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SUMMARY 
The lineage-determining transcription factor ETV2 is necessary and sufficient for hematoendothelial fate 

commitment. We investigated how ETV2-driven gene regulatory networks promote hematoendothelial 

fate commitment. We resolved the sequential determination steps of hematoendothelial versus cardiac 35 

differentiation from mouse embryonic stem cells. Etv2 was strongly induced and bound to the enhancers 

of hematoendothelial genes in a common cardiomyocyte-hematoendothelial mesoderm progenitor. 

However, only Etv2 itself and Tal1, not other ETV2-bound genes, were induced. Despite ETV2 genomic 

binding and Etv2 and Tal1 expression, cardiomyogenic fate potential was maintained. A second wave of 

ETV2-bound target genes was up-regulated during the transition from the common cardiomyocyte-40 

hematoendothelial progenitor to the committed hematoendothelial population. A third wave of ETV-bound 

genes were subsequently expressed in the committed hematoendothelial population for sub-lineage 

differentiation. The shift from ETV2 binding to productive transcription, not ETV2 binding to target gene 

enhancers, drove hematoendothelial fate commitment. This work identifies mechanistic phases of ETV2-

dependent gene expression that distinguish hematoendothelial specification, commitment, and 45 

differentiation. 

 

HIGHLIGHTS 

● The hematoendothelial master TF ETV2 is expressed in a multipotent mesoderm progenitor.  

● ETV2 binds to target genes in the mesoderm progenitor without target gene activation. 50 

● ETV2 binding in the mesoderm progenitor does not diminish alternative cardiac fate potential. 

● ETV2-bound target genes are activated upon hematoendothelial fate commitment. 

 
GRAPHICAL ABSTRACT 
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INTRODUCTION 
Lineage-determining transcription factors (TFs) commit cells to specific cell lineages during development 

(Spitz and Furlong, 2012). Lineage-determining TFs drive cell-type specific gene expression that triggers 

the cascade of cellular processes culminating in cell fate commitment. A prevailing model of cell lineage 

specification is that lineage-determining TFs drive terminal differentiation towards a specific lineage. An 60 

alternative model is that lineage-determining TFs “prime” progenitor cells toward a particular fate by 

chromatin binding, without activating lineage-specific gene expression programs within multipotent 

progenitors. Whether fate priming is the general feature of lineage-determining TFs remains unclear. 

The Ets family transcription factor ETV2 is a lineage-determining TF for the vertebrate 

hematoendothelial lineage. Significant strides have been made to derive these fates in vitro, via 65 

biologically relevant intermediates using factors implicated in vivo in mouse genetic studies. 

Hematoendothelial fate specification in mouse embryonic stem cell (mESC) differentiation has been well 

characterized (Koyano-Nakagawa and Garry, 2017). Progenitor cells for the hematoendothelial lineage 

expresses Flk1 (VEGFR2), encoded by Kdr, the predominant receptor for vascular endothelial growth 

factors, VEGF (Choi et al., 1998; Ema et al., 2003; Kataoka et al., 1997; Park et al., 2004; Shalaby et al., 70 

1995, 1997; Yamashita et al., 2000). VEGF-reception by Flk1 is the inductive cue for the 

hematoendothelial fate specification by transcriptionally inducing the hematoendothelial master 

transcription factor, Etv2 (Kataoka et al., 2011; Rasmussen et al., 2012; Zhao and Choi, 2017). Etv2 is 

necessary and sufficient to induce the hematoendothelial lineage (Kataoka et al., 2011; Koyano-

Nakagawa et al., 2012; Lee et al., 2008; Park et al., 2004; Pick et al., 2007; Rasmussen et al., 2011, 75 

2013) by directly binding and regulating genes that characterize the hematoendothelial lineage (De Val 

and Black, 2009; Garry, 2016; Koyano-Nakagawa and Garry, 2017; Liu et al., 2015). 

Early mesoderm differentiation generates the vertebrate hematoendothelial lineage, a path for 

hematopoiesis and vasculogenesis, and the cardiac lineage, a path for heart development (De Val and 

Black, 2009). Interestingly, Flk1-positive cells give rise to both lineages in-vivo and in-vitro. The 80 

observation that cardiomyocytes and hematoendothelial lineages are both derived from early Flk1-

positive mesoderm suggests that Flk1-positive mesoderm may represent a common progenitor for both 

lineages (Chen et al., 2006; Kattman et al., 2011; Motoike et al., 2003). How ETV2 induces 

hematoendothelial fate from the multipotent mesoderm progenitor remains unclear. 

In this study, we examined fate intermediates originating from a single time point of mESC 85 

differentiation, thereby allowing us to investigate the molecular dynamics during a fate transition with a 

high temporal resolution. We investigated ETV2 binding and chromatin accessibility dynamics in mESC-

derived mesoderm progenitors from these defined stages of hematoendothelial versus cardiogenic fate 

specification. Our data revealed an unexpected binding of ETV2 without transcriptional induction of 

hematoendothelial gene expression in multipotent mesoderm progenitors. Furthermore, ETV2 binding 90 

did not prevent the production of cardiomyogenic fate from the multipotent mesoderm progenitor 
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population. Our results indicate that ETV2 is poised at the target genes in the multipotent progenitor 

population but does not act to drive hematoendothelial lineage gene expression until hematoendothelial 

fate specification. 

  95 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449981doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449981


 

5 

RESULTS 
Sequential derivation of PDGFRα and FLK1 expressing mesodermal progenitors from mouse 
embryonic stem cells 
During early vertebrate development, cells expressing the PDGF-receptor PDGFRα and the VEGF 

receptor FLK1 are multipotent cardiovascular progenitors that can generate cardiomyocytes, vascular 100 

endothelium, and hematopoietic lineages (Choi et al., 1998; Ding et al., 2013; Ema et al., 2006; Kataoka 

et al., 1997; Yamashita et al., 2000). We aimed to identify the mechanisms underlying cardiovascular 

fate specification in the PDGFRα+ FLK1+ cell population. We delineated the mouse embryonic stem cell 

(mESC) differentiation into the PDGFRα+ FLK1+ population in order to isolate specific intermediates. We 

differentiated mESCs using a serum-free defined medium containing Activin A, BMP4, and VEGF (ABV 105 

regimen), previously described for mesoderm induction (Kattman et al., 2006, 2011). We isolated the 

PDGFRα+ FLK1+ (PF) population, the PDGFRα+ FLK1– (P) population, and the PDGFRα– FLK1+ (F) 

population at Day 4 of differentiation and examined their fate potentials in basal medium without ABV 

(Fig. 1A). The sorted PF population robustly differentiated into cardiac troponin T (cTnT)-positive beating 

cardiomyocytes (Fig. 1B; Supplemental Movie 1), consistent with the previous observations (Kattman 110 

et al., 2006, 2011). On the other hand, the sorted P and F populations did not differentiate into 

cardiomyocytes (Fig. 1B). The sorted F population robustly formed blood colonies, a feature 

characteristic of the hematoendothelial progenitor, as previously reported (Kattman et al., 2006, 2011) 

(Fig. 1C & S1A). The sorted PF and P populations did not form appreciable blood colonies (Fig. 1C & 
S1A). Therefore, the PF population appeared to define a cardiomyogenic progenitor, the F population a 115 

hematoendothelial population, and the P population lacked both cardiomyogenic and hematoendothelial 

potentials. 

 To resolve the temporal relationship between the appearance of PDGFRα/FLK1 subpopulations, 

we analyzed PDGFRα and FLK1 expression every 3-6 hours from Day 2.5 to Day 4.0 of differentiation in 

the ABV regimen (Fig. 1D; Fig. S1B). EB-derived cells were initially PDGFRα– FLK1– (P–F–) at Day 2.5. 120 

The P population emerged at Day 3.0, followed by the PF population at Day 3.125, and finally the F 

population at Day 3.5. To further clarify the order of differentiation, we isolated PDGFRα/FLK1 

subpopulations at Day 3.125 and individually cultured in the ABV regimen for 24 hours (Fig. S1C). The 

isolated P–F– cells gave rise to the P (49.5%) and PF populations (42.0%). The isolated P cells gave rise 

to PF (36.1%) and F (60.4%) populations. The isolated PF cells gave rise to the F population (60.6%) or 125 

remained PF (34.2%), but did not produce any appreciable P population (3.5%). This time series defined 

the temporal order of progenitor appearance as P, then PF, then F. This defined the PF population as a 

common cardiac/hematoendothelial progenitor that could differentiate into either cardiomyocytes upon 

isolation from the ABV regimen or into the F hematoendothelial population if retained in the ABV regimen 

(Fig. 1E). 130 
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Etv2 is expressed in the PDGFRα+ FLK1+ multipotent progenitor population 
Characterization of fate intermediates originating from the single time point of mESC differentiation 

provided us with a unique opportunity to investigate the dynamics of chromatin accessibility, TF binding 

and gene expression during sequential phases of cell fate commitment. We investigated the molecular 135 

differences between the P population and PF population to identify the mechanisms for the 

cardiovascular fate acquisition in the PF population. We examined the transcriptomes of the P and PF 

populations sorted at Day 4 of differentiation in the ABV regimen by RNA-seq. We identified 396 

upregulated and 401 downregulated genes in the PF population relative to the P population (Fig. 1F; 
Table S1). The upregulated genes were most strongly overrepresented for the gene ontology (GO) term 140 

“vasculature development” (P=10-41) reminiscent of the hematoendothelial fate (Fig. 1G), although the 

PF population did not present hematoendothelial potential (Fig. 1C). Consistent with this observation, 

Etv2, the master transcription factor (TF) orchestrating the hematoendothelial fate commitment, was 

among the most strongly upregulated TF genes in the PF population relative to the P population (26.4-

fold upregulation; Fig. 1H). Furthermore, the Etv2 mRNA level in the PF population was among the 145 

highest (98 percentile) in all 1,026 TF genes in the genome in the PF population (Fig. 1H). PF upregulated 

genes were also overrepresented for the GO term “heart development” (P=10-27) (Fig. 1G), including TFs 

implicated in cardiac development such as Gata4, Hand2, Tbx3 and Tbx20 (Fig. 1H) and consistently 

with the cardiomyogenic potential of the PF population (Fig. 1B). 

The strong upregulation of Etv2 in the PF multipotent population was unexpected given the known 150 

role of Etv2 as a lineage-determining TF for hematoendothelial differentiation (Koyano-Nakagawa and 

Garry, 2017). To independently verify the elevated expression of Etv2 in the PF population, we analyzed 

public single-cell transcriptomic data for mESCs undergoing spontaneous differentiation to various 

lineages in a serum-containing medium (Zhao and Choi, 2019), a condition different from the directed 

mesoderm differentiation offered by the ABV regimen. We computationally binned the single cells into 155 

the P (168 cells), PF (245 cells), and F (474 cells) populations based on the presence or absence of the 

mRNA expression of Pdgfra (encoding PDGFRα) and Kdr (encoding FLK1) (Fig. 1I). We observed that 

the Etv2-expressing cell fraction increased from 35% among the single-cell P population to 71% among 

the single-cell PF population (P vs. PF, Fisher exact test P=1x10–13) and then plateaued at 74% among 

the single-cell F population (PF vs. F, Fisher exact test P=0.4) (Fig. 1J). Concomitantly, the Etv2 mRNA 160 

level in individual cells increased strongly in the single-cell PF population relative to the single-cell P 

population (Wilcoxon test P=3x10–16) and increased modestly in the single-cell F population relative to 

the single-cell PF population (Wilcoxon test P=0.003) (Fig. 1K). These results confirmed the unexpected 

observation that the hematoendothelial master TF Etv2 was strongly expressed in the PF multipotent 

cardiovascular/hematoendothelial progenitor population (Fig. 1L).  165 
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ETV2-binding sites gain chromatin accessibility in the PDGFRα+ FLK1+ cells 
The strong upregulation of Etv2 in the PF population led us to hypothesize that ETV2 might bind to 

chromatin in the PF population, potentiating the PF population for hematoendothelial fate. To define 

genomic differences between the P and PF populations, we examined accessible chromatin by ATAC-170 

seq in these two populations. We identified 163,723 accessible sites detected in either P or PF population 

or both. Of these accessible chromatin sites, 5,847 sites (3.6%) gained accessibility whereas 2,511 sites 

(1.5%) lost accessibility from P to PF, respectively (Fig. 2A; Table S2). The Ets TF family DNA binding 

motif was the most strongly overrepresented motif in the gained accessibility sites (45% of the gained 

sites). Specifically, the ETV6 motif, essentially identical to the ETV2 motif (Liu et al., 2015; Neveu et al., 175 

2018), was the most significantly overrepresented TF motif within the Ets family (Fig. 2B). In addition, TF 

family motifs for GATA (highest score, GATA4), bHLH (highest score, TAL1), T-box (highest score, 

TBX21), and Sox (highest score, TCF7) were overrepresented in the gained accessibility sites (Fig. 2B). 

The lost accessibility sites were overrepresented for the motifs of pluripotency TFs such as Sox (highest 

score TF, SOX2), homeodomain (highest score TF, NANOG), and the homodomain-POU family (highest 180 

score TF, POU5F1) (Fig. 2B). Thus, in the transition from P to PF, accessible sites utilized by pluripotency 

TFs were replaced by accessible sites utilized by TFs for both cardiac and hematoendothelial lineage 

specification.  

 We asked whether ETV2 binding might be responsible for the accessibility gains at the ETS-family 

motif sites. We examined transcriptional states of all ETS family transcription factors in the genome and 185 

observed that three ETS TFs, Etv2, Fli1, and Fev, were significantly upregulated in PF relative to P. Etv2 

was the most upregulated (26-fold, FDR=3x10–55)  and highest expressed (transcripts per million (TPM) 

= 218) TF in PF among all 24 ETS family TFs (Fig. 2C). Fli1 and Fev were only modestly upregulated 

and expressed very weakly in PF (Fli1, 4.3-fold, FDR=1x10–3, TPM=1.1; Fev, 2.8-fold, FDR=0.02, 

TPM=3.8) (Fig. 2C). These data supported the hypothesis that ETV2 binding resulted in accessibility 190 

gains at ETS-family motif sites in the PF population.     

 To determine whether ETV2 bound to the gained accessibility sites in the PF population, we 

analyzed public ChIP-seq datasets for ETV2 performed in mESC-derived FLK1+ cells, which would 

include both the PF and F populations (Liu et al., 2015). This defined 3,868 ETV2-binding sites in the 

FLK1+ population (Methods; Table S3). These ETV2-binding sites were strongly overrepresented among 195 

the PF-gained accessibility sites (Fisher’s exact test P<2x10-16) and overlapped with 470 PF-gained-

accessibility sites (8% of all gained accessibility sites; Fig. 2D, E). None of the ETV2-binding sites 

overlapped the lost accessibility sites (Fig. 2D). We termed the 470 PF gained-accessibility sites bound 

by ETV2 “ETV2-bound PF-gained sites”. These ETV2-bound PF-gained sites were found in genes 

including transcription factors Sox7 and Stat3 (Fig. 2F). Almost all of the ETV2-bound PF-gained sites 200 

were located outside of the TSS proximal (+/– 2 kb) regions (457, 97%) (Fig. 2G). We linked 384 genes, 

located within the gene bodies or 100-kb upstream regions to 402 of the 470 ETV2-bound PF-gained 
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sites (“ETV2-bound PF-gained genes”) (Fig. 2H; Table S1; Methods). The vast majority (367, 96%) of 

the ETV2-bound PF-gained genes had a single ETV2-bound PF-gained site within the search space (Fig. 
S2A), and almost all (372, 97%) ETV2-bound PF-gained genes were linked only to gene-distal ETV2-205 

bound PF-gained sites (outside +/–2 kb of TSS) (Fig. S2B). ETV2-bound PF-gained genes were strongly 

overrepresented for the GO term “blood vessel morphogenesis” and included known ETV2-target genes 

including Etv2, Tal1, Kdr, Sox7, and Fli1 (Fig. 2I; Table S1). These results suggested that ETV2 bound 

to a subset of distal regulatory elements of the hematoendothelial specification genes in the PF 

cardiac/hematoendothelial multipotent population, prior to fate commitment. 210 

 

A small subset of ETV2-bound genes are upregulated in the PDGFRα+ FLK1+ population 
ETV2 possesses a strong transcriptional activation domain (De Haro and Janknecht, 2002). We therefore 

asked whether the chromatin accessibility gains at ETV2-binding sites accompanied transcriptional 

upregulation of the associated genes in the PF population. Of the 384 ETV2-bound PF-gained genes, 215 

only 43 genes were upregulated in the PF population relative to the P population (11%; Fisher’s exact 

test P < 2x10–16) (Fig. 2J, K). We term these upregulated ETV2-bound PF-gained genes the “first-wave” 

genes (Table S1). The first-wave genes included Etv2 itself and Tal1, a known immediate target gene 

transcriptionally activated by ETV2 (Kataoka et al., 2011; Liu et al., 2015; Wareing et al., 2012; Zhao and 

Choi, 2017). Etv2 and Tal1 constitute the transcriptional kernel for the hematoendothelial specification 220 

(Koyano-Nakagawa and Garry, 2017; Zhao et al., 2017). Twelve ETV2-bound PF-gained genes were 

downregulated in the PF population relative to the P population (3%; Fisher’s exact test P = 0.04) (Fig. 
2J, K). The remaining 85% of the ETV2-bound PF-gained genes were not upregulated or downregulated. 

These results suggested that ETV2 binding to hematoendothelial genes did not accompany 

transcriptional upregulation in the multipotent PF population at the vast majority of the bound genes, 225 

except a small subset of genes including Etv2 and Tal1, despite the known activator function of ETV2 

(Fig. 2L).   

 

VEGF induces Etv2 in the PDGFRα+ FLK1+ population 
To define the direct consequence of ETV2 binding in the PF population, we investigated pathways that 230 

lead to Etv2 expression and chromatin binding in the PF population. VEGF signaling through FLK1 is 

known to induce Etv2 (Kataoka et al., 2011; Koyano-Nakagawa et al., 2015; Rasmussen et al., 2012; 

Zhao and Choi, 2017), suggesting that VEGF in the ABV regimen may induce Etv2 in the PF population.  

To test this hypothesis, we characterized the effect of VEGF in the generation and gene expression of 

the PF population. Differentiation with VEGF (ABV regimen) or without VEGF (AB regimen) generated 235 

the PF population with comparable efficiency (Fig. 3A). Likewise, the FLK1 tyrosine kinase inhibitor 

ZD6474, which blocks VEGF signaling (Hennequin et al., 2002; Ryan and Wedge, 2005), did not alter 

the efficient generation of the PF population using the ABV regimen (Fig. 3B). Instead, the FLK1 inhibitor 
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inhibited the subsequent generation of the F population from the PF population (Fig. 3B), consistent with 

the known requirement of VEGF for this transition (Fig. 3B) (Kennedy et al., 1997; Shalaby et al., 1995, 240 

1997; Yamashita et al., 2000; Zhao and Choi, 2017). Thus, VEGF was dispensable for generating the 

PF population, but required for the transition from the PF population to the F population. To test whether 

VEGF induced Etv2 in the PF population, we quantified Etv2 mRNA in the PF population derived with or 

without VEGF. The Etv2 mRNA level was 10-fold higher in PF derived with VEGF than in PF derived 

without VEGF (t-test P=0.004; Fig. 3C), indicating that VEGF induced Etv2 in the PF population. 245 

Together, these observations indicated that Etv2 is strongly induced in the transition from P to PF by 

VEGF but is itself dispensable for this transition.  

We predicted that chromatin accessibility at ETV2 binding sites in the PF population would 

depend on VEGF. To test this prediction, we profiled the chromatin accessibility in the PF population 

derived with VEGF (ABV regimen) or without VEGF (AB regimen), prepared in parallel by ATAC-seq. To 250 

our surprise, accessibility differences were detected at only 706 sites, with 318 sites showing higher 

accessibility and 388 sites showing lower accessibility in PF derived with VEGF versus PF derived without 

VEGF (Fig. 3D; Fig. S3A; Table S4). Nonetheless, the 318 sites with higher accessibility in PF derived 

with VEGF were strongly over-represented for Ets binding motif (Fig. 3E). Consistently, the 470 ETV2-

bound PF-gained sites exhibited higher accessibility in PF derived with VEGF compared with PF derived 255 

without VEGF (Fig. 3F). Furthermore, the 470 ETV2-bound PF-gained sites showed stronger 

accessibility gains in PF derived with VEGF versus PF derived without VEGF, compared to the 5,377 PF-

gained accessibility sites without ETV2 binding (t-test P< 2x10-16; Fig. 3G). These results supported the 

hypothesis that VEGF-dependent induction of Etv2 resulted in ETV2 binding in the PF population, but 

were not required for the generation of the PF population itself. 260 

 

Very few ETV2-bound genes are activated directly by ETV2 in the PDGFRα+ FLK1+ population 
We posited that the VEGF-dependency of Etv2 expression and ETV2 binding in the PF population would 

allow us to identify the direct transcriptional targets of ETV2 in the PF population by manipulating VEGF. 

We profiled the transcriptomes of the PF population derived with VEGF (ABV regimen) or without VEGF 265 

(AB regimen) by RNA-seq. The transcriptomes of the PF population with VEGF and PF without VEGF 

were strikingly similar, with only 61 differentially expressed genes between the populations (Fig. 3H). 

These 61 genes consisted of 48 upregulated genes and 13 downregulated genes in PF with VEGF 

compared with PF without VEGF (Table S1). Strikingly, the most strongly upregulated genes, with greater 

than 10-fold upregulation, were Etv2 and Tal1 (Fig. 3H). This indicated that few ETV2 target genes are 270 

activated directly by ETV2 in the PF population generated with VEGF, despite strong expression of Etv2 

itself. 

We then examined the expression change of the 384 ETV2-bound PF-gained genes. Of the 384 

ETV2-bound PF-gained genes, only 8 genes showed higher expression in PF derived with VEGF 
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compared with PF derived without VEGF (2.1%; Fisher’s exact test P=1x10–6) (Fig. 3I). These 8 ETV2-275 

bound PF-gained, VEGF-induced genes were Etv2, Tal1, Ppp1r13b, St8sia1, Col13a1, Dusp2, Rgs3, 

and B3gnt2 (Fig. 3I; Table S1). Among these genes, Etv2, Tal1, Ppp1r13b, and Dusp2 are known 

transcriptional target genes of ETV2 (Gomez et al., 2009; Koyano-Nakagawa et al., 2015; Liu et al., 

2015). The remaining 376 (98%) ETV2-bound PF-gained genes were not upregulated by VEGF in the 

PF population (Fig. 3I). All VEGF-induced ETV2-bound PF-gained genes, except Rgs3, were among the 280 

first-wave ETV2-bound genes upregulated in PF relative to P, as expected (Fig. 3J). The first-wave genes 

not induced by VEGF included Kdr, Sox7, Fli1, suggesting that these ETV2-bound genes were 

upregulated in the PF population by ETV2-independent mechanisms (Fig. 3J). Thus, ETV2 directly 

activated only the most upstream transcriptional kernel for the hematoendothelial specification, consisting 

of Etv2 itself and the immediate ETV2 target Tal1, but remained dormant at the vast majority of ETV2-285 

bound and accessibility-gained hematoendothelial genes in the PF population. 

 

ETV2 binding does not impede cardiomyogenic fate potential of the PDGFRα+ FLK1+ population 
We tested whether ETV2-binding to the hematoendothelial genes and expression of the first-wave ETV2-

bound genes in the PF population influenced the alternative cardiomyogenic fate potential of the PF 290 

population. We examined the cardiomyogenic fate potential of the PF population derived with VEGF (ABV 

regimen) or without VEGF (AB regimen). The PF population derived with and without VEGF exhibited 

comparable differentiation potential to cTnT-positive cardiomyocytes (44.3% with VEGF vs. 44.2% 

without VEGF) (Fig. 3K). Collectively, VEGF-induced ETV2 chromatin binding to hematoendothelial 

genes and activation of the first-wave ETV2-bound genes did not impede the alternative cardiomyogenic 295 

potential of the PF population (Fig. 3L). 

 

Genes that gained ETV2 binding in the PDGFRα+ FLK1+ population are extensively upregulated in 
the PDGFRα– FLK1+ population 
We hypothesized that ETV2-bound genes in the PF population might be primed for activation in the F 300 

population. To determine whether the ETV2-bound PF-gained genes would be activated in the F 

population, we profiled the transcriptome of the F population and compared it with the transcriptome of 

the PF population. We observed extensive gene expression differences, with 1,412 genes upregulated 

and 1,331 genes downregulated in F compared with PF (Fig. 4A; Fig. S4A; Table S1). The most 

overrepresented GO term among the 1,412 upregulated genes was “blood vessel development” 305 

consistent with the hematoendothelial fate of the F population (Fig. S4A). The overrepresented GO terms 

among the 1,331 downregulated genes included “heart development,” consistent with the loss of the 

cardiomyocyte differentiation potential during the transition from the PF to the F population (Fig. S4B). 

We then compared PF versus F differentially expressed genes with the 384 ETV2-bound PF-gained 

genes (Fig. 4B). The F upregulated genes were highly overrepresented among the ETV2-bound PF-310 
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gained genes (123 of 384 genes, 32%; Fisher’s exact test, P<2x10-16) but not among the downregulated 

genes (31 of 384 genes, 8%; P=0.06) (Fig. 4C). There were 123 ETV2-bound PF-gained genes 

upregulated in the F population, which we termed the “second-wave” ETV2-bound genes (Fig. 4C; Table 
S1). The second-wave genes were overrepresented for the GO term “blood vessel morphogenesis” 

(P=10-12), as expected (Fig. 4D). The second-wave ETV2-bound genes included 27 of the 43 first-wave 315 

ETV2-bound genes (63%) and all 8 VEGF-induced genes in PF (Fig. 4E), indicating that a majority of 

first-wave genes were further upregulated in the transition from PF to F. The second-wave genes included 

TFs known to play critical roles in hematoendothelial fate specification (Etv2, Tal1, Fli1) (Koyano-

Nakagawa and Garry, 2017) or endothelial specification (Sox7, Sox18) (Yao et al., 2019) or repressing 

the hematopoietic expression program (Klf7 and Etv6) (Hock and Shimamura, 2017; Schuettpelz et al., 320 

2012) (Table S1). In addition, strong overrepresentation of “regulation of Notch signaling pathway” (P=10-

8), a signaling pathway required for hematoendothelial specification, was observed among the second-

wave ETV2-bound PF-gained genes (Jang et al., 2015; Marcelo et al., 2013) (Fig. 4D). These results 

suggested that the second-wave genes were primed by ETV2 in the PF multipotent population for 

activation in the F hematoendothelial population. 325 

 

ETV2-binding in the PDGFRα– FLK1+ population is associated with activation of the 
hematoendothelial sublineage gene expression programs   
We observed that several well-characterized ETV2 target genes such as Gata2, known for hematopoietic 

specification, and Tie2, known for endothelial lineage specification (Koyano-Nakagawa and Garry, 2017) 330 

were neither first-wave nor second-wave genes that gained accessibility at ETV2-binding sites in the PF 

population. Therefore, we hypothesized that there might be genes bound by ETV2 de novo in the F 

population without prior ETV2 binding in the PF population. We therefore investigated the chromatin 

accessibility landscape in the F population by ATAC-seq and compared it with the accessibility landscape 

of the PF population. Of 160,393 union accessible sites in the PF and F populations, 20,349 sites (13%) 335 

gained accessibility and 15,603 sites (9.7%) lost accessibility in the F population relative to the PF 

population (Fig. 4F; Fig. S4D; Table S5). The sites that gained accessibility in the F population were 

most strongly overrepresented for the Ets family motif (top scoring TF motif, ETV6) (Fig. 4G; Fig. S4E) 

and overlapped with 2,052 ETV2-binding sites with strong statistical overrepresentation (Fisher’s exact 

test P<2x10-16; Fig. 4H). ETV2-binding sites were underrepresented among lost accessibility sites (3 340 

sites; P<2x10-16). The 2,052 ETV2-bound gained-accessibility sites in the F population (“ETV2-bound F-

gained sites”) included a vast majority (408; 87%) of the 470 ETV2-bound PF-gained sites (Fig. 4I), 
suggesting increased utilization of the ETV2-bound PF-gained sites in the F population. The remaining 

ETV2-bound F-gained sites (1,644 sites) suggested de novo ETV2 binding in the F population without 

prior ETV2 binding in the PF population.  345 
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To define the genes that gained ETV2 binding in the transition from the PF to F population, we 

linked the ETV2-bound F-gained sites to genes (ETV2-bound F-gained sites within the gene body or 100 

kb upstream of the TSS). We identified 1,090 “ETV2-bound F-gained genes,” linked only to the ETV2-

bound F-gained sites without ETV2-bound PF-gained sites (Fig. 4I; Table S1). These sole ETV2-bound 

F-gained genes were highly over-represented for genes upregulated in the F population (244 of the 1,090 350 

genes, 22%; Fisher’s exact test P< 2x10-16) but not for genes downregulated in the F population (63 of 

the 1,090 genes, 6%; P=0.9) (Fig. 4J, K). We termed these 244 upregulated ETV2-bound F-gained 

genes “third-wave” ETV2-bound genes (Fig. 4K). The third-wave genes were strongly overrepresented 

for the GO term “vasculature development” (P=10–24) as well as “myeloid cell proliferation” (P=10–10) and 

“endothelial cell proliferation” (P=10–10) (Fig. 4L). Consistently, the third-wave genes included TFs 355 

important for hematopoietic lineage differentiation including Runx1, Gata2, Hhex, Sox13, and Ebf1 (Fig. 
4M). The third-wave genes also included the endothelial marker genes Tie2 and VE-Cadherin. In 

addition, the third-wave genes included ETS TFs operating in endothelial and/or hematopoietic sub-

lineages downstream of ETV2, such as Erg, Elk3, Fev, and Ets1 (Fig. 4M). Therefore, de novo ETV2 

binding in the F population preferentially marked genes important for the hematopoietic or endothelial 360 

sub-lineages derived from the hematoendothelial population (Fig. 4N). 
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DISCUSSION 
ETV2 is a master transcription factor (TF) for the hematoendothelial lineage development (Koyano-

Nakagawa and Garry, 2017; Lammerts van Bueren and Black, 2012; Zhao et al., 2017). Overexpression 365 

of ETV2 alone is sufficient to transdifferentiate non-endothelial cells into functional endothelial cells 

(Bersini et al., 2020; Cakir et al., 2019; Lee et al., 2017; Morita et al., 2015; Wang et al., 2020; Zhao et 

al., 2018). ETV2 is not known to function in cell lineages other than the hematoendothelial lineage 

(Koyano-Nakagawa and Garry, 2017; Lammerts van Bueren and Black, 2012; Zhao et al., 2017). In this 

regard, our observation that ETV2 is strongly induced and binds to hematoendothelial genes in the 370 

multipotent PDGFRα+ FLK1+ mesoderm progenitor prior to the hematoendothelial fate commitment is 

striking. We find that ETV2-dependent gene expression of a large number of ETV2-bound genes occurs 

upon hematoendothelial fate commitment, not in the common hematoendothelial/cardiac PDGFRα+ 

FLK1+ progenitor population, despite ETV2 binding. We propose that ETV2 thereby primes the ETV2-

target hematoendothelial genes in the multipotent cardiovascular progenitor prior to hematoendothelial 375 

lineage commitment (Fig. 4N). 

 

VEGF is dispensable for mESC-derived cardiomyocyte differentiation 
Our time course resolved the sequential order of production of mesodermal progenitors from PDGFRα– 

FLK1– to PDGFRα+ FLK1– (P) to PDGFRα+ FLK1+ (PF) to PDGFRα– FLK1+ (F). We found that the 380 

transition from the PF multipotent cardiovascular progenitor to the F hematoendothelial population 

requires exogenous VEGF, consistent with the requirement of VEGF or the VEGF receptor FLK1 for 

hematoendothelial commitment (Kennedy et al., 1997; Shalaby et al., 1995, 1997; Yamashita et al., 

2000). However, we find that production of PF from the P early mesoderm population does not require 

VEGF, consistent with the previous observation that mESCs deficient for Vegfa encoding VEGF-A, are 385 

able to differentiate into FLK1-positive cells (Zhao and Choi, 2017). These observations indicate that 

generation of the PF multipotent cardiovascular progenitor is not VEGF dependent. This PF population 

defines the cardiac progenitor and is derived as efficiently with and without VEGF. Furthermore, we found 

that the PF population possesses the same cardiomyogenic potential whether derived with or without 

VEGF. Thus, VEGF is not required for cardiomyocyte differentiation from mouse embryonic stem cells 390 

(mESCs), although VEGF has been used almost universally in mESC-derived cardiomyocyte 

differentiation protocols (Kattman et al., 2006, 2011; Kokkinopoulos et al., 2016; Mummery et al., 2012). 

We observed that the PF population rapidly transitions to the F population in the presence of VEGF and 

loses the cardiomyogenic potential within 24 hours. We therefore suggest that generation of cardiac 

progenitors for in-vitro analysis should be performed without VEGF. 395 
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Three classes of ETV2-bound genes 
We identified three classes of ETV2-bound genes distinguished by the timing of ETV2 binding and 

transcriptional activation, referred to as the first-wave, second-wave, and third-wave genes (Fig. 4N). 

The first-wave genes were bound by ETV2 in PF and upregulated in the PF population relative to the P 400 

population. The first-wave ETV2-bound genes included genes activated in response to VEGF in PF. The 

VEGF-responsive first-wave genes were composed of 7 genes including Etv2 itself and Tal1, a known 

direct transcriptional target gene of ETV2 (Kataoka et al., 2011; Liu et al., 2015; Wareing et al., 2012). 

Tal1 expression immediately follows Etv2 expression during mESC differentiation (Zhao and Choi, 2017) 

and requires Etv2 in vivo (see accompanying paper by Sinha et al.), supporting the conclusion that ETV2 405 

directly upregulates Tal1 in PF. ETV2 and TAL1 are situated at the top of the hematoendothelial 

transcriptional hierarchy and negatively regulate the cardiomyogenic fate (Liu et al., 2012; Org et al., 

2015; Van Handel et al., 2012). Nonetheless, our data found that the first-wave gene expression does 

not reduce the alternative cardiomyogenic fate potential of the PF population. Thus, the first-wave genes 

apparently prime, but do not establish commitment of, the hematoendothelial fate in the PF population.  410 

Second-wave genes were bound by ETV2 in PF but activated in the subsequent F 

hematoendothelial population. These genes represent “poised” loci with ETV2 binding preceding 

transcriptional activation. These genes include TFs implicated in early vasculogenesis such as Fli1, Sox7, 

and Sox18 (Li et al., 2015; Yao et al., 2019), characterizing the function of hemato-endothelium. Because 

the level of ETV2 expression plateaus in PF and is similar in PF versus F, hematoendothelial fate 415 

commitment in F may be regulated by mechanisms that convert poised ETV2 binding to productive 

transcription at the second-wave genes. A previous study reported that the ETS family transcription factor 

ETS1 is acetylated by VEGF signaling, and acetylated ETS1 promotes RNA Polymerase II pause release 

through interaction with a pause release factor BRD4 (Chen et al., 2017). Whether similar post-

translational modifications participate in ETV2 target regulation will be an important arena for future 420 

investigation. 

Third-wave genes were bound by ETV2 in F and activated in F, demonstrating delayed ETV2 

binding compared to the first- and second-wave genes. The third-wave genes include TFs implicated in 

lineage decisions downstream of the committed hemato-endothelium, such as hematopoietic TF genes 

Ebf1, Runx1, and Gata2, endothelial TF genes Erg and Ets1, and other endothelial genes including VE-425 

cadherin and Tie2. Therefore, ETV2-dependent specification of the hematopoietic and endothelial sub-

lineages within the hematoendothelial progenitor must be regulated by ETV2 binding to the third-wave 

gene enhancers following commitment of the hematoendothelial lineage. The mechanism underlying 

distinct selectivity of ETV2 binding at second- and third-wave loci is not currently understood. However, 

ETV2 might promote a hematopoietic gene regulatory network indirectly, for example through Tal1 430 

activation, as suggested by the accompanying paper by Sinha et al., and consistent with the previous 

report that Tal1 can rescue the hematopoietic defects resulting from Etv2 deficiency (Wareing et al., 
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2012). Collectively, our data present a model for how ETV2 might control specific stages of 

hematoendothelial development including in order hematoendothelial fate priming, commitment, and sub-

lineage specification.  435 

 

Hematoendothelial fate priming by ETV2 
Our data presents both similarities and differences with the previously described features of cell lineage 

priming. A well-described molecular form of lineage priming is “multilineage transcriptional priming”, in 

which lineage-specific genes are co-expressed at low levels in individual multipotent progenitors (Hu et 440 

al., 1997; Laslo et al., 2006; Miyamoto et al., 2002). Our observation that first-wave hematoendothelial 

genes, including Etv2 and Tal1, are expressed in the PF population together with cardiomyogenic TFs is 

consistent with this form of transcriptional priming. However, unlike the general description of 

transcriptional priming, Etv2 was among the highest transcribed TF genes in the PF population. 

Nevertheless, the PF population with strong Etv2 expression retains cardiomyogenic potential. Thus, low 445 

expression levels do not seem to be a requisite for transcriptional priming. Furthermore, even at high 

levels of Etv2 expression, transcriptional priming did not inhibit the development of alternate fates. 

Another molecular form of lineage priming is “enhancer priming”, in which lineage-specific enhancers are 

bound by lineage-specific TFs or associated with histone H3 lysine 4 mono- or dimethylation or increased 

chromatin accessibility in multipotent progenitors prior to transcriptional activation of associated genes 450 

(Goode et al., 2016; Gualdi et al., 1996; Kontaraki et al., 2000; Lupien et al., 2008; Rada-Iglesias et al., 

2011). Our observation that the second-wave genes gain accessibility at gene-distal ETV2-binding sites 

in the PF population prior to transcriptional activation in the F population is consistent with the form of 

enhancer priming by ETV2. A well-described mechanism for enhancer priming involves pioneer TFs, a 

group of TFs capable of binding to nucleosomal DNA and exposing regulatory elements by nucleosome 455 

eviction or sliding (Iwafuchi-Doi and Zaret, 2016). These pioneer TFs are suggested to act as a 

placeholder for other structurally-related TFs to access the exposed regulatory elements (Spitz and 

Furlong, 2012). Considering the fact that a series of ETS family transcription factors were expressed in 

the F population downstream of ETV2, one hypothesis is that ETV2 acts as a pioneer TF to make 

enhancers accessible and placehold them in the PF population for other ETS family TFs. In support of 460 

this hypothesis, some ETV2-binding sites have been reported to be occupied by the ETS family TF FLI1 

following ETV2 binding (Liu et al., 2015). 

 

Fate intermediate isolation to study fate transition dynamics 
The present study examines fate intermediates originating from a single time point of mESC 465 

differentiation, thereby allowing us to investigate the molecular dynamics during a fate transition with a 

high temporal resolution. This approach contrasts with the conventional approach to study cell 

differentiation that compares samples from different differentiation time points and does not capture 
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molecular dynamics during fate transitions (Paige et al., 2012; Stergachis et al., 2013). Our approach 

also presents advantages over single-cell approaches of investigating fate transitions. While single-cell 470 

transcriptome and chromatin accessibility profiling have detected gradual transitions of transcriptome and 

chromatin profiles during cell fate transitions (Bendall et al., 2014; Buenrostro et al., 2018; Ma et al., 

2020; Trapnell et al., 2014), these transition dynamics can only be mapped along inferred developmental 

time scales. Single-cell approaches do not allow direct evaluation of the fate potentials of the cells under 

investigation. Our approach enables unambiguous determination of temporal relationships between the 475 

sorted fate intermediates and evaluation of the fate potential of intermediates. A limitation of our approach 

is that our data represent averages of transcriptional states, chromatin states, or fate potentials of cells 

within the fate intermediates. A future investigation combining fate intermediate isolation with single-cell 

approaches will likely address the potential heterogeneity of cells within fate intermediates. Regardless 

of this limitation, our approach defined dynamics of transcription, chromatin accessibility, and ETV2 480 

binding during hematoendothelial fate transition, unveiled pervasive enhancer priming by ETV2 in 

multipotent cardiovascular progenitors prior to hematoendothelial fate commitment, and resolved the 

ETV2-dependent waves of transcription that drive successive stages of hematoendothelial development.  

 

 485 
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METHODS 
Mouse embryonic stem cells 525 

We used the ZX1 mouse embryonic stem cell (ESC) line (Iacovino et al., 2011) for transcriptome and 

chromatin analyses. We used the Bry-GFP mESC line (Fehling et al., 2003) for characterization of mESC 

differentiation. These two mESC lines were indistinguishable in their pluripotent states and differentiation 

potentials.  

mESCs were maintained in a serum-free and feeder-free culture system (Gadue et al., 2006; 530 

Kattman et al., 2011; Ying et al., 2003, 2008). For ESC maintenance, Neurobasal medium (ThermoFisher 

Scientific Cat. 21103049) and DMEM/F12 (ThermoFisher Scientific Cat. 10565018) (1:1) were 

supplemented with 0.5x N-2 supplement (ThermoFisher Scientific Cat. 17502048,), 0.5x B27 supplement 

(ThermoFisher Scientific Cat. 17504044), 1x penicillin-streptomycin (ThermoFisher Scientific Cat. 

15140148), 2mM Glutamine (ThermoFisher Scientific Cat. A2916801), 150μM mono-thioglycerol 535 

(MilliporeSigma, Cat. M6145), 0.05% BSA (MilliporeSigma, Cat. A9576), 1000 unit Mouse LIF 

(MilliporeSigma Cat. ESG1106), 1 μM PD0325901 (Procell Cat. 04-0006-10), 3 μM CHIR99021 (Procell 

Cat. 04-0004-10). PD0325901 and CHIR99021 were removed 2 days before the initiation of 

differentiation. 

 540 

Mesoderm induction 
To initiate differentiation, ESCs were dissociated with TrypLE express (ThermoFisher Scientific) and 

cultured in a 3:1 mixture of IMDM (ThermoFisher Scientific Cat. 12440053) and Ham’s F12 

(ThermoFisher Scientific Cat. 11765054) medium supplemented with 0.5x N-2 supplement, 0.5x B27 

supplement, 1x penicillin-streptomycin, 2mM Glutamine, 0.5 mM ascorbic acid (MilliporeSigma Cat. 545 

A4544), 450 μM mono-thioglycerol, 0.05% BSA at the density of 0.1 million cells per mL in a 10-cm petri 

dish (Becton Dickenson) for inducing embryoid bodies (Gadue et al., 2006; Kattman et al., 2011). After 

48 hours, the embryoid bodies (EBs) were dissociated with TrypLE express. For mesoderm induction, 

the dissociated EBs were re-aggregated in the ABV regimen, defined as the StemPro-34 SFM medium 

(ThermoFisher Scientific Cat. 10639011) supplemented with 2mM Glutamine, 0.5 mM ascorbic acid, 450 550 

μM mono-thioglycerol, 200 μg/ml human transferrin (MilliporeSigma Cat. T8158), 6 ng/ml human bFGF 

(R&D systems Cat. 233FB), 1 ng/ml human BMP4 (R&D systems Cat. 314BP), 8 ng/ml human Activin A 

(R&D systems Cat. 338AC), 5 ng/ml mouse VEGF (R&D systems Cat. 494MV). For mesoderm induction 

in the AB regimen, the culture medium without 5 ng/mL VEGF was used. Flk1 inhibitor, 1.2 μM ZD6474 

(SelleckChem Cat. S1046) was treated from day 2 to day 3.75.  555 

 

Hematopoietic and cardiac lineage induction 
For hematopoietic lineage and cardiac lineage induction, mesodermal cells were sorted (see Flow 

cytometry section) and cultured in the StemPro-34 SF medium supplemented with 2 mM Glutamax-I 
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(ThermoFisher Scientific Cat. 35050-061), 1 mM ascorbic acid, and 30 ng/ml bFGF (Kattman et al., 2006, 560 

2011) for indicated duration at the density of 0.2 million cells per ml in the individual wells of a 48-well flat 

bottom plate (Becton Dickenson) coated with gelatin (MilliporeSigma). 

 
Flow cytometry 
For cell sorting based on PDGFRα and Flk1 expression levels, embryoid bodies under mesoderm 565 

induction in the ABV or AB regimen were harvested and dissociated at the indicated time and incubated 

with the PE-conjugated anti-PDGFRα antibody (ThermoFisher Scientific Cat. 12-1401-81) and the 

PE/Cy7-conjugated anti-Flk1 antibody (Biolegend Cat. 359911) for 1 hour on ice. Cells were sorted by 

the PDGFRα and Flk1 staining levels into the StemPro34 medium using the FACSAria II sorting 

instrument (BD Bioscience). 570 

For cardiac troponin (cTnT) staining, Day 8 cells were harvested and fixed with cytofix/cytoperm 

fixation/permeabilization solution (BD Bioscience, Cat. 554714) following manufacturer's instruction. 

Cells were incubated with BV421-labeled anti-cTnT antibody (BD Bioscience Cat. 565618) for 1.5 hr and 

analyzed by LSRFortessa cell analyzer (BD Bioscience). Flowjo software was used to visualize flow 

cytometry data. 575 

 

Immunofluorescence  
For immunohistochemistry, the Day 8 cells were fixed with 4% formaldehyde (ThermoFisher Scientific) 

for 24 hr and washed with PBS. Cells were permeabilized in PBS containing 0.25% Triton X-100 for 10 

min. The anti-cTnT antibody (Thermo Fisher Scientific, Cat. MS-295) and anti-myosin heavy chain class 580 

II (Abcam Cat. ab55152) antibodies were used. 

 

Blood colony-forming assay  
Cells were plated at 2 days after cell sorting (Day 6 post differentiation) into a methylcellulose-based 

medium containing hematopoietic cytokines (MethoCult M3434, StemCell Technologies, Cat. 03434) at 585 

6000 cells/ml. Hematopoietic colonies were counted by manufacturer's instructions at 10 days post-

plating (Day 16 of differentiation). 

 

Quantitative RT-PCR 
Quantitative real-time RT-PCR was performed using an ABI Prism 7500 Fast SDS (Applied Biosystems). 590 

Total RNA was extracted using NucleoSpin RNAII kit (Takara, Cat#740955.50). qRT-PCR was performed 

on 96-well optical reaction plates with one-step SYBR Green PCR master mix (Bio-Rad Laboratories, 

Cat#1725150). 
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RNA-seq 595 

Library preparation was performed by the University of Chicago Genomics Facility using the Illumina 

TruSeq RNA Sample prep kit v2 (Part #RS-122-2001). Library fragments were approximately 275bps in 

length and were quantitated using the Agilent Bio-analyzer 2100 and pooled in equimolar amounts. 

Single-ended, 51bp sequencing was performed on the Illumina HiSeq2500 in Rapid Run Mode by the 

University of Chicago Facility. 600 

 

RNA-seq data preprocessing 
Transcripts were aligned to the indexed reference for mm10 with default settings using TopHat2 v2.1.1 

(Kim et al., 2013; Trapnell et al., 2009). Reads were filtered using bamtools using the following settings: 

-isDuplicate false -mapQuality “>10” (Barnett et al., 2011). Transcript reads (TPMs) were counted post-605 

alignment using StringTie (Pertea et al., 2015, 2016). TPMs are listed in Table S1. Raw and processed 

RNA-seq data are available at GEO with an accession number GSE136692. 

 

Differentially expressed genes 
Differential expression testing was performed using edgeR v3.16.5 (McCarthy et al., 2012; Robinson and 610 

Smyth, 2007, 2008; Robinson et al., 2010; Zhou et al., 2014) and limma v3.30.13 (Ritchie et al., 2015) 

packages in R v3.3.2. Low level genes were removed within each condition using median log2-

transformed counts per gene per million mapped reads (cpm) of 1 and a union generated from those 

lists. Differential expression testing was performed using a general linear model (GLM) framework. For 

comparing FAB and FAB+V, a covariate for replicate was included to correct for batch effect. Genes with 615 

absolute log2 fold change greater than 0.5 and false discovery rate (FDR) smaller than 5% were defined 

as differentially expressed genes. The human transcription factor annotation reported in Lambert et al 

(Lambert et al., 2018) was downloaded from http://humantfs.ccbr.utoronto.ca/download.php and 

incorporated into the mouse gene list based on the gene symbols. Differentially expressed genes are 

listed in Table S1. 620 

 

ATAC-seq 
ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing) was performed as 

previously described (Buenrostro et al., 2015). Libraries were amplified and normalized with the Illumina 

Nextera DNA Library prep kit (FC-121–1031) according to the manufacturer's protocols. Libraries were 625 

quantitated using the Agilent Bioanalyzer, pooled in equimolar amounts, and sequenced with 50-bp 

single-end reads on the Illumina HiSeq following the manufacturer's protocols through the Genomics 

Core Facility at the University of Chicago. 
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ATAC-seq data preprocessing 630 

Sequencing reads were aligned to the mm10 genome using Bowtie2 v2.3.0 (Langmead and Salzberg, 

2012) and SAMtools v0.1.19 (Li, 2011; Li et al., 2009). Peak calling was performed using MACS2 callpeak 

(Feng et al., 2012; Zhang et al., 2008) using the settings --nomodel --shift -100 --extsize 200 -q 0.1 after 

pooling biological replicates. A fold-enrichment track was generated using MACS2 using the bdgcmp 

function (-m FE) for visualization on the genome browser. Following removal of ENCODE blacklist sites 635 

(Amemiya et al., 2019; ENCODE Project Consortium, 2012), a union set of sites was generated by 

identifying summits that overlapped within 200bp and arbitrarily selecting the summit of highest positional 

value. Summits were then extended by 200bp in both directions to create the set of union sites. The union 

set of sites utilizes biological groups not explicitly described in this manuscript, but are relevant and 

publically accessible through GEO. Fold-enrichment scores were assigned to each site using the 640 

multiBigwigSummary function from deepTools (Ramírez et al., 2016).  

 

Differentially accessible sites 
For differentially accessible site analysis, we first extracted ATAC sites that were identified in either of 

the two datasets under comparison or boh. The fold-enrichment scores for this set of ATAC sites were 645 

processed using a general linear model in edgeR v3.16.5 (McCarthy et al., 2012; Robinson and Smyth, 

2007, 2008; Robinson et al., 2010; Zhou et al., 2014) and limma v3.30.13 (Ritchie et al., 2015) packages 

in R v3.3.2 to identify differentially accessible sites. Differentially accessible sites with the P-value less 

than 10–3 and absolute log2 fold change greater than 1 were selected for downstream analyses. The list 

of differentially accessible sites are listed in Table S2 (PF vs. P), Table S4 (PF derived in ABV vs. PF 650 

derived in AB), and Table S5 (F vs. PF). 

  

ETV2-binding sites 
We used the previously published ETV2 ChIP-seq data performed in a FLK-positive cell population 

derived from mESC differentiation (Liu et al., 2015), available at GEO under the accession ID GSE59402. 655 

This dataset used a mESC cell line that carries a V5-epitope tagged ETV2 transgene under the 

doxycycline-inducible promoter (Liu et al., 2015). In the experiment, the V5-epitope tagged ETV2 was 

expressed from Day 2 to Day 3.5 of differentiation by doxycycline, and ETV-associated chromatin was 

immunoprecipitated using an anti-ETV2 antibody or an anti-V5 tag antibody (Liu et al., 2015). We aligned 

sequencing reads to the mm10 mouse reference genome using Bowtie2 (Langmead and Salzberg, 2012) 660 

with the default “--sensitive” parameter. Reads with MAPQ scores greater than 20 were used in 

downstream analyses. Reads from biological replicates of ChIP and the corresponding input were 

processed by MACS2 (v2.1.0) (Zhang et al., 2008). Aligned reads from three ChIP-seq replicates (one 

replicate from anti-ETV2 ChIP and two replicates from anti-V5 ChIP; Short Read Archive IDs  

SRR1514692, SRR1514695, SRR1514696) and aligned reads from two control ChIP experiments (one 665 
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replicate from non-ETV2 induced cells and one replicate from IgG control; Short Read Archive IDs 

SRR1514691 and SRR1514694) were used in MACS2 program (Feng et al., 2012; Zhang et al., 2008) 

to identify statistically overrepresented peak regions and peak summits and to produce fold-enrichment 

scores. The parameters used in MACS2 were [callpeak -g hg --nomodel --extsize 200 --call-summits]. 

Identified ETV2-enriched regions with the p-value < 10–10 and the fold enrichment score greater than 4 670 

that did not overlap ENCODE mm10 blacklisted regions 

(https://www.encodeproject.org/annotations/ENCSR636HFF/) or the mitochondrial genome were 

selected. This yielded 3,868 ETV2-binding sites (Table S3). An ATAC site was considered possessing 

ETV2-binding sites when the 400-bp region centered around the ATAC site summit overlapped the 

summit of at least one ETV2-binding site. 675 

 
Gene ontology analysis 
Gene ontology (GO) analyses were performed using Metascape (Tripathi et al., 2015). Gene Symbols of 

the genes of interest were used to examine overrepresentation of Biological Process and Molecular 

Function GO terms with default parameters (minimum gene count 3, P <0.01, enrichment over 680 

background >1.5). P-values were derived from cumulative hypergeometric statistical tests and computed 

in Metascape (Zhou et al., 2019). Reported GO terms in the figures are the “Summary” GO terms of all 

associated GO terms, and the number of genes represent the union of genes affiliated with the associated 

GO terms.  

 685 

DNA motif analysis 
We used FIMO in the MEME suite (v5.0.5) (Grant et al., 2011) to scan for the presence of TF motifs in 

each ATAC site (+/–100 bp from ATAC summit). We used the Mus Musculus CIS-BP TF motif database 

(v2.0.0) (Weirauch et al., 2014), which contains Position Weight Matrix and TF family annotation for each 

TF. For each ATAC site and for each TF, we determined whether at least one motif is present or not. We 690 

then performed, for each TF motif, Fisher’s exact test with a contingency table with counts for ATAC sites 

with motif presence or not and differentially accessible or not. This resulted in, for each motif for each 

ATAC group, a P-value, odds ratio, and motif-containing fraction of ATAC sites. To find overrepresented 

motifs, we selected motifs with odds ratio greater than 1 and the 95% confidence interval of the odds 

ratio not overlapping 1.  We then selected a TF motif with the highest score defined by log2(odds ratio) x 695 

fraction for each motif family. The TF name, TF family name, fraction, and the P-value are plotted in 

figures.  

 

Association between ATAC sites and genes 
One ATAC site was linked to one gene when the ATAC site summit resided in the gene body or 100 kb 700 

upstream of the transcription start site (TSS) of that gene. ATAC sites that did not fulfill this condition 
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were not linked to genes. We used the following algorithm to select a single gene when multiple genes 

could be linked: a) ATAC sites located in the gene body of one gene and within 100 kb upstream of 

another gene were assigned to the gene whose gene body contains the ATAC sites; b) ATAC sites 

located in the gene body of two different genes were assigned to the gene whose TSS was closer to the 705 

ATAC sites; and c) ATAC sites located within 100 kb upstream of two different genes were assigned to 

the gene whose TSS was closer to the ATAC sites.  

 

Single-cell RNA-seq analysis 
Single-cell RNA-seq data was downloaded from GEO (GSE130146) (Zhao and Choi, 2019) and imported 710 

into R using Seurat package version 4.0.0. In preprocessing, genes expressed in at least three cells were 

kept, and cells with less than 5% mitochondria read and greater than 2000 unique genes were kept. This 

preprocessing resulted in 16,249 unique genes and 2,202 cells. Genes with read counts greater than 0 

were considered expressed in a cell, and genes with read counts equal to 0 were considered not 

expressed in a cell. To obtain expression levels, read counts were first normalized within each cell by 715 

dividing by the total counts of each cell, then multiplied by 10000, and then natural-log transformed, 

following the "LogNormalization'' method in the Seurat package. The single-cell P population was defined 

as Pdgfra-expressed, Kdr-not-expressed cells; the single-cell PF population was defined as Pdgfra-

expressed, Kdr-expressed cells; and the single-cell F population was defined as Kdr-expressed, Pdgfra-

not-expressed cells. To compute statistical significance of Etv2-expressed cell count differences between 720 

P and PF, Fisher's exact test examined the association between Kdr-expressed cells and Etv2-expressed 

cells within Pdgfra-expressed cells. For the comparison between PF and F, Fisher's exact test examined 

the association between Pdgfra-expressed cells and Etv2-expressed cells within Kdr-expressed cells. 

Wilcox rank-sum test examined the statistical significance of Etv2 expression level differences between 

P and PF and between PF and F, using normalized read counts. 725 

 

Reference genome 
We used mouse reference genome mm10 for all data analyses. 

 

Data availability 730 

RNA-seq and ATAC-seq data are available at GEO with an accession number GSE136692. 

 
  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449981doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449981


 

24 

REFERENCES 

Amemiya, H.M., Kundaje, A., and Boyle, A.P. (2019). The ENCODE Blacklist: Identification of 735 
Problematic Regions of the Genome. Sci. Rep. 9, 9354. 

Barnett, D.W., Garrison, E.K., Quinlan, A.R., Strömberg, M.P., and Marth, G.T. (2011). BamTools: a 
C++ API and toolkit for analyzing and managing BAM files. Bioinformatics 27, 1691–1692. 

Bendall, S.C., Davis, K.L., Amir, E.-A.D., Tadmor, M.D., Simonds, E.F., Chen, T.J., Shenfeld, D.K., 
Nolan, G.P., and Pe’er, D. (2014). Single-cell trajectory detection uncovers progression and regulatory 740 
coordination in human B cell development. Cell 157, 714–725. 

Bersini, S., Schulte, R., Huang, L., Tsai, H., and Hetzer, M.W. (2020). Direct reprogramming of human 
smooth muscle and vascular endothelial cells reveals defects associated with aging and Hutchinson-
Gilford progeria syndrome. Elife 9. 

Buenrostro, J.D., Wu, B., Chang, H.Y., and Greenleaf, W.J. (2015). ATAC-seq: a method for assaying 745 
chromatin accessibility genome-wide. Curr. Protoc. Mol. Biol. 109, 21–29. 

Buenrostro, J.D., Corces, M.R., Lareau, C.A., Wu, B., Schep, A.N., Aryee, M.J., Majeti, R., Chang, 
H.Y., and Greenleaf, W.J. (2018). Integrated Single-Cell Analysis Maps the Continuous Regulatory 
Landscape of Human Hematopoietic Differentiation. Cell 173, 1535–1548.e16. 

Cakir, B., Xiang, Y., Tanaka, Y., Kural, M.H., Parent, M., Kang, Y.-J., Chapeton, K., Patterson, B., 750 
Yuan, Y., He, C.-S., et al. (2019). Engineering of human brain organoids with a functional vascular-like 
system. Nat. Methods 16, 1169–1175. 

Chen, J., Fu, Y., Day, D.S., Sun, Y., Wang, S., Liang, X., Gu, F., Zhang, F., Stevens, S.M., Zhou, P., et 
al. (2017). VEGF amplifies transcription through ETS1 acetylation to enable angiogenesis. Nat. 
Commun. 8, 383. 755 

Chen, Y., Amende, I., Hampton, T.G., Yang, Y., Ke, Q., Min, J.-Y., Xiao, Y.-F., and Morgan, J.P. 
(2006). Vascular endothelial growth factor promotes cardiomyocyte differentiation of embryonic stem 
cells. Am. J. Physiol. Heart Circ. Physiol. 291, H1653–H1658. 

Choi, K., Kennedy, M., Kazarov, A., Papadimitriou, J.C., and Keller, G. (1998). A common precursor for 
hematopoietic and endothelial cells. Development 125, 725–732. 760 

De Haro, L., and Janknecht, R. (2002). Functional analysis of the transcription factor ER71 and its 
activation of the matrix metalloproteinase-1 promoter. Nucleic Acids Res. 30, 2972–2979. 

De Val, S., and Black, B.L. (2009). Transcriptional control of endothelial cell development. Dev. Cell 16, 
180–195. 

Ding, G., Tanaka, Y., Hayashi, M., Nishikawa, S.-I., and Kataoka, H. (2013). PDGF receptor alpha+ 765 
mesoderm contributes to endothelial and hematopoietic cells in mice. Dev. Dyn. 242, 254–268. 

Ema, M., Faloon, P., Zhang, W.J., Hirashima, M., Reid, T., Stanford, W.L., Orkin, S., Choi, K., and 
Rossant, J. (2003). Combinatorial effects of Flk1 and Tal1 on vascular and hematopoietic development 
in the mouse. Genes Dev. 17, 380–393. 

Ema, M., Takahashi, S., and Rossant, J. (2006). Deletion of the selection cassette, but not cis-acting 770 
elements, in targeted Flk1-lacZ allele reveals Flk1 expression in multipotent mesodermal progenitors. 
Blood 107, 111–117. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449981doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449981


 

25 

ENCODE Project Consortium (2012). An integrated encyclopedia of DNA elements in the human 
genome. Nature 489, 57–74. 

Fehling, H.J., Lacaud, G., Kubo, A., Kennedy, M., Robertson, S., Keller, G., and Kouskoff, V. (2003). 775 
Tracking mesoderm induction and its specification to the hemangioblast during embryonic stem cell 
differentiation. Development 130, 4217–4227. 

Feng, J., Liu, T., Qin, B., Zhang, Y., and Liu, X.S. (2012). Identifying ChIP-seq enrichment using MACS. 
Nat. Protoc. 7, 1728–1740. 

Gadue, P., Huber, T.L., Paddison, P.J., and Keller, G.M. (2006). Wnt and TGF-β signaling are required 780 
for the induction of an in vitro model of primitive streak formation using embryonic stem cells. Proc. 
Natl. Acad. Sci. U. S. A. 103, 16806–16811. 

Garry, D.J. (2016). Etv2 IS A MASTER REGULATOR OF HEMATOENDOTHELIAL LINEAGES. Trans. 
Am. Clin. Climatol. Assoc. 127, 212–223. 

Gomez, G.A., Veldman, M.B., Zhao, Y., Burgess, S., and Lin, S. (2009). Discovery and characterization 785 
of novel vascular and hematopoietic genes downstream of etsrp in zebrafish. PLoS One 4, e4994. 

Goode, D.K., Obier, N., Vijayabaskar, M.S., Lie-A-Ling, M., Lilly, A.J., Hannah, R., Lichtinger, M., Batta, 
K., Florkowska, M., Patel, R., et al. (2016). Dynamic Gene Regulatory Networks Drive Hematopoietic 
Specification and Differentiation. Dev. Cell 36, 572–587. 

Grant, C.E., Bailey, T.L., and Noble, W.S. (2011). FIMO: scanning for occurrences of a given motif. 790 
Bioinformatics 27, 1017–1018. 

Gualdi, R., Bossard, P., Zheng, M., Hamada, Y., Coleman, J.R., and Zaret, K.S. (1996). Hepatic 
specification of the gut endoderm in vitro: cell signaling and transcriptional control. Genes Dev. 10, 
1670–1682. 

Hennequin, L.F., Stokes, E.S.E., Thomas, A.P., Johnstone, C., Plé, P.A., Ogilvie, D.J., Dukes, M., 795 
Wedge, S.R., Kendrew, J., and Curwen, J.O. (2002). Novel 4-anilinoquinazolines with C-7 basic side 
chains: design and structure activity relationship of a series of potent, orally active, VEGF receptor 
tyrosine kinase inhibitors. J. Med. Chem. 45, 1300–1312. 

Hock, H., and Shimamura, A. (2017). ETV6 in hematopoiesis and leukemia predisposition. Semin. 
Hematol. 54, 98–104. 800 

Hu, M., Krause, D., Greaves, M., Sharkis, S., Dexter, M., Heyworth, C., and Enver, T. (1997). 
Multilineage gene expression precedes commitment in the hemopoietic system. Genes Dev. 11, 774–
785. 

Iacovino, M., Bosnakovski, D., Fey, H., Rux, D., Bajwa, G., Mahen, E., Mitanoska, A., Xu, Z., and Kyba, 
M. (2011). Inducible cassette exchange: a rapid and efficient system enabling conditional gene 805 
expression in embryonic stem and primary cells. Stem Cells 29, 1580–1588. 

Iwafuchi-Doi, M., and Zaret, K.S. (2016). Cell fate control by pioneer transcription factors. Development 
143, 1833–1837. 

Jang, I.H., Lu, Y.-F., Zhao, L., Wenzel, P.L., Kume, T., Datta, S.M., Arora, N., Guiu, J., Lagha, M., Kim, 
P.G., et al. (2015). Notch1 acts via Foxc2 to promote definitive hematopoiesis via effects on hemogenic 810 
endothelium. Blood 125, 1418–1426. 

Kataoka, H., Takakura, N., Nishikawa, S., Tsuchida, K., Kodama, H., Kunisada, T., Risau, W., Kita, T., 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449981doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449981


 

26 

and Nishikawa, S.-I. (1997). Expressions of PDGF receptor alpha, c-Kit and Flk1 genes clustering in 
mouse chromosome 5 define distinct subsets of nascent mesodermal cells. Development, Growth and 
Differentiation 39, 729–740. 815 

Kataoka, H., Hayashi, M., Nakagawa, R., Tanaka, Y., Izumi, N., Nishikawa, S., Jakt, M.L., Tarui, H., 
and Nishikawa, S.-I. (2011). Etv2/ER71 induces vascular mesoderm from Flk1+PDGFRα+ primitive 
mesoderm. Blood 118, 6975–6986. 

Kattman, S.J., Huber, T.L., and Keller, G.M. (2006). Multipotent flk-1+ cardiovascular progenitor cells 
give rise to the cardiomyocyte, endothelial, and vascular smooth muscle lineages. Dev. Cell 11, 723–820 
732. 

Kattman, S.J., Witty, A.D., Gagliardi, M., Dubois, N.C., Niapour, M., Hotta, A., Ellis, J., and Keller, G. 
(2011). Stage-specific optimization of activin/nodal and BMP signaling promotes cardiac differentiation 
of mouse and human pluripotent stem cell lines. Cell Stem Cell 8, 228–240. 

Kennedy, M., Firpo, M., Choi, K., Wall, C., Robertson, S., Kabrun, N., and Keller, G. (1997). A common 825 
precursor for primitive erythropoiesis and definitive haematopoiesis. Nature 386, 488–493. 

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S.L. (2013). TopHat2: accurate 
alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. 14, 
R36. 

Kokkinopoulos, I., Ishida, H., Saba, R., Coppen, S., Suzuki, K., and Yashiro, K. (2016). Cardiomyocyte 830 
differentiation from mouse embryonic stem cells using a simple and defined protocol. Dev. Dyn. 245, 
157–165. 

Kontaraki, J., Chen, H.H., Riggs, A., and Bonifer, C. (2000). Chromatin fine structure profiles for a 
developmentally regulated gene: reorganization of the lysozyme locus before trans-activator binding 
and gene expression. Genes Dev. 14, 2106–2122. 835 

Koyano-Nakagawa, N., and Garry, D.J. (2017). Etv2 as an essential regulator of mesodermal lineage 
development. Cardiovasc. Res. 113, 1294–1306. 

Koyano-Nakagawa, N., Kweon, J., Iacovino, M., Shi, X., Rasmussen, T.L., Borges, L., Zirbes, K.M., Li, 
T., Perlingeiro, R.C.R., Kyba, M., et al. (2012). Etv2 is expressed in the yolk sac hematopoietic and 
endothelial progenitors and regulates Lmo2 gene expression. Stem Cells 30, 1611–1623. 840 

Koyano-Nakagawa, N., Shi, X., Rasmussen, T.L., Das, S., Walter, C.A., and Garry, D.J. (2015). 
Feedback Mechanisms Regulate Ets Variant 2 (Etv2) Gene Expression and Hematoendothelial 
Lineages. J. Biol. Chem. 290, 28107–28119. 

Lambert, S.A., Jolma, A., Campitelli, L.F., Das, P.K., Yin, Y., Albu, M., Chen, X., Taipale, J., Hughes, 
T.R., and Weirauch, M.T. (2018). The Human Transcription Factors. Cell 172, 650–665. 845 

Lammerts van Bueren, K., and Black, B.L. (2012). Regulation of endothelial and hematopoietic 
development by the ETS transcription factor Etv2. Curr. Opin. Hematol. 19, 199–205. 

Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 
357–359. 

Laslo, P., Spooner, C.J., Warmflash, A., Lancki, D.W., Lee, H.-J., Sciammas, R., Gantner, B.N., Dinner, 850 
A.R., and Singh, H. (2006). Multilineage transcriptional priming and determination of alternate 
hematopoietic cell fates. Cell 126, 755–766. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449981doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449981


 

27 

Lee, D., Park, C., Lee, H., Lugus, J.J., Kim, S.H., Arentson, E., Chung, Y.S., Gomez, G., Kyba, M., Lin, 
S., et al. (2008). ER71 acts downstream of BMP, Notch, and Wnt signaling in blood and vessel 
progenitor specification. Cell Stem Cell 2, 497–507. 855 

Lee, S., Park, C., Han, J.W., Kim, J.Y., Cho, K., Kim, E.J., Kim, S., Lee, S.-J., Oh, S.Y., Tanaka, Y., et 
al. (2017). Direct Reprogramming of Human Dermal Fibroblasts Into Endothelial Cells Using 
ER71/ETV2. Circ. Res. 120, 848–861. 

Li, H. (2011). A statistical framework for SNP calling, mutation discovery, association mapping and 
population genetical parameter estimation from sequencing data. Bioinformatics 27, 2987–2993. 860 

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis, G., Durbin, 
R., and 1000 Genome Project Data Processing Subgroup (2009). The Sequence Alignment/Map format 
and SAMtools. Bioinformatics 25, 2078–2079. 

Li, Y., Luo, H., Liu, T., Zacksenhaus, E., and Ben-David, Y. (2015). The ets transcription factor Fli-1 in 
development, cancer and disease. Oncogene 34, 2022–2031. 865 

Liu, F., Kang, I., Park, C., Chang, L.-W., Wang, W., Lee, D., Lim, D.-S., Vittet, D., Nerbonne, J.M., and 
Choi, K. (2012). ER71 specifies Flk-1+ hemangiogenic mesoderm by inhibiting cardiac mesoderm and 
Wnt signaling. Blood 119, 3295–3305. 

Liu, F., Li, D., Yu, Y.Y.L., Kang, I., Cha, M.-J., Kim, J.Y., Park, C., Watson, D.K., Wang, T., and Choi, K. 
(2015). Induction of hematopoietic and endothelial cell program orchestrated by ETS transcription 870 
factor ER71/ETV2. EMBO Rep. 16, 654–669. 

Lupien, M., Eeckhoute, J., Meyer, C.A., Wang, Q., Zhang, Y., Li, W., Carroll, J.S., Liu, X.S., and Brown, 
M. (2008). FoxA1 translates epigenetic signatures into enhancer-driven lineage-specific transcription. 
Cell 132, 958–970. 

Ma, S., Zhang, B., LaFave, L.M., Earl, A.S., Chiang, Z., Hu, Y., Ding, J., Brack, A., Kartha, V.K., Tay, 875 
T., et al. (2020). Chromatin Potential Identified by Shared Single-Cell Profiling of RNA and Chromatin. 
Cell 183, 1103–1116.e20. 

Marcelo, K.L., Sills, T.M., Coskun, S., Vasavada, H., Sanglikar, S., Goldie, L.C., and Hirschi, K.K. 
(2013). Hemogenic endothelial cell specification requires c-Kit, Notch signaling, and p27-mediated cell-
cycle control. Dev. Cell 27, 504–515. 880 

McCarthy, D.J., Chen, Y., and Smyth, G.K. (2012). Differential expression analysis of multifactor RNA-
Seq experiments with respect to biological variation. Nucleic Acids Res. 40, 4288–4297. 

Miyamoto, T., Iwasaki, H., Reizis, B., Ye, M., Graf, T., Weissman, I.L., and Akashi, K. (2002). Myeloid 
or lymphoid promiscuity as a critical step in hematopoietic lineage commitment. Dev. Cell 3, 137–147. 

Morita, R., Suzuki, M., Kasahara, H., Shimizu, N., Shichita, T., Sekiya, T., Kimura, A., Sasaki, K.-I., 885 
Yasukawa, H., and Yoshimura, A. (2015). ETS transcription factor ETV2 directly converts human 
fibroblasts into functional endothelial cells. Proc. Natl. Acad. Sci. U. S. A. 112, 160–165. 

Motoike, T., Markham, D.W., Rossant, J., and Sato, T.N. (2003). Evidence for novel fate of Flk1+ 
progenitor: contribution to muscle lineage. Genesis 35, 153–159. 

Mummery, C.L., Zhang, J., Ng, E.S., Elliott, D.A., Elefanty, A.G., and Kamp, T.J. (2012). Differentiation 890 
of human embryonic stem cells and induced pluripotent stem cells to cardiomyocytes: a methods 
overview. Circ. Res. 111, 344–358. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449981doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449981


 

28 

Neveu, B., Caron, M., Lagacé, K., Richer, C., and Sinnett, D. (2018). Genome wide mapping of ETV6 
binding sites in pre-B leukemic cells. Sci. Rep. 8, 15526. 

Org, T., Duan, D., Ferrari, R., Montel-Hagen, A., Van Handel, B., Kerényi, M.A., Sasidharan, R., Rubbi, 895 
L., Fujiwara, Y., Pellegrini, M., et al. (2015). Scl binds to primed enhancers in mesoderm to regulate 
hematopoietic and cardiac fate divergence. EMBO J. 34, 759–777. 

Paige, S.L., Thomas, S., Stoick-Cooper, C.L., Wang, H., Maves, L., Sandstrom, R., Pabon, L., 
Reinecke, H., Pratt, G., Keller, G., et al. (2012). A temporal chromatin signature in human embryonic 
stem cells identifies regulators of cardiac development. Cell 151, 221–232. 900 

Park, C., Afrikanova, I., Chung, Y.S., Zhang, W.J., Arentson, E., Fong Gh, G.H., Rosendahl, A., and 
Choi, K. (2004). A hierarchical order of factors in the generation of FLK1- and SCL-expressing 
hematopoietic and endothelial progenitors from embryonic stem cells. Development 131, 2749–2762. 

Pertea, M., Pertea, G.M., Antonescu, C.M., Chang, T.-C., Mendell, J.T., and Salzberg, S.L. (2015). 
StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 905 
290–295. 

Pertea, M., Kim, D., Pertea, G.M., Leek, J.T., and Salzberg, S.L. (2016). Transcript-level expression 
analysis of RNA-seq experiments with HISAT, StringTie and Ballgown. Nat. Protoc. 11, 1650–1667. 

Pick, M., Azzola, L., Mossman, A., Stanley, E.G., and Elefanty, A.G. (2007). Differentiation of human 
embryonic stem cells in serum-free medium reveals distinct roles for bone morphogenetic protein 4, 910 
vascular endothelial growth factor, stem cell factor, and fibroblast growth factor 2 in hematopoiesis. 
Stem Cells 25, 2206–2214. 

Rada-Iglesias, A., Bajpai, R., Swigut, T., Brugmann, S.A., Flynn, R.A., and Wysocka, J. (2011). A 
unique chromatin signature uncovers early developmental enhancers in humans. Nature 470, 279–283. 

Ramírez, F., Ryan, D.P., Grüning, B., Bhardwaj, V., Kilpert, F., Richter, A.S., Heyne, S., Dündar, F., 915 
and Manke, T. (2016). deepTools2: a next generation web server for deep-sequencing data analysis. 
Nucleic Acids Res. 44, W160–W165. 

Rasmussen, T.L., Kweon, J., Diekmann, M.A., Belema-Bedada, F., Song, Q., Bowlin, K., Shi, X., 
Ferdous, A., Li, T., Kyba, M., et al. (2011). ER71 directs mesodermal fate decisions during 
embryogenesis. Development 138, 4801–4812. 920 

Rasmussen, T.L., Shi, X., Wallis, A., Kweon, J., Zirbes, K.M., Koyano-Nakagawa, N., and Garry, D.J. 
(2012). VEGF/Flk1 signaling cascade transactivates Etv2 gene expression. PLoS One 7, e50103. 

Rasmussen, T.L., Martin, C.M., Walter, C.A., Shi, X., Perlingeiro, R., Koyano-Nakagawa, N., and Garry, 
D.J. (2013). Etv2 rescues Flk1 mutant embryoid bodies. Genesis 51, 471–480. 

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., and Smyth, G.K. (2015). limma powers 925 
differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 43, 
e47. 

Robinson, M.D., and Smyth, G.K. (2007). Moderated statistical tests for assessing differences in tag 
abundance. Bioinformatics 23, 2881–2887. 

Robinson, M.D., and Smyth, G.K. (2008). Small-sample estimation of negative binomial dispersion, with 930 
applications to SAGE data. Biostatistics 9, 321–332. 

Robinson, M.D., McCarthy, D.J., and Smyth, G.K. (2010). edgeR: a Bioconductor package for 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449981doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449981


 

29 

differential expression analysis of digital gene expression data. Bioinformatics 26, 139–140. 

Ryan, A.J., and Wedge, S.R. (2005). ZD6474--a novel inhibitor of VEGFR and EGFR tyrosine kinase 
activity. Br. J. Cancer 92 Suppl 1, S6–S13. 935 

Schuettpelz, L.G., Gopalan, P.K., Giuste, F.O., Romine, M.P., van Os, R., and Link, D.C. (2012). 
Kruppel-like factor 7 overexpression suppresses hematopoietic stem and progenitor cell function. Blood 
120, 2981–2989. 

Shalaby, F., Rossant, J., Yamaguchi, T.P., Gertsenstein, M., Wu, X.F., Breitman, M.L., and Schuh, A.C. 
(1995). Failure of blood-island formation and vasculogenesis in Flk-1-deficient mice. Nature 376, 62–940 
66. 

Shalaby, F., Ho, J., Stanford, W.L., Fischer, K.D., Schuh, A.C., Schwartz, L., Bernstein, A., and 
Rossant, J. (1997). A requirement for Flk1 in primitive and definitive hematopoiesis and 
vasculogenesis. Cell 89, 981–990. 

Spitz, F., and Furlong, E.E.M. (2012). Transcription factors: from enhancer binding to developmental 945 
control. Nat. Rev. Genet. 13, 613–626. 

Stergachis, A.B., Neph, S., Reynolds, A., Humbert, R., Miller, B., Paige, S.L., Vernot, B., Cheng, J.B., 
Thurman, R.E., Sandstrom, R., et al. (2013). Developmental fate and cellular maturity encoded in 
human regulatory DNA landscapes. Cell 154, 888–903. 

Trapnell, C., Pachter, L., and Salzberg, S.L. (2009). TopHat: discovering splice junctions with RNA-950 
Seq. Bioinformatics 25, 1105–1111. 

Trapnell, C., Cacchiarelli, D., Grimsby, J., Pokharel, P., Li, S., Morse, M., Lennon, N.J., Livak, K.J., 
Mikkelsen, T.S., and Rinn, J.L. (2014). The dynamics and regulators of cell fate decisions are revealed 
by pseudotemporal ordering of single cells. Nat. Biotechnol. 32, 381–386. 

Tripathi, S., Pohl, M.O., Zhou, Y., Rodriguez-Frandsen, A., Wang, G., Stein, D.A., Moulton, H.M., 955 
DeJesus, P., Che, J., Mulder, L.C.F., et al. (2015). Meta- and Orthogonal Integration of Influenza 
“OMICs” Data Defines a Role for UBR4 in Virus Budding. Cell Host Microbe 18, 723–735. 

Van Handel, B., Montel-Hagen, A., Sasidharan, R., Nakano, H., Ferrari, R., Boogerd, C.J., 
Schredelseker, J., Wang, Y., Hunter, S., Org, T., et al. (2012). Scl represses cardiomyogenesis in 
prospective hemogenic endothelium and endocardium. Cell 150, 590–605. 960 

Wang, K., Lin, R.-Z., Hong, X., Ng, A.H., Lee, C.N., Neumeyer, J., Wang, G., Wang, X., Ma, M., Pu, 
W.T., et al. (2020). Robust differentiation of human pluripotent stem cells into endothelial cells via 
temporal modulation of ETV2 with modified mRNA. Sci Adv 6, eaba7606. 

Wareing, S., Mazan, A., Pearson, S., Göttgens, B., Lacaud, G., and Kouskoff, V. (2012). The Flk1-Cre-
mediated deletion of ETV2 defines its narrow temporal requirement during embryonic hematopoietic 965 
development. Stem Cells 30, 1521–1531. 

Weirauch, M.T., Yang, A., Albu, M., Cote, A.G., Montenegro-Montero, A., Drewe, P., Najafabadi, H.S., 
Lambert, S.A., Mann, I., Cook, K., et al. (2014). Determination and inference of eukaryotic transcription 
factor sequence specificity. Cell 158, 1431–1443. 

Yamashita, J., Itoh, H., Hirashima, M., Ogawa, M., Nishikawa, S., Yurugi, T., Naito, M., Nakao, K., and 970 
Nishikawa, S. (2000). Flk1-positive cells derived from embryonic stem cells serve as vascular 
progenitors. Nature 408, 92–96. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449981doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449981


 

30 

Yao, Y., Yao, J., and Boström, K.I. (2019). SOX Transcription Factors in Endothelial Differentiation and 
Endothelial-Mesenchymal Transitions. Front Cardiovasc Med 6, 30. 

Ying, Q.-L., Nichols, J., Chambers, I., and Smith, A. (2003). BMP Induction of Id Proteins Suppresses 975 
Differentiation and Sustains Embryonic Stem Cell Self-Renewal in Collaboration with STAT3. Cell 115, 
281–292. 

Ying, Q.-L., Wray, J., Nichols, J., Batlle-Morera, L., Doble, B., Woodgett, J., Cohen, P., and Smith, A. 
(2008). The ground state of embryonic stem cell self-renewal. Nature 453, 519–523. 

Zhang, Y., Liu, T., Meyer, C.A., Eeckhoute, J., Johnson, D.S., Bernstein, B.E., Nusbaum, C., Myers, 980 
R.M., Brown, M., Li, W., et al. (2008). Model-based analysis of ChIP-Seq (MACS). Genome Biol. 9, 
R137. 

Zhao, H., and Choi, K. (2017). A CRISPR screen identifies genes controlling Etv2 threshold expression 
in murine hemangiogenic fate commitment. Nat. Commun. 8, 541. 

Zhao, H., and Choi, K. (2019). Single cell transcriptome dynamics from pluripotency to FLK1+ 985 
mesoderm. Development 146. 

Zhao, C., Gomez, G.A., Zhao, Y., Yang, Y., Cao, D., Lu, J., Yang, H., and Lin, S. (2018). ETV2 
mediates endothelial transdifferentiation of glioblastoma. Signal Transduct Target Ther 3, 4. 

Zhao, H., Xu, C., Lee, T.-J., Liu, F., and Choi, K. (2017). ETS transcription factor ETV2/ER71/Etsrp in 
hematopoietic and vascular development, injury, and regeneration. Dev. Dyn. 246, 318–327. 990 

Zhou, X., Lindsay, H., and Robinson, M.D. (2014). Robustly detecting differential expression in RNA 
sequencing data using observation weights. Nucleic Acids Res. 42, e91. 

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A.H., Tanaseichuk, O., Benner, C., and 
Chanda, S.K. (2019). Metascape provides a biologist-oriented resource for the analysis of systems-
level datasets. Nat. Commun. 10, 1523. 995 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449981doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449981


 

 

 
 
Figure 1. Hematoendothelial master TF Etv2 is expressed in the PF cardiovascular progenitor 
(A) mESC differentiation in the ABV regimen and isolation of PDGFRα/Flk1 subpopulations. 
(B) Immunofluorescence for cardiac Myosin II and cardiac troponin (cTnT) in the P, PF, F populations at 4 days 
after isolation. 
(C) Blood colony forming assays of the P, PF, F populations at 12 days after isolation. Results for individual 
blood subtypes are shown in Fig. S1. 
(D) Flow cytometry analysis for PDGFRα and Flk1 on cells harvested at the indicated time of differentiation. 
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(E) The temporal relationship between the PDGFRα/Flk1 subpopulations. Purple box indicates the cell 
populations in the ABV regimen. 
(F) MA plot comparing RNA-seq TPMs (transcripts per million) of all genes in PF vs. P populations. 
(G) Top 5 most over-represented GO terms in the upregulated or downregulated genes in PF vs. P. 
(H) RNA-seq TPMs for all 1,026 transcription factor (TF) genes in the P (x-axis) and the PF (y-axis) 
populations. 
(I) Pdgfra and Flk1 (Kdr) mRNA levels (normalized read counts) of 2,202 single cells (Zhao & Choi, 2019). P, 
cells with Pdgfra count > 0 and Flk1 count = 0. PF, cells with Pdgfra count > 0 and Flk1 count > 0. F, cells with 
Pdgfra count = 0 and Flk1 count > 0. 
(J) Fraction of single-cell P, PF, or F cells expressing Etv2 (Etv2 read count > 0). 
(K) Etv2 expression levels of single cells categorized as P, PF, or F. 
(L) Summary of Figure 1. Hematoendothelial master TF Etv2 is strongly upregulated in the multipotent PF 
population.            
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Figure 2. ETV2-binding sites gain chromatin accessibility in the PF population 
(A) MA plot comparing ATAC-seq-derived chromatin accessibility at the 163,723 union ATAC sites in the PF 
population vs. the P population. 
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(B) Transcription factor (TF) motifs over-represented (odds ratio > 1) within gained ATAC sites (left) or lost 
ATAC sites in PF vs. P. TFs are grouped by TF families, and the scores for the most over-represented motif 
within each family are shown (see Methods). 
(C) RNA-seq TPMs for all 24 ETS family TF genes in the P (x-axis) and the PF (y-axis) populations.  
(D) Fraction of PF-vs-P differentially accessible sites intersecting ETV2-binding sites. ETV2-binding sites are 
defined by ChIP-seq in FLK1-positive cells (Liu et al. 2015).  
(E) ATAC-seq and ETV2 ChIP-seq fold enrichment signals at the 470 PF-gained ATAC sites overlapping 
ETV2-binding sites (“ETV2-bound PF-gained sites”). 
(F) ATAC and ETV2 ChIP-seq fold enrichment signal tracks showing representative ETV2-bound PF-gained 
sites. 
(G) Histogram for the distance between the 470 ETV2-bound PF-gained sites and the closest transcription 
start site (TSS). 
(H) Algorithm to link genes to the 470 ETV2-bound PF-gained sites. The 384 genes linked are termed “ETV2-
bound PF-gained genes.” Additional analyses on ETV2-bound PF-gained genes are shown in Fig. S2. 
(I) Top 5 most over-represented GO terms among the 384 ETV2-bound PF gained genes. 
(J) RNA-seq TPMs for the 384 ETV2-bound PF-gained genes in the P (x-axis) and the PF (y-axis) populations. 
(K) Number of upregulated, downregulated, or unchanged genes in PF vs. P among the 384 ETV2-bound PF-
gained genes. The upregulated ETV2-bound PF-gained genes are termed the “first-wave genes.” 
(L) Summary of Figure 2. The first-wave genes are upregulated and bound by ETV2, as evidenced by the 
accessibility gain at ETV2-binding sites, in PF. Other genes are not upregulated in PF despite ETV2 binding in 
PF. 
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Figure 3. VEGF signaling drives ETV2 chromatin binding in the PF population. 
(A) Flow cytometry analysis for PDGFRα and FLK1 on cells harvested at the indicated time of differentiation in 
the ABV (top) or AB (bottom) regimen.  
(B) Flow cytometry analysis for PDGFRα and FLK1 on cells harvested at D3.75 of differentiation in the ABV 
regimen in the presence (right) or absence (left) of the FLK1 inhibitor ZD6474. ZD6474 was treated from day 2 
to day 3.75 of differentiation. 
(C) RT-PCR analysis quantifying RNA levels of Etv2 in the PF population derived with ABV or AB. The RNA 
levels are normalized to Gapdh. 
(D) MA plot comparing ATAC-seq-derived chromatin accessibility at the 148,314 union ATAC sites in the PF 
population derived with ABV vs. the PF population derived with AB. 
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(E) TF motifs over-represented within the 314 gained ATAC sites in PF derived with ABV. TF motifs over-
represented within the lost ATAC sites are shown in Fig. S3. 
(F) ATAC-seq fold enrichment signals at the 470 ETV2-bound PF-gained sites. 
(G) Log2 fold difference of ATAC-seq fold enrichment signals between PF derived with ABV and PF derived 
with AB at the 470 ETV2-bound PF-gained accessibility sites or the 5,377 ETV2-unbound PF-gained 
accessibility sites. 
(H) RNA-seq TPMs for all genes in PF derived with AB (x-axis) and PF derived with ABV (y-axis). 
(I)  Number of upregulated, downregulated, or unchanged genes in PF derived with ABV vs. PF derived with 
AB among the 384 ETV2-bound PF-gained genes. The gene names of the 8 upregulated genes are indicated. 
(J) Relationship between the 43 first-wave genes (ETV2-bound PF-gained genes upregulated in PF relative to 
P) and the 8 VEGF-induced genes (ETV2-bound PF-gained genes upregulated in ABV relative to AV) among 
the 384 ETV2-bound PF-gained genes. 
(K) Flow cytometry analysis of the PF cells derived with ABV or AB, stained with the anti-cTnT antibody. 
(L) Summary of Figure 3. In the PF population, VEGF signaling induces ETV2 chromatin binding, and only a 
small fraction of ETV2-bound genes are induced in response to VEGF reception. 
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Figure 4. ETV2-bound genes are activated in the F hematoendothelial population. 
(A) Summary of RNA-seq comparison between PF and F. MA plot is shown in Fig. S4. 
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(B) RNA-seq TPMs for the 384 ETV2-bound PF-gained genes in the PF (x-axis) and the F (y-axis) populations. 
(C) Number of upregulated, downregulated, or unchanged genes in F vs. PF among the 384 ETV2-bound PF-
gained genes. The upregulated ETV2-bound PF-gained genes are termed the “second-wave genes.” 
(D) Top 10 most over-represented GO terms in the 123 second-wave genes. 
(E) Relationship between first-wave genes, second-wave genes, and VEGF-induced genes in PF. 
(F) Summary of ATAC-seq comparison between PF and F. 
(G) Transcription factor (TF) motifs over-represented (odds ratio > 1) within gained ATAC sites in F vs. PF.  
(H) Fraction of F-vs-PF differentially accessible sites intersecting ETV2-binding sites.  
(I) Relationship between ETV2-bound ATAC sites gained in F and ETV2-bound ATAC sites gained in PF. 
(J) RNA-seq TPMs for the 1,090 ETV2-bound F-gained genes in the PF (x-axis) and the F (y-axis) populations.  
(K) Number of upregulated, downregulated, or unchanged genes in F vs. PF among the 1,090 ETV2-bound F-
gained genes. The upregulated ETV2-bound F-gained genes are termed the “third-wave genes.” 
(L) Top 10 most over-represented GO terms in the 244 third-wave genes. 
(M) TF-encoding second-wave and third-wave genes. Genes are classified by their known roles in endothelial 
and/or hematopoietic development and function. 
(N) Summary of the paper. ETV2-bound genes can be classified into the first-wave, second-wave, and third-
wave genes, distinguished by the timings of ETV2 binding and transcriptional activation.  
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Figure S1. Characterization of PDGFRα/FKL1 subpopulations (related to Figure 1) 
(A) Blood colony forming assays for individual blood subtypes. BFU-E, erythroid burst-forming unit. CFU-M, 
megakaryocyte forming unit. CFU-GEMM, granulocyte, erythrocyte, monocyte, megakaryocyte-forming unit. 
CFU-G, granulocyte-forming unit. CFU-GM, granulocyte, monocyte-forming unit. 
(B) PDGFRα/FKL1 subpopulation composition during differentiation. FACS plots are shown in main Figure 1D. 
(C) Restimulation of isolated PDGFRα/FKL1 subpopulations in the ABV regimen for 24 hours.     
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Figure S2. ETV2-bound PF-accessibility gained genes (related to Figure 2) 
(A) ETV2-bound PF-ATAC gained genes are grouped by the number of linked ETV2-bound PF-ATAC gained 
sites. 
(B) Number ETV2-bound PF-gained genes linked to ETV2-bound PF-gained sites at promoter regions (+/–2 kb 
of TSS) or distal regions (outside +/–2 kb of TSS). 
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Figure S3. DNA motifs overrepresented in the lost accessibility sites in PF derived with ABV vs. PF 
derived with AB (related to Figure 3). 
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Figure S4. Transcriptional and chromatin accessibility comparison between F and PF (related to Figure 
4) 
(A) MA plot comparing RNA-seq TPMs (transcripts per million) of all genes in F vs. PF populations. 
(B) Top 10 most over-represented GO terms in the upregulated genes in F vs. PF. 
(C) Same as (B), but GO terms for the downregulated genes are shown. 
(D) MA plot comparing ATAC-seq-derived chromatin accessibility at the 160,393 union ATAC sites in the F 
population vs. the PF population. 
(E) Transcription factor (TF) motifs over-represented (odds ratio > 1) within lost ATAC sites in F vs. PF.  
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