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Specification of the mesodermal lineages requires a complex set of morphogenetic events orchestrated by
interconnected signaling pathways and gene regulatory networks. The transcription factor Sox7 has critical
functions in differentiation of multiple mesodermal lineages, including cardiac, endothelial, and hematopoietic.
Using a doxycycline-inducible mouse embryonic stem cell line, we have previously shown that expression of
Sox7 in cardiovascular progenitor cells promotes expansion of endothelial progenitor cells (EPCs). In this study,
we show that the ability of Sox7 to promote endothelial cell fate occurs at the expense of the cardiac lineage.
Using ChIP-Seq coupled with ATAC-Seq we identify downstream target genes of Sox7 in cardiovascular
progenitor cells and by integrating these data with transcriptomic analyses, we define Sox7-dependent gene
programs specific to cardiac and EPCs. Furthermore, we demonstrate a protein–protein interaction between
SOX7 and GATA4 and provide evidence that SOX7 interferes with the transcriptional activity of GATA4 on
cardiac genes. In addition, we show that Sox7 modulates WNT and BMP signaling during cardiovascular
differentiation. Our data represent the first genome-wide analysis of Sox7 function and reveal a critical role for
Sox7 in regulating signaling pathways that affect cardiovascular progenitor cell differentiation.
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Introduction

The cardiovascular system is a complex system com-
posed of the heart, blood vessels, and blood. The cell

types contributing to these lineages are derived from a
common mesodermal progenitor population early during
development. Specification and differentiation of the cardiac
mesoderm depends on the complex interaction of highly
conserved transcriptional regulatory networks and signaling
pathways [1]. The developing embryo contains multipotent
cardiovascular progenitor cells that are capable of generating
cardiac muscle, vascular smooth muscle, and endothelial
lineages [2–5]. These cells can be defined by expression of
Nkx2–5, Kdr (Flk1), and Isl1 [2]. In vitro differentiation of
mouse embryonic stem cells (mESCs) to cardiac cell types
occurs through biological processes that recapitulate normal
cellular and molecular events occurring during embryonic
development [6,7].

The SOX family [Sry-related high-mobility group (HMG)
box] of transcription factors have key roles in the regulation
of transcription during multiple developmental processes
[8]. Sox7 is part of the Sox-F gene family (Sox7, Sox17, and
Sox18) that has been shown to play a critical role in he-
matopoiesis, angiogenesis, cardiovascular development,

and formation of endoderm during embryonic development
[9–12]. Sox7 is highly expressed in the yolk sac beginning
at embryonic day (E)7.5 and the heart tube, vascular en-
dothelial cells, and posterior dorsal aorta beginning at
E8.25 [9,13,14]. From E12.5, Sox7 expression becomes
restricted to the endocardium and vascular endothelium in
the heart [13,14].

Multiple studies have demonstrated that Sox7 plays an
important role in vascular development [11,15–17].
Knockout of Sox7 is embryonic lethal from E10.5 with
developmentally delayed embryos characterized by dilated
pericardial sacs and a failure to remodel yolk sac vascula-
ture, which altogether suggest cardiovascular failure [18].
Furthermore, Sox7 is expressed throughout KDR+ meso-
dermal cells but is more highly expressed in KDR+ cells that
contribute to the vascular lineage indicating that Sox7 may
act as a regulatory switch in the decision between cardiac
and vascular cell fates [19,20].

Sox7 is located on human chromosome 8p23.1, which
also includes the transcription factor Gata4. Previous reports
have shown that Gata4 is a dosage-sensitive regulator of
embryonic heart development [21–23]. In patients, muta-
tions in Gata4 are associated with a spectrum of cardiac
malformations [21,22,24,25]. Microdeletions, duplications,
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and copy number variants of the 8p23.1 chromosomal re-
gion are associated with congenital heart disease, dia-
phragmatic hernia, developmental delay, and behavioral
problems [26–34]. Since mutation of Gata4 alone does not
account for the range and severity of cardiovascular defects
observed in patients with 8p23.1 microdeletions, it has been
hypothesized that haploinsufficiency of Sox7 contributes to
the observed phenotypes [28].

Despite the accumulated evidence for the role of Sox7 in
development of the cardiovascular system, the specific
molecular mechanisms underlying Sox7 function and the
interplay with other lineage-specific transcription factors
have not been uncovered. In this study, using genome-wide
approaches, we show that Sox7 functions in cardiovascular
progenitor cells by promoting endothelial lineage com-
mitment at the expense of the cardiac program. We provide
evidence that (1) SOX7 selectively represses cardiac gene
transcription through interaction with GATA4 and (2)
Sox7-dependent cardiac-versus-endothelial cell choice in-
volves interaction with the WNT or BMP signaling path-
ways during cardiovascular cell differentiation. Our study
provides novel mechanistic insights about the function
of Sox7 regulatory networks in cardiovascular progenitor
cells.

Materials and Methods

Growth and differentiation of mESCs

mESCs (A2loxCre) with doxycycline (dox)-inducible
expression [tetracycline-responsive promoter (TRE)] of
myc-tagged Sox7 (Sox7myc) were generated as previously
described [15,35]. The addition of dox causes the reverse
tetracycline transactivator to bind to TRE resulting in
Sox7myc expression.

mESCs were cultured on irradiated mouse embryonic fibro-
blasts (MEFs) in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, Thermo Fisher) supplemented with 1,000 U/mL leuke-
mia inhibitory factor (LIF) (Millipore), 15% inactivated fetal
bovine serum (FBS; Gemini), 0.1 mM nonessential amino
acids (Gibco), and 0.1 mM of b-mercaptoethanol (Sigma).
For embryoid body (EB) differentiation, following pre-
plating to remove MEFs, ESCs were suspended in hanging
drops in EB differentiation medium [IMDM (Thermo
Fisher) with 15% FBS, 4.5 mM monothioglycerol (Sigma),
100 mg/mL ascorbic acid (Sigma), and 200 mg/mL iron-
saturated transferrin (Sigma)]. After 48 h, EBs were collected,
resuspended in 10-cm2 Petri dishes in EB differentiation me-
dium and cultured on a slowly swirling table rotator. To induce
Sox7myc expression during EB differentiation, doxycycline
(Sigma) was added to the cultures at 1 mg/mL at day 3 for 24 h
unless indicated. For WNT or BMP inhibitor studies, 10mM
endo-IWR-1 (Tocris) or 2mM dorsomorphin (Stemgent) or
0.2mM LDN193189 (Cayman Chemical) were added to EB
cultures at the same time as doxycycline for 24 h. For beating
assays, day 6 EBs were plated in individual 96-wells and al-
lowed to adhere to tissue cultured treated plates; beating was
assessed at day 10.

Flow cytometry and FACS sorting

EBs were dissociated with 0.25% trypsin (Thermo Fisher)
at 37�C for 2 min with gentle shaking and resuspended in

phosphate-buffered saline (PBS) supplemented with 10%
FBS. Cells were incubated with APC-conjugated KDR (BD
Biosciences) and PE-conjugated PDGFRa (Invitrogen) or
PE-conjugated TEK (eBioscience) and PECy7-conjugated
PECAM1 (eBioscience) antibodies at 0.5 mg per 106 cells
for 20 min on ice. Washed and stained cells were analyzed
on a FACS Aria (BD Biosciences) after adding propidium
iodide (Thermo Fisher) to exclude dead cells. Data were
analyzed using FlowJo Version 10 software (TreeStar).

RNA isolation, gene expression, and RNA-Seq

Total EBs were lysed and RNA was extracted using the
PureLink RNA Kit following the manufacturer’s instruc-
tions (Thermo Fisher). For quantitative real-time poly-
merase chain reaction (qRT-PCR), cDNAs were prepared
using Superscript Vilo (Thermo Fisher) and TaqMan gene
expression assays (Thermo Fisher) were used. For se-
quencing, dox (24 h) and no dox (control) samples were
processed and sequenced at the University of Minnesota
Genomics Core (UMGC).

Single-cell qRT-PCR

Day 5 EBs were prepared using Nkx2–5:eGFP mESCs
and processed for flow cytometry as described above. Sorted
cells [Nkx2–5 (eGFP)+ and KDR+] were submitted to
UMGC for single-cell qRT-PCR using the Fluidigm system
and TaqMan gene expression assays (Thermo Fisher). Data
were analyzed using the viSNE method [36].

Coimmunoprecipitation experiments

C2C12 cells were cultured in high-glucose DMEM
(Thermo Fisher) with 10% FBS (Equitech-Bio). The cells
were transfected with Lipofectamine LTX (Thermo Fisher)
with Gata4Flag and Sox7myc expression plasmids. Cell
lysates were used for coimmunoprecipitation assays using
Dynabeads Protein G magnetic beads (Thermo Fisher) fol-
lowing the manufacturer’s protocol. Briefly, 50mL of Dy-
nabeads were washed and incubated with 2 mg of mouse
anti-Flag antibody (Sigma) or mouse IgG for 10 min at room
temperature. After washing unbound antibody off, the beads/
antibody complex was incubated with 1 mL C2C12 cell ly-
sate for 20 min at room temperature with rotation. Following
five washes with 0.2% Tween-20/PBS, proteins were eluted
with elution buffer and NuPage LDS sample buffer. Western
blots using antibodies against SOX7 (R&D Systems), or
GATA4 (R&D Systems) were done to detect total proteins
and coimmunoprecipitated complexes. Sox7 deletion con-
structs were generated using the NEB Q5 Mutagenesis Kit
following the manufacturer’s instructions.

Luciferase reporter assays

C2C12 cells were cultured as described above. The day
before transfection, 5 · 104 C2C12 cells were seeded onto 12-
well plates. Combinations of Sox7 and Gata4 expression
plasmids, along with firefly luciferase reporters (Foxp1, Nppa,
Vwf, Vwa7) and TK-Renilla luciferase were transfected into
cells using Lipofectamine LTX (Thermo Fisher). Cells were
lysed 24 h after transfection and examined using the Dual-
Luciferase assay (Promega). The firefly luciferase activity was
normalized to that of the Renilla luciferase and fold induction
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was calculated by comparing to empty vector. All of the ex-
periments were repeated at least three times.

Chromatin immunoprecipitation

Day 4 EBs were prepared for chromatin immunoprecip-
itation (ChIP) from doxycycline-treated (6 or 24 h) and
untreated (control) conditions. ChIP was performed fol-
lowing the protocol described by Young and colleagues [37]
with minor modifications. In brief, day 4 EBs were disso-
ciated with Hank’s enzyme-free cell dissociation solution
(Thermo Fisher) at 37�C for 5 min with gentle shaking and
reaction was inhibited by adding 10% FBS/PBS. Washed
cells were treated with 1% formaldehyde (Pierce) to cross-
link protein–DNA complexes (10 min at room temperature)
followed by quenching with glycine. Cell pellets were in-
cubated sequentially in lysis buffers 1, 2, 3 supplemented
with protease inhibitors (complete-mini protease inhibitor
cocktail; Roche) for 10 min each at 4�C (LB1: 50 mM
HEPES KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10%
glycerol, 0.5% NP40, 0.25% Triton X-100; LB2: 10 mM
Tris-HCl, pH 8, 200 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA; and LB3: 10 mM Tris-HCl, pH 8, 100 mM NaCl,
1 mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate,
0.5% N-lauroylsarcosine) and then sonicated for four cycles
with a probe tip sonicator at 18% power for 1 min with
intervals of 10 s ON-10 s OFF to reach an average chromatin
size of 300 bp. After shearing, samples were centrifuged for
10 min at 16,000 g and snap frozen in liquid nitrogen if not
processed immediately. For each ChIP, 25 mg of chromatin
was precleared for 4 h at 4�C with 15 mL of bovine serum
albumin (BSA)-blocked Protein A-conjugated sepharose
beads (GE Healthcare) and then supplemented with 1/10
volume of 10% Triton X-100. Immunoprecipitation was
performed by overnight incubation with normal mouse IgG
(5 mg; Millipore) or anti-myc antibody (5 mg clone 9E10;
Roche). Immune complexes were recovered by incubation
with 15mL of BSA-blocked Protein A-conjugated sepharose
beads for 4 h at 4�C and then washed five times with RIPA
wash buffer (50 mM HEPES KOH, pH7.5, 500 mM LiCl,
1 mM EDTA, 1% NP40, 0.25% Triton X-100, and 0.7%
sodium deoxycholate) and one time with TEN buffer
(10 mM Tris-HCl, pH 8, 1 mM EDTA, and 50 mM NaCl).
Immunoprecipitated chromatin was recovered by incubating
beads with 200 mL of elution buffer (50 mM Tris-HCl, pH 8,
10 mM EDTA, and 1% sodium dodecyl sulfate) for 20 min
at 65�C. Chromatin from immunoprecipitation and input
(equivalent to 1% of starting material) was reverse cross-
linked overnight at 65�C, then diluted 1:1 with TE (10 mM
Tris-HCl, pH 8, and 1 mM EDTA) supplemented with 4mL
of RNaseA (20 mg/mL; Thermo Fisher) and incubated for
2 h at 37�C followed by Proteinase K treatment (4 mL of
20 mg/mL) for 30 min at 55�C. DNA was purified using
phenol–chloroform–isoamyl alcohol extraction, precipi-
tated, washed, and dissolved in 50 mL H2O.

Assay for Transposase-Accessible Chromatin

Day 4 EBs from dox treated (24 h) or no dox (control) were
processedforFACsasdescribedaboveandsortedforPDGFRa+,
KDR+ or PDGFRa-, KDR+ cells. Analysis of chromatin ac-
cessibility was performed following the protocol described by
Buenrostro et al. [38]. Fifty thousand freshly sorted cells were

washed with 200mL of cold PBS then resuspended in 100mL of
cold lysis buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM
MgCl2, 0.1%IGEPAL CA-630), spunat500 g for 10 min at4�C
and resuspended in 50mL of the transposition reaction mix.
Transposition occurred at 37�C for 30 min, after which trans-
posed DNA was purified using the Qiagen MinElute Kit (Qia-
gen) and eluted in 10mL Elution Buffer.

Motif analysis

DNA sequence 200 bp up and downstream of the MACS
v1.4 identified summits of peaks in the ChIP or Assay for
Transposase-Accessible Chromatin (ATAC) experiments were
used for motif analysis through MEME-ChIP [39]. SOX7-
binding sites that are specific to Sox7 overexpression (ChIP-
Seq data) or open chromatin regions that are cell type specific
(ATAC-Seq data) were used as inputs for individual analysis.

Other analysis and statistics

All Gene Ontology (GO) analysis was performed using
the ToppGene Suite (https://toppgene.cchmc.org) [40] with
functional associations from GREAT. Data are expressed as
the mean – standard error of the mean using the statistical
software GraphPad Prism (GraphPad Software, Inc.). Com-
parisons of two data sets (no dox and dox treated EBs) were
analyzed using Student’s t-test. Multiple group comparisons
(inhibitor studies and luciferase experiments) were analyzed
using one-way ANOVA. Numbers indicate independent ex-
periments. See Supplementary Data for details on sequencing
analyses.

Results

Overexpression of Sox7 impairs cardiac
differentiation

To explore the role of Sox7 during differentiation of the
cardiovascular lineages, we used a doxycycline-inducible
Sox7 overexpression mESC-EB model [15]. Using this
system, we have previously shown that Sox7 is required for
endothelial lineage differentiation downstream of Etv2 [15].
In this study, following 24 h of Sox7 induction (day 3–4), the
percentage of PDGFRa/KDR double-positive cardiac pro-
genitor cells (CPCs) in day 4 EBs significantly decreased,
whereas the percentage of PDGFRa-/KDR+ endothelial
progenitor cells (EPCs) increased (Fig. 1A–D). Consistent
with a decrease in CPCs, the number of beating EBs de-
creased at day 10 (Fig. 1E). Furthermore, expression of the
cardiac transcription factor, Nkx2–5, and structural com-
ponents, cardiac Troponin T (Tnnt2), and a-ACTININ
(Actn), were also decreased in day 8 EBs (Fig. 1F, G). In
contrast, the endothelial genes, Cdh5 and Vwf, were upre-
gulated in day 8 EBs (Fig. 1F). To identify the immediate
transcriptional changes driving the impaired cardiac differ-
entiation, we performed RNA-Seq analysis in day 4 EBs
following Sox7 induction. Three hundred twenty-eight genes
were dysregulated >2-fold following 12 h of Sox7 induction
(Fig. 1H and Supplementary Table S1). The known SOX7
target gene Cdh5 was upregulated [41]. GO analysis for
biological process indicates upregulated genes are associ-
ated with circulatory system development and blood vessel
morphogenesis, including specific vasculature-associated
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FIG. 1. Overexpression of Sox7 decreases cardiac cells and increases endothelial cells during EB differentiation. (A) Time
line of the EB differentiation indicates doxycycline were added at day 3 for 24 h and samples are harvested for analysis at
days 4, 8, and 10. (B) Flow cytometry analysis for PDGFRa and KDR demonstrated the percentage of PDGFRa+/KDR+

cells decreased and the percentage of PDGFRa-/KDR+ are increased in Sox7 overexpressing EBs following 24 h dox
induction (EB day 3–4). (C, D) Quantification of flow cytometry analysis in (B), n = 6. (E) The percentage of beating EBs at
day 10 decreased when Sox7 was induced from EB day 3–4. n = 7. (F) qRT-PCR shows a significant decrease in Nkx2–5 and
cardiac Tnnt2 and a significant increase in Cdh5 and Vwf transcripts in day 8 EBs, n = 5. Gene expression was normalized to
B2m. (G) Protein levels for NKX2–5 and a-ACTININ are decreased in day 8 EBs. a-TUBULIN was used as a loading
control in western blots. (H) Differentially expressed genes following 12 h of Sox7 overexpression (dox vs. no dox) in day 4
EBs are shown. Red, downregulated genes; blue, upregulated genes at an FDR of <0.05. (I) GO term analysis for biological
process identified terms enriched in downregulated (red) and upregulated (blue) gene groups. Data are plotted as the -Log10
P-value (using the Bonferroni correction for multiple hypothesis testing). Data in bar graphs are represented as mean – S.E.M.
**P < 0.01. B2m, b-2 microglobin; dox, doxycycline; EB, embryoid body; FDR, false discovery rate; GO, Gene Ontology;
qRT-PCR, quantitative real-time polymerase chain reaction; S.E.M., standard error of the mean; Tnnt2, Troponin T.
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genes Vwf, Vegfa, Esccr, and Egfl7. Downregulated genes
correspond to genes involved in embryonic development
and morphogenesis, regulation of cell differentiation, and
cardiovascular system development (Fig. 1I). Specific down-
regulated genes associated with cardiac mesoderm differenti-
ation include Mesp1, Mesp2, Hand1, Hand2, Twist2, and
Tbx6 (Fig. 1H).

ChIP-sequencing identifies SOX7-specific
binding sites

To identify potential SOX7 transcriptional target genes
during cardiac differentiation, we performed ChIP-Seq ex-
periments for SOX7 in EBs. We used doxycycline-inducible
myc-tagged Sox7 mESCs (Sox7myc) to induce SOX7 ex-
pression during EB differentiation and used an a-myc
antibody for ChIP. Following doxycycline treatment,
SOX7 is robustly expressed in day 4 EBs (Supplementary
Fig. S1). From day 4 EBs, we identified 666 SOX7-
specific peaks (Supplementary Table S2). Most genomic
peaks were distributed in noncoding regulatory regions
with slightly more peaks distributed in upstream (37%)
versus downstream (25%) regions and additional sites
found within intronic regions (35%; Fig. 2A). Analysis of
GO terms for biological process indicated SOX7 binding
was associated with embryonic morphogenesis, cardio-
vascular system development, epithelium development,
and WNT signaling (Fig. 2B). Of note, SOX7 was bound
to regulatory regions associated with multiple WNT
pathway genes, specifically Fzd6, Wnt2b, Vangl2, and
Wnt5b (Supplementary Table S2).

Comparison of the Sox7-induced day 4 EB RNA-Seq data
with the identified SOX7-bound regulatory regions identified
158 genes significantly upregulated and 91 genes significantly
downregulated (Fig. 2C) indicating that SOX7 can function as a
transcriptional activator or repressor on unique subsets of genes.
SOX7 genomic occupancy at selected sites was confirmed by
ChIP followed by quantitative PCR (Fig. 2D). Among these,
SOX7 was detected at the regulatory regions of the known target
gene Cdh5 [41] as well as several genes involved in vascular
development, including Vwf, Ets1, and Egfl7. In agreement with
a potential role in cardiac differentiation (Fig. 1), SOX7 binding
was also observed in proximity of known cardiovascular de-
velopment genes: Foxp1 and Myl3. These genes are all differ-
entially expressed in Sox7-induced EBs at day 4 (Fig. 2C).

Next, we sought to identify conserved binding motifs
within the SOX7 ChIP peaks. As expected, the SOX-binding
motif was identified among the top enriched motifs (Fig. 2E)
and displayed a centrally enriched distribution in the ChIP
peaks (Fig. 2G). Interestingly, this analysis also identified the
GATA-binding motif (Fig. 2F), while no enrichment was
observed for other motifs associated with endothelial lineage-
specific transcription factors, such as ETV2. Although the
GATA motif is not centrally located, the distribution shows
many sites within the central portion of the SOX7 peak
(Fig. 2G). Altogether, these data suggest that a subset of genes
could be regulated by SOX7 and GATA factors.

SOX7 interacts with GATA4

Since our binding site analysis identified the presence of
GATA-binding sites within SOX7 ChIP peaks, we tested

the possibility of a direct interaction between SOX7 and
GATA4. Within the GATA family, we first considered
Gata4 due to the possibility of a genetic interaction with
Sox7 in humans. We compared the gene expression patterns
of Sox7 and Gata4 during EB differentiation. Sox7 was ex-
pressed in a similar temporal pattern as Gata4 during EB
differentiation with initial Sox7 expression at day 3.5, just
after Gata4 expression began (Supplementary Fig. S2A). Ex-
pression of both genes peaked at EB day 6 when Nkx2–5 is also
highly expressed. To assess whether Sox7 and Gata4 were co-
expressed in single cells, we utilized the Nkx2–5:eGFP mESC
reporter line [42]. Sox7 was enriched in day 5 eGFP+ KDR+

double-positive cardiovascular progenitor cells when they were
isolated by flow cytometry (Supplementary Fig. S2B, C).
Among the isolated cardiovascular progenitor cells, all Sox7+

cells coexpressed Gata4 (Fig. 3A). Furthermore, Sox7+ cells
coexpressed a combination of Isl1, Tbx5, and Cdh5 (Fig. 3A).

Since Sox7 and Gata4 were found to be coexpressed in a
subset of cardiovascular progenitor cells, we tested whether
they could be identified in the same protein complex through
coimmunoprecipitation. C2C12 cells were transfected with
Gata4-Flag plasmid or Gata4-Flag plus Sox7myc plasmid.
We detected SOX7 by western blot when a Flag antibody was
used to coimmunoprecipitate GATA4 and associated proteins
(Fig. 3B). Furthermore, because the HMG domain of SOX7 is
a highly conserved protein–protein and protein–DNA-binding
domain [43], we tested whether the SOX7–GATA4 interac-
tion is mediated through the HMG domain. Upon deletion of
the HMG domain, the SOX7–GATA4 interaction is abol-
ished, thus demonstrating the HMG domain is required for
binding between GATA4 and SOX7.

To determine whether SOX7 and GATA4 bound to
shared chromatin regions, we compared our data for SOX7
ChIP peaks with a published GATA4 ChIP data set. The
GATA4 ChIP data from the Bruneau group were used since
it was generated from mESC-derived cardiac progenitor
cells using a comparable differentiation protocol [44]. We
identified 117 GATA4 chromatin peaks that overlapped with
SOX7 peaks, which represented *20% of SOX7 peaks
(Fig. 3C and Supplementary Table S2). Genes associated with
these regulatory regions are enriched for biological process
GO terms specific for heart development, including cardio-
vascular system development, and cardiocyte differentiation
(Fig. 3D). Accordingly, a subset of the SOX7-GATA4 loci
can be annotated to genes characterized by differential ex-
pression upon SOX7 induction in day 4 EBs (Fig. 2C).

To identify a functional interaction between SOX7 and
GATA4, we employed a Luciferase reporter assay to mea-
sure the transcriptional activity of these two proteins. For
cardiac genes, we used the well-characterized Nppa (atrial
natriuretic factor) promoter [45–48] and the novel Foxp1
regulatory element (Fig. 2D). GATA4, along with other
cardiac transcription factors, has been previously shown to
activate the conserved proximal promoter of Nppa. For
endothelial genes, we tested the proximal promoter of Vwf
[49] and a novel potential regulatory element for Vwa7
identified in our ChIP-Seq dataset. As shown in Fig. 3E and
F, this assay revealed that GATA4 strongly activates both
Foxp1 and Nppa regulatory elements while it has minimal
effect on the Vwf or Vwa7-dependent reporters. SOX7, in-
stead, displays minimal activity on the Foxp1 and Nppa
reporters. It mildly induces the Vwa7 regulatory element and

SOX7 PROMOTES ENDOTHELIAL CELLS 1093



strongly activates the Vwf proximal promoter (Fig. 3E, F).
Interestingly, coexpression of these two transcription factors
demonstrated that GATA4-mediated transactivation of the
cardiac reporters is negatively affected by SOX7 (Fig. 3E).
In contrast, SOX7 activity on the endothelial reporters is not
affected by GATA4 (Fig. 3F).

ATAC-Seq identifies Sox7-dependent chromatin
differences between cardiac and EPCs

We sought to distinguish the function of Sox7 in pro-
moting the endothelial lineage while repressing the cardiac
lineage, therefore, we surveyed chromatin accessibility in

FIG. 2. ChIP-sequencing identifies SOX7-specific binding sites. (A) The distribution of SOX7 peaks in relation to genes is
shown. (B) GO term analysis for biological process shows enriched terms. Data are plotted as the–Log10 P-value (using the
Bonferroni correction for multiple hypothesis testing). (C) Heatmap shows scaled expression of genes that are differentially
expressed from day 4 Sox7-induced EBs (dox vs. no dox) and where SOX7 is bound in associated regulatory regions in SOX7
ChIP-Seq experiments. (D) ChIP-qPCR confirms enrichment of SOX7 peaks associated with differentially expressed genes
identified in the ChIP-Seq analysis on day 4 EBs (dox vs. no dox treated). Data are represented as mean – S.E.M., n = 3. Distance
from the transcription start site is indicated below gene name. An immediate upstream region for Gapdh used as a control region
showed no enrichment. (E, F) SOX- and GATA-binding sites were identified within the ChIP peaks using motif finding. (G) SOX
sites are centrally enriched (black line), whereas GATA sites are not centrally enriched. ChIP, chromatin immunoprecipitation.
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FIG. 3. SOX7 is coexpressed and interacts with GATA4. (A) Single-cell qRT-PCR of day 5 Nkx2–5+ (eGFP) and KDR+

double-positive cells demonstrates Sox7 expression clusters into two groups: all Sox7+ cells (19 of 47) are Gata4 and Islet1
positive. Some Sox7+ cells also coexpress Tbx5 (12 cells) and/or Cdh5 (16 cells). Using the viSNE method to visualize the
distribution of cell types [36], darker cells represent stronger relative expression and white cells no expression. (B)
Diagrams show SOX7 full-length and HMG domain deletion constructs used in coimmunoprecipitation experiments.
Western blots show total SOX7 (left top) or GATA4 (left bottom) protein expression. GATA4-Flag immunoprecipitates full-
length (FL) SOX7 but not SOX7-DHMG (right blot). (C) Venn diagram indicates the overlap in GATA4 ChIP peaks (from
mESC-derived cardiac progenitor cells as previously published [44]) and SOX7 ChIP peaks. (D) GO term analysis for
biological process identified enriched terms associated with heart development and cardiomyocyte differentiation. Data are
plotted as the -Log10 P-value (using the Bonferroni correction for multiple hypothesis testing). (E, F) Luciferase reporter
assays for Foxp1, Nppa, Vwf, and Vwa7 demonstrate SOX7 and GATA4 transcriptional activity. Gene models indicate the
size of the promoter fragment and the relative location of putative GATA4 (green) and SOX7 (blue) DNA-binding sites.
Data are represented as mean – S.E.M., n = 3, *P < 0.05, **P < 0.01, ***P < 0.001. HMG, high-mobility group; mESC,
mouse embryonic stem cell.
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CPC and EPC to identify potential genes downstream of
Sox7 that were distinct in cardiac and endothelial lineages.
We used the Assay for Transposase-Accessible Chromatin
coupled with deep sequencing (ATAC-Seq [38]) on SOX7-
induced (+ dox) and control (no dox) CPC and EPC popu-
lations isolated by FACS from day 4 EBs (Fig. 4A). By
comparing the chromatin accessibility profile of SOX7-
induced (+ dox) and control (no dox) cells from CPC and
EPC fractions, we identified 3,093 chromatin regions in
CPCs and 3,267 chromatin regions in EPCs that were re-
modeled in a SOX7-dependent manner (Fig. 4B and Sup-
plementary Table S3). The SOX7-specific peaks identified
in CPC and EPC populations are enriched for distinct sets of
GO terms for biological process. Genes associated with
SOX7-dependent CPC peaks are specifically enriched for
biological process related to cardiac cell fate commitment
and muscle cell development while genes associated with
SOX7-dependent EPC peaks are associated with atrioven-
tricular valve development, atrial septum morphogenesis,
epithelial cell polarity, and regulation of vasculogenesis
(Fig. 4C).

Interestingly, motif analysis identified an enrichment
for SOX- and GATA-binding sites in both CPC and EPC
populations. A number of additional motifs could further
discriminate between CPCs and EPCs: MEIS-binding
sites were enriched specifically in CPCs, whereas ELK-
binding sites were enriched in EPCs (Supplementary
Fig. S3A). Consistent with the motif enrichment, Meis1 is
expressed at higher levels in CPCs, whereas Elk3 is ex-
pressed at higher levels in EPCs and Gata4 is expressed at
similar levels in both cell populations (Supplementary
Fig. S3B).

To determine the specificity of Sox7 gene regulation in
cardiac and EPCs, we compared the SOX7 ChIP-Seq data
with the ATAC-Seq data generated from CPC and EPC
populations. Among the CPC (2,589) and EPC (2,400) un-
ique chromatin regions, we identified 80 regulatory regions
in CPCs, 66 regions in EPCs, and 46 regions in both cell
populations that SOX7 bound in our ChIP-Seq experiments
(Fig. 4E). Comparison to our gene expression analysis
(Sox7-induced RNA-Seq) demonstrated that a subset of the
genes annotated with these regulatory regions are differen-
tially expressed in day 4 EBs upon SOX7 induction
(Fig. 4D, F). We identified SOX7 ChIP peaks and open
chromatin peaks specifically in CPC upon SOX7 induction
in regulatory regions associated with Foxp1 (in the first
intron) and Wnt2b (immediately downstream; Fig. 4G).
Chromatin accessibility is increased at the promoter region

of Bmp6 in EPCs upon SOX7 induction (Fig. 4G). Slightly
further upstream, there is also an ATAC peak of unknown
significance detected in CPCs. Consistent with the cell type-
specific chromatin accessibility, these genes are differen-
tially regulated in response to Sox7 in a cell type-specific
manner: expression of Foxp1 is downregulated and Wnt2b
is upregulated specifically in CPCs (Fig. 4H). Bmp6 is
specifically upregulated in EPCs (Fig. 4H). The expression
of these genes mirrors the chromatin accessibility in cardiac
or EPCs.

Inhibition of WNT or BMP signaling rescued Sox7
impaired cardiac differentiation

The ATAC-Seq analysis identified chromatin accessibility
changes in WNT and BMP signaling pathway components
(Supplementary Fig. S4). In addition, SOX7 was bound to
multiple WNT pathway genes. We also observed that a sig-
nificant number of WNT and BMP signaling pathway genes
were differentially expressed in day 4 EBs upon SOX7
overexpression (Supplementary Fig. S4 and Supplementary
Table S1). Consistent with the possible modulation of WNT
signaling by Sox7, the canonical WNT signaling target gene
Axin2 is upregulated in Sox7-induced EBs at day 8 (Fig. 5B).
Additionally, gene expression of Wnt5a, Wnt5b, and Fzd6, as
well as, Bmp6 are increased in day 8 EBs upon Sox7 in-
duction indicating prolonged gene expression differences
during cardiac lineage differentiation (Fig. 5B).

The biphasic role of WNT and BMP signaling in speci-
fying the cardiac lineage is well established; both pathways
must be downregulated following formation of the cardiac
mesoderm to promote robust cardiomyocyte differentiation
[50–52]. Because crosstalk between WNT and BMP sig-
naling pathways have been implicated in the specification of
the mesodermal progenitors toward the cardiac and hema-
topoietic lineages [53], we hypothesized that Sox7 func-
tioned at the interface of WNT and BMP signaling. To test
this possibility, we determined whether inhibition of either
pathway could rescue the differentiation defects seen in
Sox7-induced EBs. The small molecules, endo-IWR-1, a b-
catenin inhibitor, and dorsomorphin, a BMP inhibitor, have
been previously shown to promote cardiogenesis [50,51,54–
56]. Sox7-induced (+ dox) and noninduced (- dox) day 3
EBs were treated with endo-IWR-1 or dorsomorphin
(Fig. 5A). The addition of endo-IWR-1 or dorsomorphin to
dox-treated EBs significantly increased the number of
beating EBs at day 10 (Fig. 5C). In day 6 EBs, the addition
of endo-IWR-1 or dorsomorphin to Sox7-induced EBs

FIG. 4. ATAC-Seq identifies chromatin regions that are regulated by Sox7. (A) PDGFRa+/KDR+ CPCs (gate p4) or
PDGFRa-/KDR+ EPCs (gate p5) were isolated by flow cytometry from Sox7-induced (+ dox days 3–4) and control (no dox)
day 4 EBs for ATAC-Seq. (B) Venn diagrams show intersection of ATAC-Seq chromatin peaks from control (no dox) and
Sox7-induced (plus dox) cells in CPCs (red) and EPCs (blue). (C) GO term analysis for biological process identified distinct
terms for CPC (red, top) and EPC (blue, bottom) populations. (D) Heatmap for EPC-specific open chromatin regions, where
SOX7 is bound demonstrate gene expression differences in day 4 EBs following Sox7 induction with doxycycline. (E) Venn
diagram shows the intersection of open chromatin regions specific to Sox7-induced condition (+ dox) in CPC or EPC with SOX7
ChIP regions. (F) Heatmap for CPC-specific open chromatin regions where Sox7 is bound demonstrate gene expression differ-
ences in day 4 EBs following Sox7 induction with doxycycline. (G) IGV view of genomic regions for Foxp1, Wnt2b, and Bmp6
show chromatin accessibility upon Sox7 induction in CPC (red) and EPC (blue) populations and SOX7 ChIP peaks. (H) qRT-PCR
on isolated progenitor cell populations (CPC, red and EPC, blue) shows cell type-specific gene expression differences for selected
genes. Gene expression was normalized to B2m. Data are represented as mean – S.E.M., n = 4, *P < 0.05, **P < 0.01. ATAC,
Assay for Transposase - Accessible Chromatin; CPC, cardiac progenitor cell; EPC, endothelial progenitor cell.

‰

1096 DOYLE ET AL.



1097



FIG. 5. Inhibition of either WNT or BMP signaling rescues Sox7-impaired cardiac differentiation. (A) Time line of the
EB differentiation indicates doxycycline and inhibitors (yellow bar) were added at day 3 for 24 h and samples are harvested
for analysis at days 6, 8, and 10. (B) qRT-PCR indicates Axin2, Wnt5a, Wnt5b, Fzd6, and Bmp6 are increased following
Sox7 induction in day 8 EBs. Gene expression was normalized to B2m, n = 5. (C) The percentage of beating EBs at day 10
increases in Sox7-induced EBs (+ dox, black) when IWR-1 (blue) or dorsomorphin (green) are added at day 3–4. n = 4. (D)
Representative flow cytometry plots for PECAM1 (CD31) and TEK (TIE-2) at day 6 EBs show that the percent double-
positive cells are decreased in the presence of IWR-1 (blue) or dorsomorphin (green) indicating endothelial cell differ-
entiation is blocked. (E) Quantitative analysis of flow cytometry shown in (D). n = 3. (F) qRT-PCR on day 8 EBs shows
Nkx2–5 and cardiac Tnnt2 transcripts are increased and Pecam1 and Chd5 transcripts are decreased in Sox7-induced EBs in
the presence of IWR-1 (blue) or dorsomorphin (green). Gene expression was normalized to B2m. n = 4. Data in all bar
graphs are represented as mean – S.E.M., *P < 0.05, **P < 0.01. (G) Schematic shows a model of how Sox7 expression in
cardiac progenitor cells promotes the BMP, canonical, and noncanonical WNT signaling pathways between day 4 and 6 to
direct progenitor cell fate toward the endothelial rather than cardiac lineage.
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decreased the percentage of TEK+ (TIE-2), PECAM1+

(CD31), EPCs (Fig. 5D, E). Gene expression of Nkx2–5 and
Tnnt2 increased significantly, whereas gene expression of Pe-
cam1 and Cdh5 decreased in inhibitor-treated EBs compared
with Sox7-induced EBs at day 8 (Fig. 5F). The effect of in-
hibiting WNT or BMP signaling in control cells was distinct:
addition of dorsomorphin had a robust effect on cardiac dif-
ferentiation and a greater reduction in endothelial cell specifi-
cation. Differentiation of the two lineages looked similar to
control (no dox) cells when IWR-1 was added alone.

Since dorsomorphin can inhibit additional protein kinases,
we tested whether the decreased cardiac differentiation ob-
served upon Sox7 induction can be rescued using the BMP
inhibitor LDN-193189 [57]. As expected, addition of LDN-
193189 in day 3 cultures promoted cardiac specification at the
expense of the endothelial lineage similarly to that observed
with dorsomorphin (Supplementary Fig. S5). Altogether,
these data indicate that inhibition of either WNT or BMP
signaling can counter the effect of Sox7 overexpression during
cardiovascular lineage commitment and rescue cardiomyo-
cyte differentiation. We propose a model where Sox7 is ex-
pressed in the multipotent cardiovascular progenitor cell and
maintains expression of WNT (canonical and noncanonical)
and BMP pathway genes thereby promoting prolonged WNT
or BMP signaling at a time when these pathways would
normally be downregulated. Prolonged WNT or BMP sig-
naling promotes endothelial cell lineage differentiation at the
expense of cardiomyocyte differentiation (Fig. 5G).

Discussion

The potential role of Sox7 in regulating cardiovascular
development has been appreciated; however, the mecha-
nistic details for Sox7 regulation have been lacking. Pre-
vious work has suggested that Sox7 may act as a regulatory
switch in the decision between cardiac and vascular cell
fates downstream of Kdr [19]. Our study supports this role
for Sox7 in specifying the cardiac and endothelial lineages
from a common cardiovascular progenitor cell. Using
multiple large-scale genomic approaches, we have identi-
fied novel genomic regulatory regions bound by SOX7 and
identified lineage-specific changes in chromatin accessi-
bility during EB differentiation. Furthermore, we show that
Sox7 modulates the WNT and BMP signaling pathways to
influence the cell fate of cardiovascular progenitor cells.

Sox7 induces distinct gene regulation
in cardiovascular progenitors

The use of ATAC-Seq in addition to ChIP-Seq was
valuable in identifying chromatin regions that Sox7 not only
bound but were likely accounting for Sox7-dependent gene
expression differences specifically in cardiac or EPCs. We
observed good correlation between chromatin accessibility
and gene expression, thus allowing us to identify distinct
activities for Sox7. One limitation to our study is the rela-
tively low number of Sox7-bound genes identified in the
ChIP-Seq. This could be due to the low affinity of the
antibody for the myc-tagged SOX7 or the heterogeneity
of cell types found in EBs. However, given the strength
of the ATAC-Seq data in identifying chromatin changes,
we believe the regulatory regions we have identified are

robust Sox7 targets. Altogether, our genomic data generate
a global view of Sox7 regulation during cardiovascular cell
specification and provide mechanistic insights into down-
stream gene regulatory networks.

Genes involved in cardiac cell fate commitment and
cardiomyocyte differentiation demonstrate Sox7-dependent
chromatin accessibility changes in cardiac progenitor cells.
These include structural proteins, transcription factors, and
signaling molecules. Foxp1 expression is specifically de-
creased in CPCs upon Sox7 overexpression. Furthermore,
SOX7 is capable of blocking the ability of GATA4 to ac-
tivate a Foxp1-regulatory element. Foxp1 is an interesting
potential downstream target gene since it is expressed in
developing myocardium and endocardium and Foxp1 con-
trols cardiomyocyte proliferation and differentiation through
multiple mechanisms [58].

As predicted, given the known role of Sox7 in vascular
development, this transcription factor binds and mediates
changes in chromatin accessibility at the genomic loci asso-
ciated with known endothelial genes, including Vwf, Ets1,
Erg, and Pdgfb. Many of these endothelial genes are upre-
gulated in response to Sox7 induction during EB differenti-
ation. We show that SOX7 strongly activates the proximal
promoter region of Vwf and a novel regulatory element of
Vwa7. Complete knockout as well as KDR-specific deletion
of Sox7 results in widespread vascular defects by e10.5
[12,18]. We previously showed that Sox7 is a direct target of
ETV2 in EPC formation [15]. Many of the regulatory regions
associated with known endothelial genes demonstrated open
chromatin in the absence of Sox7 overexpression. These data
are consistent with the idea that Sox7 is not the first factor
recruited to these regulatory regions but acts downstream of
Etv2 to promote differentiation of the endothelial lineage.
The identification of specific endothelial genes downstream
of Sox7 provides mechanistic information about how Sox7
promotes endothelial lineage specification.

The ability to interact with other DNA-binding proteins to
create a transcriptional activation complex is an important
characteristic of the SOX family of transcription factors that
provides promoter and cell specificity [43,59]. Our motif
analysis suggests that SOX7 interacts with different protein
partners in different cellular contexts. An interaction be-
tween SOX and GATA family members has been demon-
strated in multiple contexts. Binding of SOX4 to GATA3 in
T cells impaired the ability of GATA3 to bind DNA and
negatively regulated TH2 cell differentiation [60]. Interac-
tion between Gata2, Ets family proteins, and Sox7 (or
Sox18) is indispensable for endothelial cell differentiation
[61], and in parietal endoderm, SOX7 and GATA4 cor-
egulate the Fgf3 promoter [62]. In this study, we show that
SOX7 and GATA4 are found within a protein complex to-
gether and that the SOX7 HMG domain is required for this
interaction. This is consistent with the critical role the HMG
domain plays in the function of SOX family proteins, in-
cluding binding DNA and mediating the interaction with
other transcription factors [43].

Annotation of genomic sites identified as co-occupied by
SOX7 and GATA4 displays enrichment for genes involved
in heart development, including specific genes known to be
involved in endocardial or atrioventricular valve develop-
ment. On regulatory regions associated with two cardiac
genes, we show that SOX7 inhibits GATA4s transcriptional
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activity. We speculate this represents a possible mecha-
nism by which SOX7 actively represses the cardiac tran-
scriptional program. SOX7 has been previously shown to
inhibit the transcriptional activity of RUNX1 by interfering
with its ability to bind DNA and its cofactor, thereby
blocking differentiation of the hematopoietic lineage [17].
Altogether, these data suggest Sox7 represses lineage-specific
transcriptional programs by interfering with a positive regu-
lator of that lineage. This repressive ability of Sox7 favors the
endothelial program over either hematopoietic (RUNX1) or
cardiac (GATA4) lineages. Sox7 and Sox18 were recently re-
ported to be downstream target genes of Gata4 [63]. The in-
teraction between these two factors may result in a feedback
loop, where Gata4 regulates Sox7 expression allowing for an
efficient switch between cardiac and endothelial lineage
specification. The cellular context and chromatin-specific in-
teractions between Gata4 and Sox7 may explain the spectrum
of congenital heart defects associated with 8p23 microdeletions
or duplication syndromes in patients [26–28,34].

Sox7 integrates BMP and WNT signaling

The role for BMP and WNT signaling in specification and
differentiation of the cardiovascular lineages is well estab-
lished [50]. The interaction of these signaling pathways is
complex and the downstream effect on different lineages
depends on the specific cellular context and timing. WNT
signaling plays a biphasic role in cardiomyocyte differen-
tiation, where early WNT/b-catenin signaling is required
for specification of the mesoderm to a cardiac fate then
WNT/b-catenin signaling must be blocked in cardiac me-
soderm to promote cardiomyocyte differentiation [50,52].
Additionally, noncanonical WNT signaling, primarily through
Wnt5a and Wnt11, plays a role in promoting specification
of cardiac mesoderm by interfering with canonical WNT/
b-catenin signaling [64–66]. Similar to WNT signaling
during cardiogenesis, the timing and dose of BMP signal is
crucial for robust cardiomyocyte differentiation. BMP4 is
required for efficient specification of cardiac mesoderm
and later inhibition of BMP signaling by dorsomorphin
amplifies cardiomyocyte differentiation [50,51,54].

There are conflicting reports of the role of WNT signaling
in endothelial differentiation. Both activation and inhibition
of canonical WNT signaling has been shown to promote
endothelial cell differentiation [67–69]. Wnt5a is capable of
promoting endothelial differentiation through both canoni-
cal and noncanonical WNT signaling pathways [70,71]. In
contrast, it is well accepted that BMP signaling positively
regulates endothelial cell differentiation and angiogenesis
[72]. BMP2, BMP4, and BMP6, all induce endothelial cell
proliferation, migration, and vessel assembly [72,73].

Crosstalk between WNT and BMP signaling pathways
has been reported during specification of mesoderm. This
crosstalk can be mediated at the level of transcription factor
interactions or signaling modifiers [53,74]. An example is
the ability of BMP2 to induce angiogenesis in vivo occurs
through activation of both canonical and noncanonical WNT
pathways [72,75]. In our study, inhibition of either WNT
signaling or BMP signaling in cardiovascular progenitor
cells can rescue the cardiac differentiation defect seen with
overexpression of Sox7. Our data suggest that Sox7 posi-
tively regulates BMP and both canonical and non-

canonical WNT pathways in cardiovascular progenitor
cells. We speculate that prolonged signaling through these
pathways promotes an endothelial lineage cell fate at the
expense of the cardiac lineage. This Sox7 activity appears
to be at the level of transcriptional regulation of Wnt li-
gands, however, the effect on Bmp6 seems to be indirect
as SOX7 is not bound to regulatory regions associated
with Bmp6, although we cannot exclude that the SOX7-
binding site was not detected in our ChIP-Seq.

In conclusion, our study provides novel information about
the gene regulatory networks downstream of Sox7, which
will allow for further exploration of the role of Sox7 during
cardiovascular cell differentiation. Using the power of
large-scale genomic approaches, we define a set of genes
that Sox7 regulates specifically in endothelial or cardiac
progenitors and which results in the promotion of an endo-
thelial cell differentiation program at the expense of cardiac
differentiation. Sox7 is a factor that influences the balance of
cardiac and endothelial lineage differentiation through posi-
tive regulation of WNT and BMP signaling.

Accession Numbers

Analyzed data are provided in supplementary tables.
Genome sequencing datasets are deposited at GEO, sub-
mission number GSE133899.
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