data provided
solid evidence to support that endothelial cells were able to capture,
retain, and regulate the differentiation of macrophages through
direct cell contact.

Our findings also indicate that in addition to cell contact, CSF1
is required for the expansion of the macrophage colonies. CSF1 is a
key cytokine to support the differentiation of expansion of mono-
cyte lineages. Deletion of Csfl in mice (op/op mutant) greatly
reduces the number of monocytes*’; interestingly, macrophages are
still present in various organs of op/op mice, such as liver, lung, and
brain.*! This has provoked the speculation as to the presence of
alternative factors that could partially compensate for the crucial
role of Csf1 in macrophage formation. In our study, the administra-
tion of GW2580, a small molecule that blocks CSFIR function,
significantly reduced the expansion of macrophage colonies but did
not inhibit their formation. Together the findings indicate that CSF1
is necessary for robust proliferation of macrophages but it does not
appear to affect the process of differentiation.

The question as to whether macrophages proliferate while at the
tissue of residence or are terminally differentiated without prolifera-
tive capacity has been subject to discussion. Several studies have
provided support to the concept that tissue-resident macrophages
proliferate locally.*>#4 In particular, a recent paper demonstrated
that in response to IL-4, macrophages can replicate in situ in the
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absence of recruitment from the hematopoietic pool.** Interest-
ingly, this is the same cytokine known to promote polarization
toward the M2-like phenotype. Along these lines, the coculture
system described here shows that endothelial-induced M2-like
macrophages had proliferative capacity.

Finally, the actual source of macrophages is also an interesting
puzzle. Although macrophages are believed to differentiate directly
from monocytes during (or shortly after) extravasation from the
blood stream, macrophages do exist in the embryo before the
production of monocytes in the fetal liver.* This opens the
argument: What is the origin of these macrophages? Can other
progenitors give rise to macrophages? Is this only developmental
or can it occur in adult settings? And can macrophage differentia-
tion be “programmed” by the surrounding cells, particularly
endothelial cells, on angiogenic sites? In this study, we have shown
that in fact, monocytes (Gr-17/Mac-17) are not largely responsible
for the formation of M2-polarized macrophage colonies; but rather,
other progenitors at prior stages of differentiation gave rise to
macrophage colonies when in contact with endothelium.
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