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Mechanisms underlying distinct specification, commitment, and differentiation phases of cell fate
determination remain undefined due to difficulties capturing these processes. Here, we interrogate
the activity of ETV2, a transcription factor necessary and sufficient for hematoendothelial
differentiation, within isolated fate intermediates. We observe transcriptional upregulation of
Etv2and opening of ETV2-binding sites, indicating new ETV2 binding, in a common cardiac-
hematoendothelial progenitor population. Accessible ETV2-binding sites are active at the £1v2
locus but not at other hematoendothelial regulator genes. Hematoendothelial commitment
coincides with the activation of a small repertoire of previously accessible ETV2-binding sites

at hematoendothelial regulators. Hematoendothelial differentiation accompanies activation of a
large repertoire of new ETV2-binding sites and upregulation of hematopoietic and endothelial
gene regulatory networks. This work distinguishes specification, commitment, and sublineage
differentiation phases of ETV2-dependent transcription and suggests that the shift from ETV2
binding to ETV2-bound enhancer activation, not ETV2 binding to target enhancers, drives
hematoendothelial fate commitment.

In brief

Mechanisms driving the specification, commitment, and differentiation phases of fate
determination remain elusive. Steimle et al. investigate the activity of the hematoendothelial
master transcription factor ETV2 and identify that the shift from ETV2 binding to ETV2-
bound enhancer activation, not ETV2 binding to target enhancers, drives hematoendothelial fate
commitment.
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INTRODUCTION

Successive cell fate decisions underpin the development of multicellular organisms.1—3
Transcription factors (TFs) play a central role in fate decisions by binding c/s-
regulatory elements and directing fate-specific transcriptional and chromatin states.4-5
The transcriptional mechanisms that drive cell fate transitions are an area of active
investigation.” Individual cells undergoing fate transition often display a mixture of
progenitor and destination transcriptional and chromatin states.”-19-12 One example is a
phenomenon described as lineage priming, in which progenitor cells exhibit a subset of
transcriptional and chromatin states characteristic of destination cells.13-16 However, the
mechanisms that drive transcriptional and chromatin state changes during fate transition
processes remain unresolved, in part due to difficulties isolating and interrogating specific
intermediates during cell fate decisions.

An early common mesoderm progenitor generates both the cardiac lineage for heart
development and the hematoendothelial lineage for hematopoiesis and vasculogenesis.1’-28
Vascular endothelial growth factor (VEGF) reception by FLK1 (VEGFR2, Kdr) induces
hematoendothelial fate specification by transcriptionally activating £#v2,2%-31 an Ets-
family, lineage-determining TF for the vertebrate hematoendothelial lineage.2%:32-41 Frv2
expression in FLK1* mesoderm specifies the hematoendothelial lineage at the expense of
the cardiac lineage cell autonomously.#2:43
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In this study, we investigate dynamics of transcription, chromatin accessibility, and enhancer
activity in specification, commitment, and differentiation phases of hematoendothelial
development by examining fate intermediates originating from single time points of

mouse embryonic stem cell (MESC) differentiation. This allows the distinct transcriptional
mechanisms distinguishing specification, commitment, and sublineage differentiation phases
of hematoendothelial gene expression to be delivered.

Sequential derivation of PDGFRa - and FLK1-expressing mesoderm populations

During vertebrate development, PDGFRa* FLK1* (PF) cells are defined as multipotent
cardiovascular progenitors with cardiac and hematoendothelial potential.2425 Previous
work delineated the fates derived from PDGFRa* and/or FLK1* populations from mESC
differentiation using a serum-free medium containing activin A, BMP4, and VEGF (ABV)
(Figure 1A).24:25 \We observed that 100% of the PDGFRa* populations were mesoderm,
only the PFpopulation generated cardiomyocytes, and only the PDGFRa~ FLK1* (F)
population formed blood colonies (Figures LA-1D and S1A-S1D).2425 These observations
confirmed that the PFpopulation defined a cardiomyogenic progenitor and the ~population
a hematoendothelial progenitor and that the PDGFRa*™ FLK1~ (P) population lacked both
potentials.24.25.29

We performed a time course study to define the emergence of PDGFRa/FLK1
subpopulations. Cells were initially PDGFRa~ FLK1™ (P-F) at day 2.5. The P population
emerged at day 3, followed by PFat day 3.125, and finally Fat day 3.5 (Figures

1E and S1E). Differentiation of isolated PDGFRa/FLK1 subpopulations confirmed this
order of differentiation (Figure S1F). Thus, the P population was an early multipotent
mesodermal progenitor that gave rise to PF, a common cardiomyogenic/hematoendothelial
progenitor, which could differentiate into cardiomyocytes upon isolation from ABV or into
the hematoendothelial ~population if retained in ABV (Figure 1F).

We confirmed previous observations that VEGF signaling is required for hematoendothelial
commitment, driving the transition from PFto F (Figures 1G and 1H).21-23.29 However,
mESC differentiation with or without VEGF generated the PF population or P~derived
cardiomyocytes with comparable efficiency (Figures 1G-11). Thus, VEGF was dispensable
for generating the common cardiac/hematoendothelial 2~ population but was required for
the hematoendothelial commitment in the P~to-F transition.

Two distinct waves of hematoendothelial gene activation

The resolution of PDGFRa/FLK1 fate potentials allowed us to investigate mechanisms
driving the sequential phases of cardiomyogenic/hematoendothelial fate commitment. We
first investigated gene expression differences between the P, PF, and Fpopulations at day
4 of differentiation using RNA sequencing (RNA-seq) (Figures 1J, 1K, S1G, and S1H;
Table S1). We identified a union set of 3,050 genes that were differentially expressed either
between Pand PF, between PFand F, or both and clustered them based on their expression
dynamics (Figures S11 and S1J; Table S1). This process identified six distinct patterns of
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expression and revealed two waves of gene expression affiliated with hematoendothelial
development (Figure 1L). The “first-wave” cluster contained genes upregulated during

the P-to-PFtransition and remained high in ~(193 genes) (Figure 1M). This cluster

was overrepresented for Gene Ontology (GO) terms related to hematoendothelial and
cardiomyogenic fates (Figure 1N; Table S2) and TFs implicated in hematopoietic and
cardiac development such as 76x3, Hand2, and Gata6.***° Interestingly, £1v2, the lineage-
determining TF for the hematoendothelial fate, was included in this first-wave cluster
(Figure 1M), despite the PF population not yet being committed to the hematoendothelial
fate.

The “second-wave” cluster contained genes whose expression was low in Pand PF, and
upregulated during the P~to-Ftransition, accompanying hematoendothelial commitment
and differentiation (1,081 genes) (Figure 1L). This cluster was overrepresented by
hematoendothelial GO terms (Figure 1N) and included regulators of hematoendothelial,
hematopoietic, and endothelial differentiation (Figures 1M, S1K, and S1L). Overall, the
dynamic changes in transcription were associated with phenotypic cell fates and a pattern of
differentiation mirroring development /in vivo, lending credence to the sequential emergence
of fate intermediates inferred from their temporal emergence /n vitro (Figure 10).

VEGF induces Etv2 in the PF population without large-scale hematoendothelial gene

expression

The unexpected observation that £#v2is upregulated in AFled us to further interrogate
EtvZexpression dynamics (Figure 1M). EtvZ2was 26-fold upregulated in PFrelative to P
and then only 2-fold upregulated in Frelative to PF (Figure 2A). E£fv2was among the

most upregulated TF genes during the P-to-PF transition and among the highest expressed
TFs in PF(98th percentile; Figure S2A). Etv2was the only ETS-family TF upregulated

in PFand affiliated with the first-wave gene cluster (Figures 2B and S2B). Using the
published single-cell transcriptome for mESCs undergoing spontaneous differentiation, 6 we
confirmed that £fv2-expressing individual cells increased from 35% among Pto 71% among
PFand plateaued at 74% among F (Figures 2C and S2C) and that £tv2 mRNA abundance

in individual cells increased from Pto PFand then plateaued in F (Figure S2D). We further
confirmed ETV2 protein reporter expression in 72% of the PF cells, increased from 33% of
Pand 8% of ~-F cells (Figure 2D). Together, these observations established that £fv2was
a first-wave hematoendothelial gene that was strongly induced in AFand remained highly
expressed in £.

We tested the hypothesis that VEGF drove Efv2transcription in PFby RNA-seq of PF
derived with or without VEGF. Only 61 genes were differentially expressed between

the treatments, including 48 upregulated “VVEGF-induced” genes (Figure 2E; Table S1).

The strongest VEGF-induced gene was E£fv2 (Figure 2E). Only 11 of the 48 VEGF-

induced genes were first-wave genes, and £fv2was the only known early regulator of
hematoendothelial specification (Figure 2F). In contrast, 27 of the 48 VEGF-induced genes
were second-wave genes and were only weakly induced by VEGF in PFbut strongly
upregulated in £, including several well-known regulators of hematoendothelial specification
(e.g., 7al1, Lmo2, and F/tI) (Figure 2F). This analysis indicated that VEGF strongly
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upregulated Efv2without activating other hematoendothelial genes in the PFpopulation
(Figure 2G).

Pervasive gains of chromatin accessibility at ETS TF motif sites in PF and F

We hypothesized that £fv2expression in AFprimed the hematoendothelial gene regulatory
network in PFfor the subsequent activation in £ We sought to distinguish between two
models: that the transition from Efv2expression to ETV2 binding at target genes coincides
with the PFto-Ftransition or that ETV2 binds and poises at the target genes in PF until
the transition to £. To distinguish between these hypotheses, we measured genomewide
chromatin accessibility in P, PF, and Fby assay for transposase-accessible chromatin
(ATAC)-seq (Figures 3A and 3B; Table S3). We identified a union set of 41,383 sites that
were differentially accessible either between Pand PF, between PFand £, or both. These
sites were predominantly distal to gene transcription start sites (96% = 2 kb transcription
start site [TSS]; Figure S3A). We clustered them based on their accessibility dynamics
into 5 clusters (Figures S3B and S3C; Table S3). The enriched TF motifs within each
cluster were consistent with the developmental gene expression patterns of the TFs observed
in analogous gene expression clusters (Figures 3C and 3D). Specifically, we identified
first- and second-wave alterations in chromatin accessibility that mirrored the sequential
waves of hematoendothelial gene expression. First-wave ATAC sites (3,223) opened in the
P-to-PFtransition and remained open in £, whereas second-wave ATAC sites (19,534)
were closed in Pand PFand opened in the P~to-Ftransition (Figure 3C). Both the

first- and second-wave ATAC sites were most strongly overrepresented for the ETS motif
(Figure 3D). Overrepresentation of the ETS motif in the first-wave ATAC sites supported
the hypothesis that £¢v2expression resulted in first-wave ETV2 binding in PF, despite

the absence of large-scale hematoendothelial gene activation. Second-wave ETS motif
enrichment suggested that first- and second-wave ETV2-binding events may distinguish
different stages of hematoendothelial development.

VEGF dependence and TF footprinting support differential ETV2 binding in PF and F

We hypothesized that the observed gains of chromatin accessibility at ETS motif sites in PF
indicated ETV?2 binding induced by VEGF, as VEGF induced £fv2expression in PF (Figure
2E). To test this hypothesis, we profiled the chromatin accessibility by ATAC-seq in PF
derived with (PF) or without VEGF (PFYEGF). Only 318 sites showed higher and 388 sites
showed lower accessibility in PFrelative to PF-VEGE respectively (Figure S3D; Table S3).
The 318 sites with higher accessibility, but not the 388 sites with lower accessibility, were
overrepresented for the ETS-family motif (Figures S3E and S3F), supporting the hypothesis
that VEGF-driven Efv2expression resulted in ETV2 binding in PF.

We next investigated whether ETS motif sites in first- and second-wave ATAC sites
exhibited TF footprinting.4”48 At the ETV2 motif sites within the first-wave ATAC sites,
footprints were undetectable in 2 but emerged in PFand remained present in ~(Figure 3E).
Therefore, at the first-wave ATAC sites, an ETS TF likely bound the ETV2 motif in PF
and remained bound in . At the second-wave ATAC sites, footprints were absent in both
Pand PF, but strongly emerged in F, suggesting de novo TF binding at ETV2 motifs in

F. Because ETV?2 is the only VEGF-dependent ETS TF that was transcriptionally induced
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in PF (Figures 2B and 2F), we infer that the footprinting analysis reflects specific ETV2
binding. These observations indicated two waves of ETV2 binding events: the first wave
starting in PF, and the second wave starting in ~.

We utilized the distinction between first- and second-wave ATAC clusters to refine available
ETV2 chromatin immunoprecipitation (ChlIP)-seq datasets generated in mESC-derived
ETV2-overexpressing FLK1* cells, which would include both PFand Fpopulations
(Table S4).41 Of the 3,307 ETV2-binding sites identified in the FLK1* population, 218
ETV2-binding sites overlapped the first-wave ATAC sites (“first-wave ETV2-binding
sites™), whereas 1,879 ETV2-binding sites overlapped the second-wave ATAC sites
(“second-wave ETV2-binding sites”) (Table S3; Figures 3F-3H). ETV2-binding sites were
underrepresented in other types of dynamic ATAC sites (Figure S3G). These results
suggested that ETV2 binds a select set of first-wave ETV2-binding sites in AF, prior to

the hematoendothelial commitment, followed by a large set of second-wave ETV2 binding
in £, upon hematoendothelial fate commitment (Figure 3lI).

Three patterns of accessibility and activation dynamics at ETV2-binding sites

We hypothesized that ETV2 binding primed first-wave ETV2-binding sites in PFthat
became active only upon transition to the ~population. We performed ChIP-seq for histone
H3 lysine 27 acetylation (H3K27ac), a modification associated with active regulatory
elements, in PFand PFYEGF from day 4 of differentiation and in ~from day 5 of
differentiation (Table S4, Figures S4A and S4B). Only 15 of the 218 first-wave ETV2-
binding sites (7%), representing “early-active” first-wave ETV2-binding sites (Figures 4A
and 4B), were marked with H3K27ac in PF (Figure 4A). This included one ETV2-binding
site located at the £fv2locus itself (Figure 4C). VEGF promoted H3K27ac of these sites

in PF, as all 15 sites showed higher H3K27ac levels in PFcompared with PF-YEGF (Figure
S4C). H3K27ac-marked first-wave ETV2-binding sites increased to 63% in (137 sites;
Figures 4A-4C). We termed the 123 first-wave ETV2-binding sites that gained H3K27ac
in Fbut not in PF*“delayed-active” ETV2-binding sites. These results identified a highly
selective set of early-active first-wave ETV2-binding sites that were accessible and marked
with H3K27ac in PFand a large number of delayed-active ETV2-binding sites that were
active in PFbut acquired H3K27ac later in ~(Figure 4B). This result supported the
hypothesis that most first-wave ETV2-binding sites were poised and accessible in PFbut
only became active upon the transition to £.

The 1,644 second-wave ETV2-binding sites were almost all devoid of H3K27ac signals in
PF(99%) (Figure 4A). However, in £, the H3K27ac-marked fraction increased to 37% (689
sites; Figures 4A-4C). This identified a large subset of second-wave ETV2-binding sites
activated selectively in £ in synchrony with accessibility gains. We termed the 660 second-
wave ETV2-binding sites that gained H3K27ac only in F*“late-active” ETV2-binding sites
(Figure 4B). Together, H3K27ac dynamics identified early-active first-wave ETV2-binding
sites that became open and active in PF, delayed-active first-wave sites that became open in
PFbut active in £, and late-active second-wave ETV2-binding sites that became open and
active in F(Figure 4B).
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Activation dynamics of ETV2-binding sites correlates with the hematoendothelial gene
regulatory hierarchy

We hypothesized that the sequential ETV2 binding and activation of ETV2-binding sites
might underlie the regulatory hierarchy governing hematoendothelial fate differentiation. To
test this hypothesis, we linked the distinct dynamics of accessible ETV2-binding sites and
gained H3K27ac with sequential waves of gene expression, specifically linking early-active
ETV2-binding sites to first-wave genes and delayed-active and late-active ETV2-binding
sites to second-wave genes (Figure S4D). Only 3 first-wave genes, including ££v2, linked to
early-active ETV2-binding sites (Figure 4D).

The 38 second-wave genes linked to delayed-active ETV2-binding sites included early
upstream regulators of the hematoendothelial gene regulatory network, including 7a/Z and
Sox7 (Figure 4D).18:3349.50 The delayed-active ETV2-binding sites at second-wave genes
suggested selective priming of important early regulators of hematoendothelial development
in PF. Other well-characterized E£fv2targets were absent from this cohort.

The 155 second-wave genes linked to late-active ETV2-binding sites included many TFs

for endothelial development such as F/iZ, GataZ, and Sox18 (Figure 4D). Furthermore,

these genes were enriched for GO terms related to endothelial development, but not
hematopoietic development (Figures 4E and S4E), suggesting that late-active ETV2 binding
selectively activated the endothelial branch of the hematoendothelial gene regulatory
network, as suggested previously.3351 Delayed-active and late-active ETV2-binding sites
were also found at some first-wave genes (Figure S4F) and might contribute to the
secondary upregulation or maintenance of first-wave gene expression in £~ These data
suggested that late-active ETV2-binding sites were associated with the upregulation of
genes downstream of commitment but essential for sublineage-specific differentiation within
the hematoendothelial lineage. Overall, this analysis identified three different stages of
hematoendothelial development promoted by ETV2, specification in AF, commitment during
PFto- Ftransition, and differentiation in A distinguished by the sequential regulation of
ETV2 binding and ETV2-bound enhancer activation (Figure 4F).

DISCUSSION

ETV2 has been identified as a master regulator TF for the hematoendothelial lineage
development.40:52:53 Our observations that £2is strongly expressed and that ETV2-
binding sites gain accessibility in the multipotent PFmesoderm progenitor prior to
hematoendothelial fate commitment were unexpected. A recent study reported a pioneering
activity of ETV2 capable of binding to nucleosomal DNA for chromatin opening.>* We
propose that ETV2 opens and primes the ETV2-target hematoendothelial gene enhancers in
the multipotent PF progenitor prior to hematoendothelial lineage commitment (Figure 4F).

How ETV?2 activates different classes of genes for hematoendothelial development has

been an outstanding question. Our data suggest that a combination of the timing of

ETV2 binding and the timing of ETV2-bound enhancer activation enables sequential ETV2-
dependent gene activation. ££v2 itself becomes activated early upon ETV2 binding. This
observation is consistent with the previously described feedforward activation of £fv2,5°
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through an early-active ETV2-binding site, which may contribute to strong Efv2expression
in the PFpopulation. Subsequent early activation of other essential early activators of
hematoendothelial commitment, such as 7a/Z and Sox7, requires a transition from bound to
bound and activated enhancers. Finally, a late wave of ETV2 binding occurs at several TFs
essential for endothelial development, such as F/i1, GataZ, and Sox18. This work provides
a mechanistic model for how a single lineage-determining TF can differentially regulate
distinct phases of specification, commitment, and sublineage differentiation during cell fate
differentiation.

Limitations of the study

By investigating fate intermediates originating from a single time point of mESC
differentiation, this study captures molecular dynamics during fate transitions. This approach
contrasts with the conventional approach that compares samples from different time
points.*%6 A limitation of our approach is that our data represent averages of transcriptional
states, chromatin states, or fate potentials of cells within isolated populations. Single-cell
approaches can resolve transcriptional and chromatin states of individual cells but can only
map these states along inferred developmental time scales and do not allow for direct
evaluation of the fate potentials of the cells under investigation.1%:57-59 Qur approach
enables unambiguous determination of temporal relationships between isolated populations
and evaluation of their fate potential. Combining fate intermediate isolation with single-cell
approaches may address the potential heterogeneity of cells within intermediate states.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Kohta Ikegami
(kohta.ikegami@cchmc.org).

Materials availability—Cell lines used in this study will be available upon request with a
completed Materials Transfer Agreement.

Data and code availability

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

. This paper does not report original code.

. All data reported in this paper will be shared by the lead contact upon request.

Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse embryonic stem cells—We used the ZX1 mouse embryonic stem cell (ESC)
line8® for transcriptome and chromatin analyses. We used the Bry-GFP mESC line®6 for
characterization of mESC differentiation. These two mESC lines were indistinguishable
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in their pluripotent states and differentiation potentials. We used the mESC line mESC
with a C-terminal TdTomato insertion at the £#v2locus and a heterozygous GFP knockin
at the Brachyury locus for the analysis of ETVV2 and BRACHYURY protein expression.
mESCs were maintained in a serum-free and feeder-free culture system.2587-89 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),
150puM mono-thioglycerol (MilliporeSigma, Cat. M6145), 0.05% BSA (MilliporeSigma,
Cat. A9576), 1000 unit Mouse LIF (MilliporeSigma Cat. ESG1106), 1 uM PD0325901
(Procell Cat. 04—-0006-10), 3 uM CHIR99021 (Procell Cat. 04-0004-10). PD0325901 and
CHIR99021 were removed 2 days before the initiation of differentiation.

METHOD DETAILS

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. A4544), 450 uM 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.?4:25 After 48 h, 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 pM mono-thioglycerol, 200 pg/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. FLKZ1 inhibitor, 1.2 yM
ZD6474 (SelleckChem Cat. S1046) was treated from day 2 to day 3.75.

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
(ThermoFisher Scientific Cat. 35050-061), 1 mM ascorbic acid, and 30 ng/mL bFGF24:25
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 PDGFRa and FLK1 expression levels,
embryoid bodies under mesoderm induction in the ABV or AB regimen were harvested

and dissociated at the indicated time and incubated with the PE-conjugated anti-PDGFRa
antibody (ThermoFisher Scientific Cat. 12-1401-81) and the PE/Cy7-conjugated anti-FLK1
antibody (Biolegend Cat. 359911) for 1 h on ice. Cells were sorted by the PDGFRa and
FLK1 staining levels into the StemPro34 medium using the FACSAria Il sorting instrument
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(BD Bioscience). 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 instructions. Cells were incubated with BV421-labeled anti-cTnT
antibody (BD Bioscience Cat. 565618) for 1.5 h and analyzed by LSRFortessa cell analyzer
(BD Bioscience). Flowjo software was used to visualize flow cytometry data.

Immunofluorescence—For immunohistochemistry, the Day 8 cells were fixed with

4% formaldehyde (ThermoFisher Scientific) for 24 h 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 Il (Abcam Cat.
ab55152) antibodies were used.

Blood colony-forming assay—Twelve thousand 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).
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). Total RNA was extracted using NucleoSpin
RNAII kit (Takara, Cat#740955.50). gqRT-PCR was performed on 96-well optical reaction
plates with one-step SYBR Green PCR master mix (Bio-Rad Laboratories, Cat#1725150).

RNA-seq—L.ibrary 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.

RNA-seq data preprocessing—Transcripts were aligned to the indexed reference for
mm10 with default settings using TopHat2 v2.1.1.80.61 Reads were filtered using bamtools
using the following settings: -isDuplicate false -mapQuality “>10".%9 Transcript reads
(TPMs) were counted post-alignment using StringTie.62:91 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%3-67 and limma v3.30.13%8 packages in R v3.3.2. Low level genes were
removed within each condition using median log,-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 PF
and PFVEGFE q covariate for replicate was included to correct for batch effect. Genes with
absolute log, fold change greater than 0.5 and false discovery rate (FDR) smaller than 5%
were defined as differentially expressed genes. The human TF annotation®? 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.
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Clustering of genes using RNA-seq data—First, the union of differentially expressed
genes in the AP-vs-PFand PFvs-F comparisons was selected. Second, for each of the union
differentially expressed genes, mean TPMs (mTPM) across replicates were computed. Third,
for each gene, the Zscore of Logyg(1+mTPM) was computed across conditions (7, PF, and
F). Forth, the Zscore matrix was processed using the kmeans function in R with k = 6 and
set.seed(109). Finally, the Zscore matrix was processed in the fviz_nbclust function in the
factoextra package in R to compute the total within sum of square for k = 1 to k10, which
supported that the choice of k = 6 was reasonable based on the total within-sum of square
approaching the minimum.

ATAC-seq—ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing)
was performed as previously described.% Libraries were amplified and normalized with the
[llumina Nextera DNA Library prep kit (FC-121-1031) according to the manufacturer’s
protocols. Libraries were 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.

ATAC-seq data preprocessing—Sequencing reads were aligned to the mm10 genome
using Bowtie2 v2.3.0%9 and SAMtools v0.1.19.70.71 Peak calling was performed using
MACS2 callpeak’273 using the settings —nomodel —shift 100 —extsize 200 - 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,94:95 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 publicly accessible through GEO. Fold-enrichment scores were assigned to
each site using the multiBigwigSummary function from deepTools.”

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
both. The fold-enrichment scores for this set of ATAC sites were processed using a general
linear model in edgeR v3.16.5%3-67 and limma v3.30.13%8 packages in R v3.3.2 to identify
differentially accessible sites. Differentially accessible sites with the p-value less than 1073
and absolute log, fold change greater than 1 were selected for downstream analyses. The list
of differentially accessible sites are listed in Table S3.

Clustering of accessible sites using ATAC-seq data—First, the union of
differentially accessible sites in the A-vs-PFand PFvs-Fcomparisons was selected. Second,
for each of the union differentially accessible sites, the Zscore of ATAC fold-enrichment
score across conditions (P, PF, and F) was computed. Third, the Zscore matrix was
processed using the kmeans function in R with k = 5 and set.seed(109). Finally, the 2

score matrix was processed in the fviz_nbclust function in the factoextra package in R to
compute the total within sum of square for k = 1 to k10, which supported that the choice of k
=5 was reasonable based on the total within-sum of square approaching the minimum.
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H3K27ac ChlP-seq—Cells sorted at Day 4 or Day 5 of differentiation and frozen with
liquid nitrogen were crosslinked in 0.5% formaldehyde for 5 min at room temperature,

and then the reaction was quenched with 125 mM glycine. Cross-linked cells were rinsed
with PBST (PBS with 0.1% Tween 20) and then resuspended in LB3-Triton (1 mM EDTA,
0.5 mM EGTA, 10 mM Tris-HCI pH 8, 100 mM NaCl, 0.1% Na-Deoxycholate, 0.5% N-
lauroyl sarcosine, 1% Triton) supplemented with a protease inhibitor cocktail (Calbiochem
539131). Chromatin was extracted by sonication using Bioruptor (Diagenode). Cell extract
was cleared by centrifugation and an aliquot was saved for input DNA sequencing.

Cell extract from 0.5 million cells was incubated with mouse monoclonal anti-H3K27ac
antibody (Wako MABI0309, Lot 14007; 2 uL per IP) in A 200 uL reaction for 12 h or
longer at 4°C. Immunocomplex was captured by Protein G-conjugated magnetic dynabeads
(ThermoFisher) and washed. Immunoprecipitated DNA was reverse-crosslinked and used to
construct high-throughput sequencing libraries using NEBNext Ultra Il DNA Library Prep
Kit (New England Biolabs). DNA libraries were processed on an Illumina HiSeq machine
for paired-end sequencing.

H3K27ac ChlP-seq data processing and analysis—Paired-end ChlP-seq reads were
aligned to the mouse reference genome mm210 using Bowtie2 with the “—no-mixed —no-
discordant -X 1000” parameter set,%9 and then aligned reads with MAPQ >20 were retained.
H3K27ac-enriched peaks were identified using MACS’2 with two biological replicates of
ChIP and one biological replicate of the input data, with the default narrow-peak option. An
ATAC site was considered overlapping with a H3K27ac region, if the ATAC site (400 bp

in size) overlaps the H3K27ac peak region by at least 1 bp, as determined by the /ntersect
function of BedTools.’® For data visualization, input-normalized per-base fold-enrichment
scores were computed using MACS2 with two biological replicates of ChIP and one
biological replicate of the input data. We then computed the sum of the signal coverage of
the fold-enrichment data within 50-bp windows across the genome, and the 50-bp window
data were quantile-normalized across all experimental conditions (Day4 PFVEGE Day4 PF,
and Day 5 F) using normalize.-quantiles function in the preprocessCore package (v1.36.0) in
software R.76 The list of H3K27ac enriched regions are listed in Table S4.

ETV2-binding sites—We used the previously published ETV2 ChlP-seq data performed
in an FLK-positive cell population derived from mESC differentiation,*! available at GEO
under the accession ID GSE59402. This dataset used a mESC cell line that carries a
V5-epitope tagged ETV?2 transgene under the doxycycline-inducible promoter.4! In the
experiment, the VV5-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-ETV?2 antibody or an anti-V5 tag antibody.#! We aligned sequencing reads

to the mm10 mouse reference genome using Bowtie259 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).7273 Aligned reads from three ChIP-seq replicates (one replicate from anti-
ETV2 ChIP and two replicates from anti-VV5 ChlP; Short Read Archive IDs SRR1514692,
SRR1514695, SRR1514696) and aligned reads from two control ChIP experiments (one
replicate from non-ETV2 induced cells and one replicate from IgG control; Short Read
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Archive IDs SRR1514691 and SRR1514694) were used in MACS2 program’273 to identify
statistically overrepresented peak regions and peak summits and to produce fold-enrichment
scores. The parameters used in MACS?2 were [call-peak -g hg —nomodel —extsize 200
—call-summits]. Identified ETV2-enriched regions with the p value <1079 and the fold
enrichment score greater than 4 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 S4). 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.

TF footprint analysis—We used the TOBIAS package for the TF footprint analysis using
ATAC-seq data.”” First, replicate-combined ATAC-seq read data were processed by TOBIAS
ATACorrectfunction to generate signal tracks corrected for the estimated Tn5 transposase
sequence bias. Second, the bias-corrected data were processed by TOBIAS ScoreBigwig
function to calculate footprint scores across the union of ATAC sites identified in P, PF,

and F. Third, the footprint scores were processed by TOBIAS B/NDetect function to detect
footprints at ETV2 motifs within the first-wave ATAC sites or the second-wave ATAC sites
with the “—motif-pvalue 0.01 —bound-pvalue 0.01” parameter set. The ETV2 motif sequence
(M09067_2.00_Etv2) was acquired from the CisBP database (Database build Version 2.00)
at http://cisbp.ccbr.utoronto.ca/.%8 Finally, the output files of the B/NDetect function were
processed in TOBIAS PlotAggregate function to generate the aggregate signal plots.

Gene ontology analysis—Gene ontology (GO) analyses were performed using
Metascape.’879 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 background >1.5). p-values
were derived from cumulative hypergeometric statistical tests and computed in Metascape.’®
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. In the network of GO terms, which was generated as a part of the Metascape analysis,
all reported GO terms are shown.

DNA motif analysis—We used FIMO in the MEME suite (v5.0.5)8 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),% 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 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 logo(odds ratio) x fraction for each motif family. The TF name, TF family name, fraction,
and the p-value are plotted in figures.
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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 upstream of the transcription
start site (TSS) of that gene. ATAC sites that did not fulfill this condition 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 ATAC sites; and ¢) 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)%6 and imported into R using Seurat package version 4.0.0.81-84 |n
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 O were considered
not expressed in a cell. To obtain expression levels, read counts were first normalized
within each cell by 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 PFpopulation was defined as pdgfra -expressed, Kar-expressed cells;
and the single-cell ~population was defined as Kdr-expressed, pagfra-not-expressed cells.
To compute statistical significance of £fv2-expressed cell count differences between P
and PF, Fisher’s exact test examined the association between Kar-expressed cells and
EtvZ-expressed cells within pdgfra-expressed cells. For the comparison between PFand

F, Fisher’s exact test examined the association between pagfra-expressed cells and Etv2-
expressed cells within Kdr-expressed cells. Wilcox rank-sum test examined the statistical
significance of Efv2expression level differences between Pand PFand between PFand F,
using normalized read counts.

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

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Accessible ETV2-binding sites emerge in multipotent progenitors prior to
commitment

Almost no ETV2-binding sites are activated until hematoendothelial fate
commitment

Second set of ETV2-binding sites are activated in committed
hematoendothelial cells

ETV2 binding to binding-site activation drives hematoendothelial
commitment
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Figure 1. Two waves of hematoendothelial gene expression
(A) mESC differentiation in the ABV regimen and isolation of PDGFRa (P)/FIk1 (F)

populations. See Figure S1 for additional characterization.

(B) Immunofluorescence for cardiac myosin Il and cardiac troponin (cTnT) in day 4 P, PF,
and Fcells. All images same magnification; scale bar: 100 um.

(C) Fraction of ¢cTnT™ cells in day 8 2 (n = 3) or PF(n = 6) cells by flow cytometry. p,
generalized linear model (GLM) Pvalue accounting for experiment batches. Data, mean +

SD.
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(D) Blood colony-forming units from 12,000 7, PF, or Fcells 10 days after isolation. Data
are represented by boxplot.

(E) P/Fflow cytometry analysis at the indicated time.

(F) Temporal relationship and fate potential of 2/~ populations at day 4.

(G) P/Fflow cytometry at the indicated time with or without VEGF.

(H) Fraction of PFand Fpopulations at day 3.75 with or without VEGF. p, GLM Pvalue
accounting for treatment series batches. n = 4. Data are represented by boxplot.

(1) Flow cytometry plot (left) and quantification (right) for cTnT-stained PF cells at day 8. p,
GLM Pvalue. n = 3. Data are represented by boxplot.

(J) Transcriptome comparison between Pand PFat day 4.

(K) Transcriptome comparison between PFand Fat day 4.

(L) The unions of differentially expressed dynamic genes identified in (J) and (K) are
clustered into 6 groups.

(M) mRNA levels of representative genes in each group from (L).

(N) Top 5 Gene Ontology (GO) terms by Pvalue overrepresented in each group from (L).
(O) Two waves of gene expression toward hematoendothelial fate commitment in ~.
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Figure 2. VEGF induces Etv2 without inducing second-wave genes in PF
(A) EtvZmRNA levels in P, PF, and F. See Figure S2 for additional characterization. Data,

mean with all replicates shown.

(B) Transcripts per million (TPMs) for all 24 ETS-family genes in Pand PF.
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(C) (Top) Cells from single-cell RNA-seq data*® are grouped in A, PF, and Fby pdgfraand
FIk1 counts. (Bottom) Fraction of 2, PF, or Fsingle cells expressing £1v2. p, Fisher’s exact

test p value.
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(D) Histogram of tdTomato expression levels of ~-/, P, and PFcells at day 4

of differentiation of ETV2-2A-tdTomato transgenic mESC. (Inset) Quantification of
tdTomato* cells. p, GLM p value accounting for experiment batches. Data, mean + SD.
(E) Transcriptome comparison between day 4 PF derived with VEGF (PF) and PFwithout
VEGF (PF VEGH). Inset, quantitative RT-PCR for £tv2. p, t test p value. Data, mean + SD.
(F) mRNA levels for the 48 VEGF-induced genes in P, PF, and Fwith VEGF. Genes
grouped by dynamic clusters (Figure 1L).

(G) VEGEF induces the first-wave gene £fv2without causing large-scale second-wave
hematoendothelial gene expression in PF; second-wave expression occurs in £~
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Figure 3. Accessible ETV2-binding sites emerge in PF and expand in F
(A) MA plot comparing ATAC-seq signals in PFvs. P. See Figure S3 for additional

characterization.

(B) Same as (A) but shown for Fvs. PF.
(C) The unions of differentially accessible sites identified in (A) and (B) are clustered into 5
groups. PFopened (PFop); Fclosed (~cls) sites.
(D) TF family motifs overrepresented (odds ratio >1) within clusters. Parentheses, most
overrepresented TF within family.
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(E) Mean base-resolution profile of 120 bp centered around ETV2 motif center in first-wave
(left) or second-wave (right) ATAC sites.

(F) ATAC and ETV2 ChlIP-seq fold enrichment signal tracks showing first-wave (left) and
second-wave (right) ETV2-binding sites. ETV2 ChIP-seq data are fromFLK1* cells.4!

(G) ETV2-binding sites overlapping the first-wave and second-wave ATAC sites. p, Fisher’s
exact test p value.

(H) ATAC-seq fold enrichment signals at first-wave (left) and second-wave (right) ETV2-
binding sites.

(I) The first-wave and second-wave ETV2-binding sites differ in the timing of accessibility
gains at PFor F.
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A H3K27ac ChiP signals at ETV2-binding sites
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Figure 4. PF-opened ETV2-binding sites become activated in F and accompany transcriptional
activation of early hematoendothelial regulators

(A) H3K27ac ChlP-seq fold enrichment signals at first-wave (left) and second-wave (right)
ETV2-binding sites. H3K27ac ChlIP-seq is performed in PF-YEGF and PFisolated at day 4
and Fisolated at Day 5. See Figure S4 for additional characterization.

(B) Classification of the first- and second-wave ETV2-binding sites into early-active,
delayed-active, and late-active ETV2-binding sites.
(C) H3K27ac ChlP-seq fold enrichment signal tracks, along with ATAC-seq and ETV2

ChlP-seq tracks.
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(D) (Top) Relationship between genes linked to early-active ETV2-binding sites and the
first-wave genes. (Bottom) Relationship between genes linked to delayed-active or genes
linked to late-active ETV2-binding sites and the second-wave genes. Parentheses, number of
genes. p, Fisher’s exact test p value.

(E) GO terms overrepresented in the second-wave genes. For each GO term (circle),

the fraction of the GO-associated genes linked to delayed-active (yellow) or late-active
(magenta) ETV2-binding sites or not linked to delayed or late-active ETV2-binding sites
(blue) are shown as a pie chart. Lines link GO terms by similarity.

(F) Timing of ETV2 binding and the timing of ETV2-bound enhancer activation distinguish
different phases of hematoendothelial gene expression.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

PE-conjugated anti-PDGFRa antibody
PE/Cy7-conjugated anti-FIk1 antibody
BV421-labeled anti-cTnT antibody
anti-cTnT antibody

anti-myosin heavy chain class 11

anti-H3K27ac antibody

ThermoFisher Scientific
Biolegend

BD Bioscience

Thermo Fisher Scientific
Abcam

Wako

Cat# 12-1401-81; RRID:AB_657615
Cat# 359911; RRID:AB_2563551
Cat# 565618; AB_2739306
Cat#MS-295; RRID:AB_61810
Cat#ab55152; RRID:AB_944199
Cat#MABI0309; RRID:AB_11126964

Chemicals, peptides, and recombinant proteins

Penicillin-streptomycin
Mono-thioglycerol

N-2 supplement

B27 supplement

L-Glutamine

Glutamax-I

Paraformaldehyde Solution

Triton X-100

Neurobasal medium

DMEM/F12 medium

Iscove’s modified Dubelcco’s medium (IMDM)
Ham’s F12 medium

Stempro-34 SF medium

Propidium lodide

TrypLE Express

Fetal bovine serum, heat inactivated
Bovine serum albumin

Mouse Leukemia Inhibitory Factor
Human transferrin

L-Ascorbic acid

EmbryoMax 0.1% Gelatin Solution
CHIR99021

PD0325901

Human basic FGF

Human BMP4

Human Activin A

Mouse VEGF

ZD6474

Normocin

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
MilliporeSigma
MilliporeSigma
MilliporeSigma
MilliporeSigma
MilliporeSigma
Reprocell

Reprocell

R&D systems

R&D systems

R&D systems

R&D systems
SelleckChem

InvivoGen

Cat#15140148
Cat#M6145
Cat#17502048
Cat# 17504044
Cat# A2916801
Cat# 35050-061
Cat# J19943.K2
Cat#A16046-AE
Cat# 21103049
Cat# 10565018
Cat# 31980030
Cat# 31765035
Cat# 10639011
Cat# P3566
Cat# 12605010
Cat# 10438026
Cat# A9576
Cat# ESG1106
Cat#T8158
Cat#S4544
Cat#ES-006-B
Cat# 04-0004-10
Cat# 04-0006-10
Cat#233FB
Cat#314BP
Cat#338AC
Cat#484MV
Cat#51046

Cat# ant-nr-1

Critical commercial assays
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REAGENT or RESOURCE SOURCE IDENTIFIER
MethoCult M3434 StemCell Technologies Cat#03434
NucleoSpin RNAII kit Takara Cat#740955.50
one-step SYBR Green PCR master mix Bio-Rad Laboratories Cat#1725150

Illumina TruSeq RNA Sample prep kit v2 Illumina Cat #RS-122-2001
Fixation/permeabilization kit BD Biosciences Cat# 554714
Deposited data

RNA- and ATAC-seq data This paper GSE136692
Experimental models: Cell lines

Mouse: ZX1 embryonic stem cell Laboratory of Michael Kyba N/A
Mouse: Bry-GFP embryonic stem cell Laboratory of Gordon Keller N/A
Mouse: Etv2-tdTomato embryonic stem cell Laboratory of Kyunghee Choi N/A
Oligonucleotides

gPCR primer: Mus musculus Nkx2-5 This paper N/A
F:5’- ACATTTTACCCGGGAGCCTA-3’

gPCR primer: Mus musculus Nkx2-5 This paper N/A
R:5’- GGCTTTGTCCAGCTCCACT-3’

gPCR primer: Mus musculus Bra This paper N/A
(T) F: 5°- CCGGTGCTGAAGGTAAATGT-3’

gPCR primer: Mus musculus Bra This paper N/A
(T) R: 5’- CCCCGTTCACATATTTCCAG-3’

gPCR primer: Mus musculus Isl1 This paper N/A
F:5’- TCATCCGAGTGTGGTTTCAA-3’

gPCR primer: Mus musculus Isl1 This paper N/A
R: 5- TTCCTGTCATCCCCTGGATA-3’

gPCR primer: Mus musculus Etv2 This paper N/A
F: 5’- GCCGGGAATGAATTATGAGA-3’

gPCR primer: Mus musculus Etv2 This paper N/A
R:5’- CCCGAAGCGGTATGTGTACT-3’

gPCR primer: Mus musculus Scl/Tall This paper N/A
F: 5°- gaggtcctaaccagccgagt-3’

gPCR primer: Mus musculus Scl/Tall This paper N/A
R: 5’- cgtcctgteectetagttge-3°

gPCR primer: Mus musculus Runx1 This paper N/A
F:5’- TTTTCGAAAGGAAACGATGG-3’

gPCR primer: Mus musculus Runx1 This paper N/A
R: 5’- TGGCATCTCTCATGAAGCAC-3’

gPCR primer: Mus musculus Gapadh This paper N/A
F:5- TGTGTCCGTCGTGGATCTGA-3’

gPCR primer: Mus musculus Gapadh This paper N/A
R:5’- GATGCCTGCTTCACCACCTT-3’

gPCR primer: Mus musculus Mesp1 This paper N/A
F: 5’- GCTTCACACCTAGGGCTCAG-3’

gPCR primer: Mus musculus Mesp1 This paper N/A

R:5’- GACTCAGGATCCAGGACTCG-3’

Software and algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER
Flowjo Flowjo, LLC N/A
TopHat2 v2.1.1 Kim et al., 2013; https://cch.jhu.edu/software/tophat/index.shtml

StringTie
edgeR V3.16.5

limma v3.30.13

RV3.3.2

Bowtie2 v2.3.0
SAMtools v0.1.19
MACS2

deepTools
BedTools

preprocessCore v1.36.0

TOBIAS

Metascape

MEME suite v5.0.5
Seurat v4.0.0

Trapnell et al., 200960 61
Perteaetal., 2015, 201652

McCarthy et al., 2012; Robinson and
Smyth, 2007, 2008; Robinson et al., 2010;
Zhou et al., 201483-67

Ritchie etal., 201568

R Core Team
Langmead and Salzberg, 2012%°
Lietal., 2009; Li, 201170. 71

Feng et al., 2012;
Zhang et al., 200972 73

Ramirez et al., 201674
Quinlan and Hall, 20107
Bolstad et al., 20037¢

Bentsen et al., 202077

Tripathi et al., 2015;
Zhou etal., 20197879

Grant et al., 201180

Haoetal., 2021;
Stuart et al., 2019;
Butler et al., 2018;
Satijaetal., 20158184

https://cch.jhu.edu/software/stringtie/
https://bioconductor.org/packages/release/bioc/
html/edgeR.html
https://bioconductor.org/packages/release/bioc/
html/limma.html

https://www.r-project.org/
https://github.com/BenLangmead/bowtie2
https://github.com/samtools/

https://pypi.org/project/ MACS2/

deeptools.readthedocs.io
bedtools.readthedocs.io

bioconductor.org/packages/release/bioc/html/
preprocessCore.html

https://github.com/loosolab/TOBIAS

metascape.org

meme-suite.org

satijalab.org/seurat

Cell Rep. Author manuscript; available in PMC 2023 October 23.


https://ccb.jhu.edu/software/tophat/index.shtml
https://ccb.jhu.edu/software/stringtie/
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/limma.html
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