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ABSTRACT OF THE DISSERTATION 

 

Transcriptional Regulation of Hemato-vascular Lineage Specification  

during Embryogenesis 

 

 

by 

 

Dan Duan 
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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, GATA1, 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, ChIP-seq, RNA-seq and functional analysis 

showed that SCL complex partners GATA1 and GATA2 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.  
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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 (Itzhaki 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 
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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:  

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

 How do the lineage specific transcriptional regulators specify endothelial and 

hematopoietic cells from cardiovascular mesoderm?  

 How is the epigenetic landscape defined or exploited by lineage specific factors during 

mesoderm diversification? 
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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 
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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 
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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 GATA2 are critical for hemato-vascular development 

(Sumanas et al., 2008; Kataoka et al., 2011a) and HAND1, HAND2, GATA4 and GATA6 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). Flk1
+
 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 Flk1 (Fehling, 

2003). Indeed, mouse embryos deficient of Flk1 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 Flk1 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 Flk1 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 
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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 
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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).  

 

 

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 
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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 (Lelièvre 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 
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role in endothelial and hematopoietic development, overexpression of Etv2 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 Scl, Gata2, Meis1 as well as vascular endothelial factors Fli1, Sox7, 

Flt4, Dll4 (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 Flk1
+
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 
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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/Tal1, 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; Göttgens 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 Gata1, critical for red blood cell development (Fujiwara 

et al., 2004), Pu.1, essential for myeloid development, and Runx1 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 LDB1 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 LSD1 all could be recruited for the 

activation or repression of specific genes during specification of erythropoiesis (Schuh et al., 

2005; Li et al., 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 Scl 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 Scl deficient mouse 

embryos turn on ectopic cardiac program in the hemogenic tissue yolk sac and endocardium, 

with generation of CD31
+
PDGFRa

+
 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.  

 

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 (Sánchez 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 
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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 (AML1) 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). RUNX1 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/ GFI1B, the downstream targets of RUNX1, 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 H3K4me1, 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 H3K4me1 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 H3K4me1 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 H3K4me1 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 II 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 

http://www.nature.com/nrg/journal/v12/n4/glossary/nrg2957.html#df4
http://www.nature.com/nrg/journal/v12/n4/glossary/nrg2957.html#df4
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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 (ChIP-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).  
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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 H3K4me1, H3K4me2, and H3K27ac. The active 

enhancer can form loop with the promoter to recruit RNA polymerase II 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. ChIP-sequencing for SCL was 

conducted to identify whether SCL directly regulates both fates by binding to their regulatory 

regions. ChIP-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 GATA1 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 GATA1 and GATA2 are required for hematopoietic vs. cardiac 

fate choice, endothelial cells derived from WT, Scl
KO

 and Gata1&2
KO

 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 ETV2 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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Chapter 2: 

 

SCL binds to primed enhancers in mesoderm to regulate  

hematopoietic and cardiac fate divergence 
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Figure S1. Stepwise analysis of Scl target genes in ES cell derived Flk1
+
 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
hCD4

 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 Flk1

+
Scl

-
 mesodermal precursors that give rise 

to other mesodermal lineages (I). To define the genes that also depend on Scl for their expression, 

Flk1
+
 mesoderm from Scl

KO
 ES cells (Porcher et al, 1996) were added in the comparison (II). 

Microarray analysis identified 592 and 553 annotated genes that were significantly up- or down-

regulated in Flk1
+
Scl

+
 mesoderm in Scl

hCD4
 embryoid bodies (EBs) as compared to both 

Flk1
+
Scl

-
 mesoderm from Scl

hCD4
 EBs and Flk1

+
 mesoderm from Scl

KO
 EBs (Table S1B, C). 

ChIP-seq was used to determine genome-wide chromatin occupancy of Scl in Flk1
+
 mesoderm 

from day 4 EBs (III). 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 (III) 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 Flk1
+
 MES shows enrichment of heart related terms. 
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D FACS analysis of day 7 EBs from WT, Scl
KO

 and Scl
KO

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 q-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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Figure S2. Scl overexpression in Scl
KO

 background restores Scl chromatin binding in 

mesoderm but not in ES cells.  

Scl ChIP-seq tracks in Scl
KO

iScl ES cells, Scl
KO

iScl and WT mesoderm and H3K4me1 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 Flk1
+
 MES 

specific genes, 3,158 HPC7 specific genes and 976 Fetal Liver (FL) erythroblast specific genes 

shows enrichment of heart related terms only among Flk1
+
 MES specific genes. 

B ChIP-seq tracks showing that H3K4me1 and H3K27ac are enriched around Scl binding sites 

nearby cardiac genes (Tbx5 and Myocd) in mesoderm and cardiomyocyte cell-line HL1, whereas 

H3K27ac around Scl binding nearby hematopoietic genes (Gfi1b 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 Ter119
+
, G1E and CH12 cells.  

C ChIP-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 Scl
KO 

Flk1
+
 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
KO

 Flk1
+
 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 ChIP-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 Flk1
+
 mesoderm 

nearby Runx1, Lyl1, Scl, Nkx2-5, Gata4 and Gata6 genes. Data is shown as relative enrichment 

over negative control region (chr16: 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 Gata1&2
KO

 endothelial cells Gata1&2
KO

Gata3
KD

 

cells do not generate CD45
+
 hematopoietic cells nor ectopic TroponinT

+
 cardiomyocytes.  

B q-RT-PCR in day 4.75 CD41
-
CD31

+
Tie2

+
 endothelial cells shows that, similar to Gata1&2

KO
, 

Gata1&2
KO

Gata3
KD

 endothelial cells have reduced expression of Runx1, Myb, and Gfi1b. 

Expression of hemato-vascular regulators Hhex, Lyl1, Ets2, and hemato-vascular surface markers 

Itga2b, Cdh5 and Ptprb is intact. Expression of cardiac regulators Gata6, Hand1 and Gata4 is 

not up-regulated compared to WT control. 
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Figure S7. Gata1 and 2 are dispensable for the establishment of H3K4me1 and H3K27ac in 

Scl boundenhancers in mesoderm.  

A Scl ChIP-PCR shows that, similar to Gata1&2
KO

, Gata1&2
KO

Gata3
KD

 Flk1
+
 mesoderm cells 

show loss of Scl binding at Runx1 and Gfi1b 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 H3K4me1 and H3K27ac in ES cells, WT and Gata1&2
KO

 mesodermal 

cells show that establishment of active histone modifications in mesoderm around Scl binding 

sites is not dependent on Gata1 or 2. 

C Genome-wide correlation analysis of H3K4me1 (left) and H3K27ac (right) levels between WT 

and Gata1&2
KO

 mesoderm (MES) shows that establishment of active histone modifications in 

mesoderm is not dependent on Gata1 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, Scl
hCD4

 knock-in (Chung et al, 2002), Scl
KO 

(Porcher et al, 1996),  

and Gata1&2
KO

 (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. Gata1&2
 KO

 Gata3
KD

 

ES  cell line was generated by infecting Gata1&2
KO

 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
KO

iScl ES cell line 

was generated by infecting Scl
KO

 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 Flk1
+
 mesodermal cells were digested with 0.25% trypsin (Gibco) and enriched using Flk1-PE 

antibody (clone Avas12a1, eBioscience), anti-PE microbeads and MACS LS columns (Miltenyi 

Biotech). For microarrays, day 4 EB cells were sorted on a BD FACS Aria II (BD Biosciences) 

using Flk1-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 II (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 

12alpha1) from BD Pharmingen. Dead cells were excluded with DAPI (Roche). Cell populations 

were analyzed using an LSR II or Fortessa flow cytometer or sorted using a FACSAria II 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: Flk1
+
Scl

+ 
vs. Flk1

+
Scl

-
 day 4 EBs from Cntrl Scl

hCD4 
reporter ES cells, and 

Cntrl Scl
hCD4  

Flk1
+
Scl

+
 vs. Flk1

+
 SclKO 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

KO 

CD31
+
), placenta (Cntrl CD31

+
 vs. Scl

KO 
 CD31

+
) and endocardium (Cntrl CD31

+
Pdgfra

- 
vs. 

Scl
KO 

CD31
+
Pdgfra

-
) were combined.  

Chromatin immunoprecipitation and library preparation 

Approximately 20x10
6
 and 2x10

6
 purified Flk1

+
 mesodermal, ES cells, HPC7, MEL or HL1 cells 

were used per IP for ChIP-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 μl of lysis buffer (1% SDS, 20 mM 

EDTA and 50 mM Tris-HCl (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-HCl (pH 8.1) and 

immunoprecipitated anti-Scl (sc-12984X, Santa Cruz), anti-Gata2 (sc-9008X, Santa Cruz), anti-

Hand1 (sc-9413X, Santa Cruz),  anti-H3K4me1 (ab8895, Abcam), anti-H3K27ac (ab4729, 

Abcam), Ezh2 (39901, Active Motif) or control IgG (sc-2028, Santa Cruz) antibodies overnight 

at 4 degrees. 20 μl 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-HCl (pH 8.1); high-salt immune complex wash buffer (0.1% SDS, 1% Triton X-100, 2 mM 

EDTA, 20 mM Tris-HCl (pH 8.1) and 500 mM NaCl); LiCl wash buffer (0.25 M LiCl, 1% 

NP40, 1% deoxycholate, 1 mM EDTA and 10 mM Tris-HCl (pH 8.1)) and TE (10 mM Tris-HCl 

and 1 mM EDTA (pH 8.0)). Chromatin complexes were eluted from the beads with 50 mM Tris-

HCl, 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-Lsd1 antibody (ab17721, Abcam) in WT and Scl
KO

 Flk1
+
 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 HIseq-
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2000 (Illumina) to obtain 50 bp long reads.  

Analysis of ChIP-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 IgG 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 

http://hannonlab.cshl.edu/fastx_toolkit
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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); H3K4me1 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 Ter119
+
 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 Ter119
+
 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 × 10−5 were considered to have significant peaks. A P-

value < 1.0 × 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
KO

, Gata12
KO

 H3K4me1 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, MspI- 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 MyTaq 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.  

http://cistrome.dfci.harvard.edu/ap/
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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, 

   
 ̅   
 
√ 
⁄

 

 

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

the sample methylome, σ 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, 
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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 HIseq-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 

http://www.nugeninc.com/nugen/index.cfm/products/cs/ngs/encore-complete-rna-seq-library-systems/
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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, 2I 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 q-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 

5I. 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 II 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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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
KO

iSCL) was sufficient to bypass the functional 

requirement for ETV2 in both hemato-vascular specification and cardiac repression. However, 

although Etv2
KO

iSCL endothelial cells showed timely induction of most hematopoietic 

transcription factors and suppression of cardiac regulators, there was a delayed rescue of several 

vascular genes. ChIP-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
KO

iSCL endothelium. 

ATAC-sequencing of Etv2
KO

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 

Flk1
+
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
KO

 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 H3K4me1 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 

GATA1 and 2, and its downstream target RUNX1, 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 

Flk1
+
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-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 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 ETV2 

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
KO

 D4.75 Flk1
+
 mesodermal cells (Fig1A).  

Analysis of published SCL binding data in Flk1
+
 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
KO

 ES cell derived day 4.75 CD41
-
CD31

+
Tie2

+
 endothelial cells showed increased Etv2 

expression. The overexpression of Etv2 was suppressed to levels comparable to WT upon 

restoration of Scl expression during Scl
KO

 ES cell differentiation (Fig1B). 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 Scl
KO

 endothelial cells both in vitro and in vivo 

(Supplementary Figure S1B), Scl
KO

 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
KO

iSCL 

ES cell line where doxycycline-inducible Scl-2A-GFP transgene was introduced into Etv2-

deficient ESCs. Rescue of Etv2 expression in Etv2
KO

iETV2 cell line was used as a control. Since 

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 (Fig1C). 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
KO

 EBs failed to generate CD31
+
TIE2

+
 endothelial population, promiscuous 

activation of SCL in Etv2
KO

iSCL cells was sufficient to enable the generation of CD31
+
TIE2

+
 

endothelial cells in day 7 EBs to frequency comparable to WT and Etv2
KO

iETV2 cells． 

Whereas no c-KIT
+
CD41

+
 hematopoietic progenitors were detected in day7 Etv2

KO
 EBs or Scl

KO
 

EBs, the hematopoietic progenitor population was rescued in Etv2
KO

iSCL EBs to frequency 

comparable to WT and Etv2
KO

 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
KO

iSCL CD41-CD31
+
TIE2

+
 endothelial cells was 

rescued to similar frequency as WT in day 7 EBs (Fig 1D), the day 4.75 Etv2
KO

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
KO

iSCL cells was comparable to, if not higher, than WT and Etv2
KO

iETV2 cells.  

To test whether day 4.75 Etv2
KO

iSCL endothelial cells are hemogenic, CD41
-
CD31

+
TIE2

+
 cells 

were sorted and cultured for 14 days with hematopoietic growth factors on OP9 stroma (Fig1C). 

In contrast to Scl
KO

 endothelial cells that could not give rise to any CD45
+
 hematopoietic cells, 

induction of SCL expression in Etv2
KO

iSCL ES cells rescued the generation of CD45
+
 

hematopoietic population (Fig1E). 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 (Fig1C). In Etv2
KO

iSCL day 4.75 endothelial cells, SCL expression was induced 

from day 2 onward, while in Etv2
KO

iETV2 cells, ETV2 was transiently induced between D2-

D4.75. Whereas Scl
KO

 endothelial cells gave rise to TroponinT expressing cardiomyocytes in 

culture, no significant ectopic cardiogenic differentiation from Etv2
KO

iSCL endothelial cells was 
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observed (Fig1F). 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 Etv2
KO

 cells 

A. qRT-PCR of Scl expression relative to GAPDH in day 4.75 Flk1
+
 WT and Etv2

KO
 cells. 

Average of 3 biological replicates with SD is shown. 

B.  qRT-PCR of Etv2 expression relative to GAPDH in day 4.75 CD41
-
CD31

+
TIE2

+
  WT, Scl

KO 

and Scl
KO

iSCL endothelial cells. Average of 3 biological replicates with SD is shown. 

C. Schematic of WT, Scl
KO

, Etv2
KO

iSCL, Etv2
KO

iETV2 ES cell differentiation strategy to EBs 

and differentiation of sorted endothelial cells to hematopoietic cells or ectopic 

cardiomyocytes. 

D. Flow cytometry analysis of day 7 EBs with CD31 and TIE2 shows efficient generation of 

endothelial cells from WT, Scl
KO

, Etv2
KO

iSCL and Etv2
KO

iETV2, but not Etv2
KO 

cells. 

Average of 4 biological replicates with SD is shown. 

E. Flow cytometry analysis of day 7 EBs with c-KIT and CD41 shows efficient generation of 

hematopoietic progenitors from WT, Etv2
KO

iSCL and Etv2
KO

iETV2, but not Scl
KO

 and 

Etv2
KO 

cells. Average of 4 biological replicates with SD is shown.  

F. 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, Etv2
KO

iSCL and Etv2
KO

iETV2, but not Scl
KO

 cells. Average 

of 6 independent experiments with SD is shown.  

G. 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 Scl
KO

 cells, significantly fewer in Etv2
KO

iSCL and Etv2
KO

iETV2 cells, and not in WT 

cells. Average of 4 independent experiments with SD is shown.  
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Molecular rescue in Etv2
KO

iSCL endothelial cells is incomplete at day 4.75  

Despite the ability of Etv2
KO

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
KO

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
KO

iSCL endothelial cells compared to WT and Etv2
KO

iETV2 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, Ets1, Ets2, JunB) and HSC/hemogenic 

endothelium surface markers (e.g. Esam, Cdh5) failed to be activated in day 4.75 Etv2
KO

iSCL 

CD31
+
TIE2

+
 endothelium (Fig2D,2E). The poor induction of endothelial /HSC marker ESAM in 

day 4.75 Etv2
KO

iSCL CD31
+
 cells was confirmed by flow cytometry (Fig2L). In contrast, many 

of the hematopoietic regulators that are known SCL targets (e.g.Runx1, Lyl1, Gata2, Myb, Hhex, 

Cbfa2t3/Eto2,) were induced in Etv2
KO

iSCL endothelial cells to levels comparable to WT and 

Etv2
KO

iETV2 endothelial cells (Fig2D,2E).  

153 genes (which were rescued in Etv2
KO

iETV2 cells to levels similar to WT) failed to be 

repressed by Scl in day 4.75 Etv2
KO

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, Foxh1, Tpm1, Bmp4, Lef1) were upregulated 
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in day 4.75 Etv2
KO

iSCL CD31
+
TIE2

+
 endothelial cells (Fig2F, 2G). However, most cardiac 

genes were not significantly derepressed in Etv2
KO

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
KO

iSCL endothelium occurs with delay 

Flow cytometry analysis of Etv2
KO

iSCL 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

+
CD41

-
 cells from day7 WT, Scl

KO
, Etv2

KO
iSCL and Etv2

KO
iETV2 EBs were sorted 

for RNA sequencing. The majority of genes that were rescued at day 4.75 retained stable 

expression also in day 7 Etv2
KO

iSCL endothelial cells. Most of the hematovascular genes that 

were not activated in day 4.75 in Etv2
KO

iSCL endothelial had reached expression level 

comparable to WT and Etv2
KO

iETV2 cells cells by day 7 (e.g Sox17, Junb) (Fig2H,2I). 

Similarly, most of the genes associated with heart and mesoderm development that failed to be 

repressed by Scl overexpression in day 4.75 Etv2
KO

iSCL endothelial cells were downregulated 

by day7 (e.g. Hand1, Tpm1, Bmp4), unlike Scl
KO

 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
KO

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
KO

iSCL endothelial cells compared to WT and Etv2
KO

iETV2 cells. 

B. DAVID GO analysis for genes uninduced in day 4.75 Etv2
KO

iSCL CD41
-
CD31

+
TIE2

+
 

endothelial cells shows enrichment of vascular development and angiogenesis categories.  

C. DAVID GO analysis for genes derepressed in day 4.75 CD41
-
CD31

+
TIE2

+ 
Etv2

KO
iSCL 

endothelial cells shows enrichment of embryonic and heart development categories. 

D. Heatmaps assessing gene expression differences between WT, Scl
KO

, Etv2
KO

iSCL and 

Etv2
KO

iETV2 day 4.75 CD41
-
CD31

+
TIE2

+
 endothelial cells show poor induction of a 

subset of hemato-vascular genes in Etv2
KO

iSCL cells, while others are induced to levels 

comparable to controls  

E. qRT-PCR verification of Sox17 (uninduced) Runx1 (induced) expression in WT, Scl
KO

, 

Etv2
KO

iSCL and Etv2
KO

iETV2 day 4.75 CD41
-
CD31

+
TIE2

+
 endothelial cells. Average of 

3 biological replicates with SD is shown. 

F. Heatmaps assessing gene expression differences between WT, Scl
KO

, Etv2
KO

iSCL and 

Etv2
KO

iETV2 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. 

G. qRT-PCR verification of Hand1 and Gata6 expression in WT, Scl
KO

, Etv2
KO

iSCL and 

Etv2
KO

iETV2  day 4.75 CD41
-
CD31

+
TIE2

+
 endothelial cells. Average of 3 biological 

replicates with SD is shown. 
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H. Heatmaps assessing gene expression differences between WT, Scl
KO

, Etv2
KO

iSCL and 

Etv2
KO

iETV2 day 7 CD41
-
CD31

+
TIE2

+
 endothelial cells in the same subsets of hemato-

vascular genes uninduced and induced in day 4.75 Etv2
KO

iSCL endothelial cells. 

I. qRT-PCR verification of Sox17 and Runx1 expression in WT, Scl
KO

, Etv2
KO

iSCL and 

Etv2
KO

iETV2 day 7 CD41
-
CD31

+
TIE2

+
 endothelial cells. Average of 3 biological 

replicates with SD is shown. 

J. Heatmaps assessing gene expression differences between WT, Scl
KO

, Etv2
KO

iSCL and 

Etv2
KO

iETV2 day 7 CD41
-
CD31

+
TIE2

+
 endothelial cells show subsets of cardiac and 

mesodermal genes that are derepressed or repressed in day 4.75 Etv2
KO

iSCL endothelial 

cells. 

K. qRT-PCR verification of Hand1 and Gata6 expression in WT, Scl
KO

, Etv2
KO

iSCL and 

Etv2
KO

iETV2  day 4.75 CD41
-
CD31

+
TIE2

+
 endothelial cells. Average of 3 biological 

replicates with SD is shown. 

L. Flow cytometry analysis of day 4.75 and day 7 EBs with ESAM and CD31 shows ESAM 

expression in day 4.75 WT and Etv2
KO

iETV2, but not in Scl
KO

,
 
Etv2

KO
 and Etv2

KO
iSCL 

CD31
+
 cells. Esam

+
 becomes expressed in CD31

+
 cells in day 7 WT, Etv2

KO
iSCL and 

Etv2
KO

iETV2, but not in Scl
KO

 and
 
Etv2

KO 
EBs. Average of 4 biological replicates with 

SD is shown.  

M. 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 Flk1+ 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/Tal1). Particularly, ETV2 binds to the 

same sites as SCL does which include many vascular transcription factors whose activation was 

delayed (e.g. Fli1, Sox17) in Etv2
KO

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
KO

iSCL 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
KO

iSCL cells was delayed, contained both ETV2 binding sites that were 

ETV2 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
KO

iSCL, only 15.7% of the genes 

that could not be repressed in a timely manner were bound by ETV2 (7.8% ETV2 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, Etv2
KO

iSCL and Etv2
KO

iETV2 day 4.75 endothelial cells (Fig3E). Compared to genes 

activated with delay in Etv2
KO

iSCL 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
KO

iSCL endothelial cells 

are indirect targets of ETV2 or SCL. 24.8% genes that were repressed with delay in Etv2
KO

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
KO 

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.  

B. 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.   

C. 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.  

D. 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. 

E. 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 Etv2
KO

iSCL endothelial cells.  

F. ChIP-seq genome browser tracks with ETV2 and SCL binding in Flk1
+
 mesodermal cells 

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

iSCL 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 (Hand1, Sox9) in day 4.75 Etv2
KO

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
KO

iSCL mesoderm impairs SCL‟s ability to bind to its 

target genes. 65% of genes that were poorly induced in day 4.75 Etv2
KO

iSCL endothelial cells 

and bound by SCL in WT mesoderm retained SCL binding in Etv2
KO

iSCL mesodermal cells. 

73% of derepressed genes that were bound by SCL in WT mesoderm were also bound by SCL in 

Etv2
KO

iSCL mesodermal cells. Similarly, 69% of the not differentially expressed genes retained 

SCL binding in Etv2
KO

iSCL 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
KO

iSCL 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
KO

iSCL and Etv2
KO

iETV2 endothelial 

cells. 6067 sites were less accessible in Etv2
KO

iSCL cells compared to WT and Etv2
KO

iETV2 

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
KO

iSCL endothelial cells than WT 

and Etv2
KO

iETV2 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
KO

iSCL 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 

Etv2
KO

iSCL 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
KO

iSCL 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
KO

iSCL 

and Etv2
KO

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
KO

iSCL endothelial cells compared to WT and 

Etv2
KO

iETV2 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, Ets1, Fli1) whose activation was delayed in day 7 

endothelial cells harboring ETV2 binding sites that are less accessible in Etv2
KO 

iSCL compared 

to WT or Etv2
KO 

iETV2 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. 

 

 
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
KO

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
KO

iSCL endothelial cells.  

C. Average ATAC seq profiles of WT ES cells, WT, Etv2
KO

iSCL and Etv2
KO

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 Etv2
KO

iSCL compared to WT and 

Etv2
KO

iETV2 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, Etv2
KO

iSCL and Etv2
KO

iETV2 day 4.75 

endothelial cells around uninduced genes (Cdh5, Fli1, CD34 and Ets1). Sites that are bound by 

ETV2 and are less open in Etv2
KO

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 GATA1 and GATA2, or its target gene Runx1, 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
KO

iSCL 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
KO

iSCL endothelial cells was not complete until day7, implying that ETV2 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, Fli1, 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, Stab1 etc. were deregulated 

(Supplementary FigureS2).  13 genes that were not activated in day4.75 Etv2
KO

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 

hematopoietic progenitors can be readily generated from Etv2
KO

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 GATA2 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 

ETV2 binding sites in Etv2
KO

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
KO

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
KO

, Etv2
KO

iSCL and 

Etv2
KO

iETV2 cell lines. Dr. Kouskoff kindly shared their Etv2
KO

iSCL and Etv2
KO

iETV2 ES cell 

lines where doxycycline-inducible Scl-2A-GFP transgene or Etv2-2A-GFP transgene was 

introduced into Etv2-deficient ESCs. Flk1
+
 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 II (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, CD41
-
CD31

+
Tie2

+
cells were sorted from WT, Scl

KO
, 

Etv2
KO

iSCL, Etv2
KO

iETV2 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
KO

iETV2 culture from EB day 2 to day 4.75, and to Etv2
KO

iSCL culture at day2 EB 

induction throughout the culture. The differentiation media contained -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 Flt3L were added. For cardiac differentiation, 

5ng/ml hVEGF, 30ng/ml mFGF, 50ng/ml hBMP4 and 1 μM 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 1G8, 

Biolengend). Dead cells were excluded with DAPI (Roche). Cell populations were analyzed 

using an LSR II or Fortessa flow cytometer or sorted using a FACSAria II 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 (qPCR) 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 Table1. 

 

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 HIseq-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 q-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
KO

iSCL endothelial cells 
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2 replicates of RNAseq were performed from day4.75 WT, Scl
KO

, Etv2
KO

iSCL and Etv2
KO

iETV2 

endothelial cells. Cuffdiff was used to calculate significant difference for gene expression 

between different cell lines. Genes with a q-value smaller than 0.05 where considered as 

differentially expressed. The expression of uninduced genes in day4.75 Etv2
KO

iSCL endothelial 

cells was significantly lower in Etv2
KO

iSCL, but higher or not significantly different in 

Etv2
KO

iETV2 than in WT. To exclude genes that are repressed by Etv2, genes upregulated in 

Etv2
KO

 Flk1
+
 mesoderm microarray data (Liu et al., 2012) were intersected and 2 (Egr1, Fstl1) 

overlapping genes were taken out of the list. The expression of genes derepressed in day 4.75 

Etv2
KO

iSCL endothelial cells was significantly higher in Etv2
KO

iSCL, but lower or not 

significantly different in Etv2
KO

iETV2 than WT. To exclude genes that are activated by Etv2, 

genes downregulated in Etv2
KO

 Flk1
+
 mesoderm microarray data(Liu et al., 2012) were 

intersected and only 1 overlapping gene (Scl) was taken out of the list. Finally, genes not 

differentially expressed in day 4.75 Etv2
KO

iSCL endothelial cells were expressed and the 

expression was not significantly different in Etv2
KO

iSCL and Etv2
KO

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 50μl of ES buffer 

(10mM Tris, pH 7.4, 10mM NaCl, 3mM MgCl2). Permeabilized cells were resuspended in 50μl 

transposase reaction (1× tagmentation buffer, 1.0–1.5μl Tn5 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 (2×50bp) on a HiSeq instrument 

(Illumina). 

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, Scl
KO

, Etv2
KO

iSCL and Etv2
KO

iETV2 

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 ChIP-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 Etv2
KO

iSCL EBs 

 

A. Genome browser tracks show ETV2 binding to Scl upstream regulatory sites and SCL 

binding to Etv2 regulatory site in Flk1
+
 mesoderm cells 

B. Microarray data shows Etv2 expression is upregulated in Scl
KO

 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, Scl
KO

 and Etv2
KO

iETV2, but not Etv2
KO 

cells. 

The population is reduced in Etv2
KO

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 Scl and Etv2 expression in WT, Scl
KO

, Etv2
KO

iSCL and 

Etv2
KO

iETV2  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

KO
iSCL 

endothelial cells  

 

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

day 7 Etv2
KO

iSCL endothelial cells compared to WT and Etv2
KO

iETV2 cells. 

B. DAVID GO analysis for genes uninduced in day 7 Etv2
KO

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

+ 
Etv2

KO
iSCL 

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

KO
iSCL cells 

A. Venn diagram shows intersection of sites bound by SCL in Flk1
+
 mesoderm of WT, 

Etv2
KO

iSCL and Etv2
KO

iETV2 EBs. 1758 sites retain SCL binding while 1109 genomic sites 

are lost in Etv2
KO

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 Etv2
KO

iSCL 

mesoderm in genes that were uninduced, derepressed and not differentially expressed. 
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Supplementary Figure S4: ATAC seq in day 4.75 WT, Etv2
KO

iSCL, and Etv2
KO

iETV2 

endothelial cells 

A. Venn diagram of intersection of peaks called from ATACseq in WT, Etv2
KO

iSCL and 

Etv2
KO

iETV2 day 4.75 endothelial cells shows 6067 and 176 sites that are more accessible or 

less accessible in Etv2
KO

iSCL cells compared to WT and Etv2
KO

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 q-RT-PCR assays

Name Forward primer Reverse primer

mGapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

mEtv2 CAGAGTCCAGCATTCACCAC AGGAATTGCCACAGCTGAAT

mTal1/Scl GACCCGCAACTAGAGGGACAG CGCTCCTAGCTCGATGACG

mRunx1 TGGTAGGTAACGCAGCAATG AAGGGAAGGAGCCAGGTATG

mSox17 ACTTGTAGTTGGGGTGGTCC GAACCCAGATCTGCACAACG

mGata6 CCAGATGGCAGCAAAAAT GCAGAGTCAGAGGCAGGAAG

mHand1 CCTCTTCCGTCCTCTTAC GGGGCTGCGAGTGGTCA
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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 GATA2 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, 

H3K4me1 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 (Runx1, 

Pu.1/Sfpi1, Klf1, Gfi1b). 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 GATA1 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 

GATA1 and GATA2, 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. GATA1 and GATA2 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 ETV2 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 

mesoderm and repress their expression in day 4.75 Etv2
KO

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
KO

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 Ets1, Fli1, 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, Stab1. 

However, only 13 genes that were not activated in day 4.75 Etv2
KO

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
KO

iSCL endothelial cells. 

Moreover, ETV2 binding sites that lose chromatin accessibility are enriched in genes whose 

expression cannot be timely activated in Etv2
KO

iSCL 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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Appendix: 

 

Endothelial cells provide an instructive niche for the differentiation and functional 

polarization of M2-like macrophages 

 

  



 

150 

 

 



 

151 

 

 



 

152 



 

153 



 

154 



 

155 



 

156 



 

157 



 

158 



 

159 



 

160 



 

161 

 

 




