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Vasculogenesis/angiogenesis is one of the earliest processes that occurs during embryogenesis. ETV2 and
SOX7 were previously shown to play a role in endothelial development; however, their mechanistic
interaction has not been defined. In the present study, concomitant expression of Etv2 and Sox7 in en-
dothelial progenitor cells was verified. ETV2 was shown to be a direct upstream regulator of Sox7 that
binds to ETV2 binding elements in the Sox7 upstream regulatory region and activates transcription. We
observed that SOX7 over-expression can mimic ETV2 and increase endothelial progenitor cells in em-
bryonic bodies (EBs), while knockdown of Sox7 is able to block ETV2-induced increase in endothelial
progenitor cell formation. Angiogenic sprouting was increased by ETV2 over-expression in EBs, and it was
significantly decreased in the presence of Sox7 shRNA. Collectively, these studies support the conclusion
that ETV2 directly regulates Sox7, and that ETV2 governs endothelial development by regulating tran-
scriptional networks which include Sox7.

Introduction

Vasculogenesis is one of the earliest processes to
occur during embryogenesis [1–3]. Vascular develop-

ment in the murine embryo begins in the yolk sac mesoderm
with the formation of blood islands and progresses with the
development of primitive vascular networks by embryonic
day E8.5 [4,5]. In the embryo proper at approximately E8.0,
angioblasts migrate into the pericardial area and form a vas-
cular plexus adjacent to the developing myocardium. These
lineages continue to develop into the two-layered heart tube,
the inner endocardium, and the outer myocardium [6–8]. The
linear heart tube initiates looping morphogenesis at approxi-
mately E8.25. The beating of the heart begins at E8.5, and
looping terminates with the emergence of a four-chambered
structure by E10.5 [9–13]. In concert with the endocardial
tube formation, angioblasts aggregate and form the dorsal
aorta and cardinal veins, while other vascular plexuses de-
velop and remodel to form the framework for fetal circulation,
which is established by day E9.5 [4].

The Ets gene family was shown to have essential roles in
diverse biological processes, including angiogenesis, vascu-
logenesis, hematopoiesis, neurogenesis, and myocardial de-
velopment [14–19]. In situ hybridization and RT-PCR
techniques demonstrated that Etv2 expression is restricted to
the endocardium/endothelium of the E8.5 and E9.5 embryo,
and that this expression is extinguished by E11.5 [14]. The
Etv2 homozygous mutant embryos were lethal by E9.5, and

lacked the endocardial/endothelial lineage [14]. Recent
in vivo and in vitro results further support the hypothesis that
ETV2 is a critical factor for the specification of the endo-
cardial/endothelial and hematopoietic lineages [15,20–23].

The Sry-related HMG box (Sox) gene family encodes
transcription factors that regulate specification and differ-
entiation of various developmental processes. Sox7, Sox17,
and Sox18 comprise the Sox-F family, which was shown to
play a critical role in formation of the endodermal lineage,
hematopoietic stem cell regulation, cardiovascular devel-
opment, and, more recently, arterial specification [5,24–30].
All three Sox-F members were shown to be expressed in
vascular endothelial cells [24,25,27,31,32]. Sox18-null mice
were not viable after significant back-crossing onto a pure
C57BL6 background and died at E14.5 [33]. Other reports
showed that point mutations in Sox18 in both humans and
mice cause syndromes with cardiovascular and hair follicle
defects; however, previously generated Sox18-null mice
were viable and display no obvious cardiovascular defects
[34]. These results may be due to the generation of a dom-
inant negative protein by the point mutations, while defects
in the Sox18-null mice may be rescued by the compensatory
action of other Sox-F members [5,27,34–36]. Previously
described redundancy of Sox17 and Sox18 as well as Sox7
and Sox18 in vascular development, arterial-venous identity,
and cardiovascular development further support this theory
[5,27,34–36]. SOX7 was recently shown to be involved in
the transcriptional regulation of the hemogenic endothelium
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[37], and it has been implicated in human cardiovascular
development [38]. Although the downstream effects of the
Sox-F family have begun to be elucidated, the upstream
regulation of the Sox-F family members has yet to be de-
fined.

In the present study, we demonstrate that ETV2 regulates
the expression of Sox7 by directly binding to its upstream
regulatory region. We further establish that the Etv2 de-
velopmental pathway results in the formation of endothelial
progenitor cells, and it increases angiogenic potential of
embryonic bodies (EBs). Collectively, these studies enhance
our understanding of molecular networks that govern dis-
crete stages of early endothelial development.

Materials and Methods

Generation of embryonic stem cell lines

Standard techniques were used for isolation and propaga-
tion of embryonic stem (ES) clones [39]. Etv2 mutant ES
cells were derived from day 3 Etv2 mutant and WT blasto-
cysts as previously described [40]. ES cells (A2loxCre) with
doxycycline-inducible expression of Etv2 or Sox7-Myc were
generated as previously described [41]. Briefly, the expres-
sing vector pLox was integrated into the X chromosome of
the Ainv15 ES cells placing the cDNA under the control of
tetracycline-responsive element (TRE). In this system, the
addition of doxycycline (dox) causes the reverse tetracycline
transactivator to bind to TRE, resulting in over-expression.

EB culture and expression profiles

EBs were prepared using the hanging drop technique and
the appropriate mES cell lines, and then cultured in suspen-
sion on a rotating plate beginning on day 2. Dox (1mg/mL
final concentration) was added to the culture at designated
time points to induce protein expression [41]. Gene expres-
sion at each time point was analyzed using quantitative RT-
PCR using 7900 Applied Biosystems sequence detection
system (Foster City, CA). All Taqman gene expression assays
were purchased from Applied Biosystems. Taqman gene
expression assays included Gapdh (Mm99999915_g1), Etv2
(Mm 00468389_m1), Sox7 (Mm00776876_m1), Cdh5
(Mm00486938_m1), Pecam1 (Mm00476702_m1), and Tek
(Mm01256904_m1).

Single-cell qRT-PCR

EBs were prepared using the hanging drop technique with
control mES cells (A172lox), and then cultured in suspension
on a rotating plate beginning on day 2. Day 5 EBs were
harvested and dissociated as previously described [41].
Briefly, EBs were incubated in Collagenase Type I (17100-
017; Gibco, Grand Island, NY) and triturated multiple times
over a 10 min interval. Cells were washed, filtered, and
stained with anti-Flk1-PE (12-58212-83; eBioscience, San
Diego, CA), and anti-Cdh5-APC (17-1441-80; eBioscience).
Double positive (Flk1 + /Cdh5 + ) were sorted on an FACSAria
(BD Biosciences, San Jose, CA). Sorted cells were stained
with LIVE/DEAD viability/cytotoxicity kit (L-3224; Life
Technologies, Grand Island, NY) and loaded on a 10–17mm
Auto Prep Integrated Fluidic Circuit (IFC; Fluidigm, San
Francisco, CA) to capture single cells using the C1 Single cell
Auto Prep System (Fluidigm).

Cells were loaded at 250,000 cells/mL according to the
manufacturer’s protocol. The IFC was imaged on a Nikon Tie
Deconvolution microscope system to determine capture effi-
ciency before proceeding to cDNA synthesis using the Am-
bion single cell to CT kit (PN 4458237; Life Technologies),
and targeted amplification was performed for 18 cycles on a
C1 Single Cell Auto Prep system (Fluidigm) with Taqman
gene expression assays Gapdh (Mm99999915_g1), Etv2
(Mm 00468389_m1), and Sox7 (Mm00776876_m1). Fourty
live cells were selected to load on a Dynamic Array IFC
48.48 chip (Fluidigm), and Etv2, Sox7, and Gapdh were
quantified in quadruplicates on a Biomark HD system (Flui-
digm) using Taqman Fast Universal PCR Master Mix
(4352042; Applied Biosysystems, Austin, TX) according to
the standard manufacturer’s protocol, using the same Taqman
probe used in the preamplification. The data were analyzed
using Fluidigm’s real-time PCR analysis software.

Protein analysis by western blot

Protein expression was determined by western blot analy-
sis as previously described [42]. Antibodies used were anti-
human Sox7 (AF2766; R&D Systems, Minneapolis, MN),
anti-PECAM-1 (M-20) (sc-1506; Santa Cruz Biotechnology,
Santa Cruz, CA), anti-CDH5 (C-19) (sc-6458; Santa Cruz
Biotechnology), anti-SOX17 (S-20) (sc-17355; Santa Cruz
Biotechnology), anti-SOX18 (H-140) (sc-20100), anti-a-
tubulin (T5168; Sigma, St. Louis, MO), and anti-c-myc (Cat
#11667149001; Roche, Indianapolis, IN).

Chromatin immuno-precipitation assays

EBs were prepared as described earlier using ETV2-HAX3
over-expressing cells and maintained in differentiation me-
dium. Over-expression was induced by dox at day 3.0, and
EBs were harvested at day 4.0. Chromatin DNA isolation
from EBs and protein-DNA complex immuno-precipitation
using anti-HA antibody (Y-11, sc-805 · ) or rabbit IgG as
control (Santa Cruz Biotechnology) were performed as pre-
viously described [43]. SYBR Green qRT-PCR was per-
formed using PCR master mix from Applied Biosystems (Cat
#4309155) and primers specific to the mouse Sox7 upstream
regions: Region I Fwd 5¢ CGCTCCTCACCCAAATGTAT
3¢, Region I Rev 5¢ AAGAATGACTGGGTCAAGGAAA 3¢;
Region II Fwd 5¢ TGAGACCTAGGGAGCTGATGC 3¢,
Region II Rev 5¢ GTTGCTATTGGCTTGCTCCAC 3¢; Re-
gion III Fwd 5¢ TATCGCCGGGTTTTAGGATTA 3¢, Re-
gion III Rev 5¢ GCTTTAGACACACCCCACTGT 3¢; Gapdh
Fwd 5¢ TGACGTGCCGCCTGGAGAAA 3¢, and Gapdh Rev
5¢ AGTGTAGCCCAAGATGCCCTTCAG 3¢.

Electrophoretic mobility shift
and transcriptional assays

The electrophoretic mobility shift assays (EMSA) were
performed using the Gel Shift assay Core Kit (E3050;
Promega, Madison, WI). HA-tagged Etv2 protein was in
vitro translated by TNT-coupled transcription rabbit retic-
ulocyte translation system (L5010; Promega). HA-ETV2
was incubated with 32P-labeled synthetic oligonucleotides
containing putative EBE (Etv2 binding element) sequences
at room temperature for 10 min, and separated on a 4%
acrylamide nondenaturing gel in Tris/Borate/EDTA buffer.
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For the supershift assays, anti-HA antibody (sc-805; Santa
Cruz Biotechnology) was added to the reaction for 20 min at
room temperature after the formation of the protein-DNA
complex. Synthetic nucleotides generated were as follows:
EBE-1: 5¢ CTGAGACTTCCTGAAGTT 3¢, EBE-2: 5¢ TCCT
CTGGGAAATGGCCC 3¢, EBE-3: 5¢ CCTGGACTTCCT 3¢,
EBE-1mut: 5¢ CTGAGACcggcTGAAGTT 3¢, EBE-2mut: 5¢
TCCTCTGgtccATGGCCC 3¢, EBE-3mut: 5¢ CCTGGACcg
gcT 3¢.

Recombinant reporter constructs
and cell transfection

The recombinant reporter gene construct was obtained
by cloning a PCR-amplified 241 bp fragment Region II of
the Sox7 promoter (Fwd: 5¢ CCATTTGATTTCAGCGTCC
AGGC, Rev: 5¢ CCACCTACAGGAAGTCCAGGATGA
GC 3¢) into the SacI and XhoI sites of the pGLT vector
(pGL3basic; Promega, with hsp70 TATA boxes inserted at the
HindIII site). Mutation of the EBEs was performed by site-
directed mutagenesis. Luciferase constructs and increasing
amounts of HA-tagged-Etv2, Ets1, or Erg expression vectors
were transfected into C2C12 myoblasts using the Lipofecta-
mine/Plus reagent method according to the manufacturer’s
protocol (Invitrogen, Carlsbad, CA) and incubated for 24 h.
Cells were then harvested in passive lysis buffer and assayed
using the Dual-Glo Luciferase Assay System (E2920; Promega).

Quantification of endothelial progenitor cells
by flow cytometry

Day 6 EBs were harvested and dissociated as previously
described [41]. Briefly, EBs were incubated in Collagenase
Type I (17100-017; Gibco) and triturated multiple times over
a 10 min interval. Cells were washed, filtered, and stained with
anti-Flk1-PE (12-58212-83; eBioscience) and anti-Cdh5-
APC (17-1441-80; eBioscience). Stained cells were analyzed
on an FACSAria (BD Biosciences) to quantify double positive
(Flk1 + /Cdh5 + ) endothelial progenitors cells (EPCs) [41].

ShRNA knockdown of Sox7

The shRNA vector pLKO.1 containing the mouse Sox7-
specific RNAi sequence 5¢ CCTGGCTTTGACACCTTG
GAT 3¢ (TRCN0000086052) was introduced into the Etv2
over-expressing mES cells mentioned earlier by lentiviral
transduction after replacement of the puromycin resistance
gene in pLKO.1 with eGFP. Infected mES cells were sorted
twice while selecting for GFPbright cells, resulting in an mES
cell line with constitutive Sox7 shRNA expression and in-
ducible Etv2 over-expression.

EB culture in Type I Collagen gel for endothelial
sprouting assessment

EBs were prepared by the hanging drop method using the
indicated mES lines, and cultured in suspension on a ro-
tating plate for 7 days. After 7 days, the EBs were trans-
ferred to Collagen Type I-containing medium (1.25 mg/mL,
catalog #354249; BD Biosciences, Bedford, MA) at a con-
centration of 150–200 EBs per p30 Petri dish, according to
the protocol described by Feraud et al. [44]. EBs were dosed
with vascular endothelial growth factor (rhVEGF, catalog

#293-VE; R&D Systems, Minneapolis, MN) at a concentra-
tion of 50 ng/mL, incubated for 72 h, and scored for sprouting.

Statistical analysis

All P-values were calculated using Student’s t-test analysis.

Results

Etv2 and Sox7 expression patterns in EBs

Transcriptome analysis performed on E8.5 Etv2-mutant
embryos compared with wild-type littermates revealed de-
creased expression of Sox-F family transcription factors in
the Etv2 mutant embryo [45]. To further assess the temporal
relationship between Etv2 and Sox7, gene expression pat-
terns were followed in developing EBs, beginning on day 2
until day 6. Etv2 mRNA expression had a narrow window of
induction peaking at day 3.5 followed by rapid down-
regulation to baseline levels by EB day 4.5 (Fig. 1A). Sox7
expression was initiated at day 3.5 with a gradual increase
through EB day 6 (Fig. 1B). The onset of Sox7 mRNA after
Etv2 upregulation corroborates the hypothesis that Sox7 is a
potential direct downstream target of ETV2. In addition,
analysis of EBs from ES cells generated from Etv2-mutant
and WT-littermate blastocysts showed complete absence of
Sox7 mRNA in the Etv2-mutant EBs (Fig. 1C); while the
pattern of Sox7 mRNA expression in EB differentiation assays
of the WT littermate cells was similar to the Ainv18 ES cell
line (Fig. 1B), and it simply shifted 0.5 days due to a variation
in embryonic staging and ES cell derivation. Although both
Etv2 and Sox7 have previously been described in the EPC
population, to confirm that Etv2 and Sox7 were present in the
same cell, single-cell qRT-PCR was performed using FLK1 + /
CDH5 + EPCs derived from EBs harvested at day 5. This
demonstrated that Sox7 and Etv2 were co-expressed in all 40
cells assayed (Fig. 1D). Finally, a dox-inducible ETV2 over-
expressing ES cell line was utilized to show that over-ex-
pression of ETV2 in EBs before the appearance of endoge-
nous ETV2 resulted in significant induction of Sox7 mRNA
compared with the control EBs (Fig. 1E). Over-expression of
Etv2 in engineered ES cells, after induction with dox, was
observed at the mRNA level (data not shown) and at the
protein level by western blot analysis (Fig. 1E).

ETV2 binds and activates the Sox7 promoter

The 10 kb upstream regions of the mouse, human, and rat
Sox7 gene were aligned, and conserved regions between
species were identified. In addition to the homology of the
proximal promoter, three additional upstream regions had
conserved sequences: region I ( - 5272 to - 5512 bp from
the transcriptional start site), region II ( - 3616 to - 3835),
and region III ( - 910 to - 1240). Putative EBEs corre-
sponding to the sequence G/C C/G C/a G A G/a T/c [46]
were identified in all three regions, (Fig. 2A). All three re-
gions of the Sox7 upstream region were tested for ETV2
binding using the chromatin immuno-precipitation (ChIP)
technique from cells expressing HA epitope-tagged ETV2.
Enrichment of each region, after immunoprecipitation with
anti-HA antibody, was determined by qRT-PCR and com-
pared with a Gapdh control (Fig. 2B). The fragment con-
taining three putative EBEs, from - 3616 to - 3835 upstream
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of the transcriptional start site, was significantly enriched
4.4 – 0.6-fold, suggesting that ETV2 binds to this region of
the Sox7 promoter. EMSA revealed that ETV2 binds to two
of the three putative EBEs identified in region II of the Sox7
promoter (Fig. 2C). This binding could be supershifted with
an HA antibody that recognized the ETV2-HA fusion
construct, and it could be competed with WT synthetic
oligonucleotide but not with mutated synthetic oligonu-
cleotide (Fig. 2C). The ability of this regulatory fragment of
Sox7 to confer ETV2-dependent transcriptional activation
was tested by fusing the 241 bp fragment containing the
three EBE sequences ( - 4002 bp to - 3761 bp) to the lu-
ciferase reporter and performing transcriptional assays in
C2C12 myoblasts. As shown in Fig. 2D, co-transfection of
the reporter plasmid with increasing amounts of ETV2-

expressing vector resulted in a dose-dependent activation of
luciferase activity (4.38 – 0.13-fold, 4.92 – 0.50-fold, and
6.63 – 0.26-fold (P < 0.05, n = 3)) compared with the control
(no ETV2-expressing plasmid). Moreover, the reporter
plasmid in which all three EBE sequences were mutated
had no activation, even with maximal amounts of ETV2
(1.03 – 0.07-fold change; P < 0.05, n = 3; Fig. 2D). Tran-
scriptional assays using expression plasmids for ETS1 and
ERG (ETS-family proteins expressed during endothelial
development) showed that the 241 bp region containing the
EBE sequences specifically responded to ETV2 but not to
other closely related proteins (Fig. 2E). In combination,
these data show that ETV2 binds two EBEs of the Sox7
promoter (EBE-1: - 3936 to - 3926 and EBE-3: - 3778 to
- 3768), and it confers ETV2-dependent activation. Based on

FIG. 1. Etv2 and Sox7 expression patterns in embryonic bodies (EBs). (A) Etv2 mRNA expression in EBs prepared using
A2lox-Cre mES cells. EBs were cultured and harvested at indicated time points. (B) Sox7 mRNA expression in EBs
prepared using A2lox-Cre mES cells. EBs were cultured and harvested at specific time points. Etv2 and Sox7 mRNA
expression was determined using qRT-PCR and normalized to Gapdh expression. (C) Sox7 mRNA expression in EBs
prepared using mES derived from Etv2-null blastocysts and their wild-type littermates. (D) Etv2 versus Sox7 mRNA
expression in single EPCs (n = 40) derived from EBs harvested on day 5 and sorted for FLK1+ /CDH5+ . (E) Schematic of the
reverse tetracycline transactivator (rtTA)/tetracycline-responsive element (TRE) dox-inducible Etv2 over-expression sys-
tem. Dox-inducible ETV2 over-expression for 24 h (day 2–3) was confirmed using western blot analysis. Sox7 mRNA
expression was determined in EBs harvested on day 3 by qRT-PCR. Induction of ETV2 revealed significantly increased
expression of Sox7 mRNA (*P < 0.05, n = 3).
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these data, we conclude that Sox7 is a direct downstream
target of ETV2.

Sox7 increases EPCs in EBs

Etv2 is essential for the development of the endothelial
lineage [14]; we, thus, hypothesized that ETV2 functions
through a SOX7-dependent pathway in endothelial develop-
ment. The effect of SOX7 over-expression on the production
of FLK1+ /CDH5 + EPCs was assessed in EBs harvested at
day 6 [42,45,47]. Induction of SOX7-MYC for 72 h (day 3–6,
Fig. 3A) significantly increased FLK1+ /CDH5 + EPCs as

compared with the control (12.2% – 2.7% vs. 5.0% – 2.8%,
P < 0.05, n = 9; Fig. 3B); however, the fold increase was
consistently lower compared with the changes seen with
ETV2 over-expression (twofold vs. threefold) (Supplemen-
tary Fig. S1; Supplementary Data are available online at
www.liebertpub.com/scd), suggesting that SOX7 alone could
not completely replicate the actions of ETV2. In addition
to increasing the number of EPCs, SOX7 over-expression
also increased protein expression of the endothelial proteins
PECAM1 and CDH5 as evidenced by western blot analysis
(Fig. 3C). Next, we addressed whether Sox7 could induce the
endothelial lineage before the onset of Etv2 expression. SOX7

FIG. 2. ETV2 binds and activates the Sox7 promoter. (A) Alignment of 10 kb upstream region of the mouse, rat, and
human Sox7 gene sequence revealed conservation of the proximal promoter and three additional regions highlighted in
yellow: region I ( - 5272 to - 5512 bp from the transcriptional start site), region II ( - 3616 to - 3835), and region III ( - 910
to -1240). Putative EBEs were identified in all three regions (shaded gray). (B) ChIP assay using chromatin isolated from
ETV2 over-expressing EBs (dox treatment for day 3–4, harvested at day 4) showed significant enrichment of the Sox7
upstream region II by ETV2 (*P < 0.05, n = 6). (C) Putative EBEs were tested for ETV2 binding using EMSA. Radiolabeled
probes containing the putative binding sites, as shown, were incubated with in vitro synthesized HA-ETV2 protein to form a
specific complex with EBE-1 and EBE-3, but not EBE-2 (arrow). Addition of specific synthetic oligonucleotide (s) was able
to compete the complex, but not the mutated oligonucleotide (m). Antibody to the HA-tag supershifted the complex
(arrowhead), indicating specificity of the complex. (D) A 241 bp fragment of region II containing the three putative EBEs
was fused to a luciferase (luc) reporter gene and transfected into C2C12 myoblast cells with increasing amounts of the Etv2
expressing plasmid. Luciferase activity was normalized to activity in the absence of ETV2. Mutation of the EBEs (Mut)
resulted in significantly reduced activity for the Sox7 promoter (*P < 0.05, n = 3). (E) A 241 bp fragment of region II
containing the three putative EBEs was fused to a luciferase (luc) reporter gene and transfected into C2C12 myoblast cells
with Etv2, Ets1, Erg, or control expression plasmids (0.5 mg). Luciferase activity was normalized to activity with control
plasmids. Reporter activity was specific to the ETV2 receptor but not to other family members (*P < 0.05, n = 6).
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was over-expressed before endogenous expression of ETV2
in EBs by inducing with dox on days 2–3, and a significant
increase in mRNA for the endothelial genes Cdh5 and Tie2
was detected (3.30 – 0.13-fold and 4.01 – 0.10-fold respec-
tively, P < 0.05, n = 3; Fig. 3D). However, the levels of ex-
pression of these genes and the fold increase were much less
than those observed in EBs with ETV2 over-expression at the
same timing (Cdh5 1327 – 83-fold, Tie2 1070 – 40-fold, and
Pecam1 145 – 4-fold; Fig. 3E). This observation is consistent
with the notion that SOX7 functions downstream of ETV2.

The role of SOX7 in the ETV2 pathway was further in-
vestigated by engineering cells in which ETV2 could be
over-expressed in the presence of Sox7 inhibition. ShRNA
technology was combined with the dox-inducible over-
expressing ES-system to obtain such an mES cell line, and
the ability to produce EPCs in EBs was assessed. EBs were
made using hanging drop technology and cultured in sus-
pension for 6 days. ETV2 was over-expressed with dox from
day 3 to 6, and shRNA for Sox7 was constitutively ex-
pressed. To show that knockdown by Sox7 shRNA was ef-

fective, protein levels were analyzed by western blot. SOX7
and CDH5 a downstream target of Sox7 [37], protein levels
were induced by dox in control cells (in the absence of
shRNA), and clearly decreased in the presence of Sox7
shRNA. However, the closely related Sox-F family members
SOX17 and SOX18 did not show changes in protein levels in
the presence of Sox7 shRNA, indicating knockdown speci-
ficity of the Sox7 shRNA to Sox7 (Supplementary Fig. S2).
Having validated our system, EBs were collected on day 6
and FLK1+ /CDH5 + cells were quantified. ETV2 over-ex-
pressing EBs containing control pLKO.1 vector had per-
centages of FLK1+ /CDH5+ cells similar to those previously
observed in ETV2 over-expressing cells not infected with
lentivirus with a threefold increase in double-positive cells on
over-expression (no dox: 5.5% – 1.4%, dox: 14.2% – 3.3%,
P < 0.05, n = 6; Fig. 4B). In the presence of Sox7 shRNA, the
ETV2 over-expressing cells had a significantly lower per-
centage of FLK1 + /CDH5 + cells when compared with ETV2
over-expressing cells containing the control pLKO.1 vector
(6.4% – 1.4% vs. 14.2% – 3.3%, P < 0.05, n = 6; Fig. 4B). Sox7

FIG. 3. SOX7 over-expression results in increased levels of endothelial progenitors cells (EPCs) and endothelial gene
expression. (A) EBs were prepared using SOX7-MYC over-expressing mES cells and cultured for 6 days. Dox was added
for 72 h (days 3–6). SOX7-MYC over-expression was confirmed by western blot analysis. (B) FACS analysis of FLK1 + /
CDH5 + double-positive EPCs derived from EBs at day 6 showed a significant increase in SOX7 over-expressing EBs
(*P < 0.05, n = 7). (C) SOX7 over-expression for 72 h (day 3–6) increased expression of the endothelial genes PECAM1 and
CDH5 in EBs at day 6 as shown by western blot analysis. (D) Induction of SOX7 with dox for 24 h (days 2–3) in EBs
harvested on day 3, before the onset of endogenous Etv2, revealed increased expression of endothelial transcripts by qRT-
PCR (*P < 0.05, n = 3). (E) Induction of ETV2 with dox for 24 h (days 2–3) in EBs harvested on day 3, before the onset of
endogenous Etv2, revealed increased expression of endothelial transcripts by qRT-PCR. Note the level of induction is
higher with ETV2 (E) compared with SOX7 (D) over-expressing cells.
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inhibition significantly decreased the level of FLK1+ /CDH5+

in un-induced cells (5.5% – 1.4% vs. 3.5% – 2.0%, P < 0.05,
n = 10, Fig. 4B). To further examine the effects on mesodermal
commitment, we analyzed FLK1 + cells in EBs collected at
day 4 (Table 1). The data indicate that while ETV2 over-
expression increases the FLK1 + cells at day 4 (66.5% – 3.5%
vs. 90.5% – 5.5%, P < 0.05, n = 4), these cells were significantly
decreased in SOX7 over-expressing cells (73.1% – 6.1% vs.
60.2% – 5.5%, P < 0.05, n = 4). Knockdown of Sox7 generated
some variability in the responses and resulted in statistically
insignificant differences in the day 4 FLK1 + population.

Functional role of Sox7 in the ETV2 pathway

Having established an ETV2-Sox7 pathway in progenitor
cells, an angiogenic assay was performed to further define

FIG. 4. Sox7 shRNA decreases endothelial progenitor cell production and angiogenic sprouting in ETV2 over-expressing
EBs. (A) EBs were prepared using ETV2 over-expressing mES cells containing lentivirus constitutively expressing shRNA
for Sox7 or control. Dox was added for 72 h (days 3–6) and EBs cultured for 6 days. Western blot analysis in EBs collected
on day 6 shows successful knockdown of SOX7 and CDH5 proteins by Sox7 shRNA. (B) EBs were prepared using ETV2
over-expressing mES cells containing lentivirus constitutively expressing shRNA for Sox7 or control. Dox was added for
72 h (days 3–6) and EBs cultured for 6 days. FACS analysis of FLK1 + /CDH5 + double-positive EPCs derived from EBs at
day 6 showed a significant increase in EPCs in cells over-expressing ETV2. A significant decrease in EPCs is observed in
the presence of Sox7 shRNA (*P < 0.05, n = 6). (C) EBs were prepared using ETV2 over-expressing mES cells containing
lentivirus constitutively expressing shRNA for Sox7 or control vector. Dox was added for 96 h (days 3–7) and EBs cultured
in media for 7 days. On day 7, EBs were transferred to a collagen secondary culture (1.25 mg/mL Collagen Type I) and
incubated for another 72 h, at which point the EBs were scored for sprouting. ETV2 significantly increased angiogenic
sprouting (*P < 0.05, n = 4 experiments with *150–200 EBs scored per condition per experiment). There were significantly
fewer angiogenic EBs when Sox7 shRNA was present in both ETV2 over-expressing and not over-expressing EBs
(*P < 0.05, n = 4 experiments with *150–200 scored per condition per experiment). Inhibition of endogenous Sox7 (no dox)
significantly decreased angiogenic EBs compared with EBs without Sox7 shRNA (*P < 0.05, n = 4 experiments with *150–
200 scored per condition per experiment). (D) Representative brightfield images of angiogenic and nonangiogenic EBs after
72 h in collagen. Size bar = 50 mm.

Table 1. Quantitation of Mesodermal

Flk1 + Cells in Embryonic Bodies Collected

at Day 4 After Induction with dox for 24 h

%Flk1 + cells

ETV2-OE - dox 65.5 – 3.5a

ETV2-OE + dox 90.5 – 5.5a

SOX7-OE - dox 73.1 – 6.1b

SOX7-OE + dox 60.2 – 5.5b

ETV2-OE + shRNA - dox 74.6 – 13.6, ns
ETV2-OE + shRNA + dox 78.2 – 12.2, ns

aP < 0.05, n = 4.
bP < 0.05, n = 4.
ns = not significant.
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the functional role of SOX7 in the ETV2 pathway in vascular
development. EBs were prepared using the hanging drop
technique and mES with inducible Etv2 with or without Sox7
shRNA. EBs were cultured in suspension for 7 days, before
transfer to secondary collagen culture for 72 h in medium
containing rhVEGF. Over-expression of ETV2 significantly
increased angiogenic sprouting in EBs from 54.6% – 8.4% to
80.4% – 7.2% (P < 0.05, n = 4; Fig. 4C, D), and these values
were consistent with previously observed values [48]. Sox7
knockdown significantly decreased the number of sprouting
EBs to 27.2% – 10.8% and 40.9% – 14.3% in EBs with or
without ETV2 over-expression, respectively (P < 0.05, n = 4;
Fig. 4C), further supporting the hypothesis that ETV2 regu-
lates transcriptional networks which include Sox7 to carry out
its functions during vascular development.

Discussion

It was previously demonstrated that Etv2 is expressed early
during embryogenesis in the endocardial/endothelial lineage
and that Etv2-deficient embryos are lethal, lacking endocar-
dial/endothelial and hematopoietic lineages [14,21,23,45]. In
the zebrafish model system, Etv2 has also been shown to be
important for vascular development, initially for EPC speci-
fication, and later in hemogenic endothelial cells [49,50].
Genetic fate mapping analysis utilizing an Etv2-cre trans-
genic mouse model confirmed that ETV2-expressing cells
give rise to both hematopoietic and endothelial lineages [45].

The Sox-F family members (Sox7, Sox17, and Sox18)
have been shown to be important in the formation of the
endodermal lineages, regulation of hematopoietic cells, and
cardiovascular development [24,27,31,32,35,36,51]. In the
endothelial system, recent studies have implicated Sox7 as
an important factor in hematopoietic specification in addi-
tion to its importance in endothelial precursors [52]. Zeb-
rafish studies also demonstrated that Sox7 and Sox18 were
expressed predominately in the vasculature, and reduced
expression of both genes resulted in defective vasculature
development [25,36,53]. Gandillet et al. have shown that
knockdown of Sox7 in EB differentiation assays severely
affected both endothelial and hematopoietic precursors [54].
Recently, it was shown that continued enforced expression
of SOX7 in hemangioblast-derived blast colonies resulted in
sustained expression of endothelial markers while impairing
hematopoietic differentiation [37]. This same study impli-
cated Cdh5, a gene known to be downstream of ETV2, as a
direct downstream target of SOX7 [21,55]. Although there
is significant overlap of Etv2 and Sox7 function in early
endothelial and hematopoietic development, as well as ap-
parent overlap of transcriptional pathways, a direct linkage
between Etv2 and Sox7 has not previously been described.

Given that the Sox-F family of genes is known to be
expressed in the endothelial lineage, and that previous
studies have established that Etv2 is required for the es-
tablishment of hemangiogenic mesoderm and the induction
of early endothelial progenitor cells [15,20–23], our finding
of the downregulation of the Sox-F family of genes in the
absence of Etv2 could have been predicted (in situ hybrid-
ization data not shown). However, it was quite striking that
the expression of Sox7, but not all Sox-F family members,
was completely abolished in the absence of Etv2. Single-cell
expression analysis confirmed that Etv2 and Sox7 are co-

expressed in EPCs. These findings supported our initial data
revealing that Sox7 could be a direct downstream target of
ETV2, and that the Sox-F family members have specific
roles in endothelial development. The upstream regulation
of Sox7 is poorly understood. Research in cancer biology
has implicated both p38MAPK and b-catenin/Wnt pathways
as regulators of Sox7 expression [56]. However, the devel-
opmental regulation of Sox7 has not been previously de-
scribed. Our findings from rigorous promoter analysis and
protein-DNA interaction, gel shift, and transcriptional as-
says confirm that ETV2 directly activates Sox7. It is im-
portant to note, however, that Sox7 alone does not seem to
induce the early endothelial lineage as efficiently as Etv2.
This is not surprising given the critical role of Etv2. It is
likely that Etv2 also contributes to endothelial induction
through Sox7-independent pathways. However, a functional
role of this newly described ETV2-Sox7 activation was also
substantiated. Reduction of Sox7 in the presence of ETV2
activation significantly reduced both the percentage of en-
dothelial progenitors and the angiogenic potential of em-
bryoid bodies. Furthermore, perturbation of Sox7 expression
at even basal levels of Etv2 expression also significantly
reduced the angiogenic capacity of embryoid bodies, further
confirming that Etv2 regulates endothelial development via
transcriptional pathways which include Sox7. These results
from our current studies provide further insights into the
transcriptional pathways of the endothelial lineage.

Initial work focused on the role of the Sox-F family mem-
bers in cardiogenesis and angiogenesis and demonstrated that
the family largely has redundant roles in these systems [5,24–
28,32,34,35]. Although there are areas of overlap in the family
member’s functional roles, studies have begun to focus on the
identification of the unique aspects of the developmental
pathways of each individual member. Recent work has shown
that each member also possesses specific functions as illus-
trated by the importance of Sox18 in lymphangiogenesis, the
role of Sox17 in fetal hematopoietic stem cell proliferation and
definitive endoderm formation, and the requirement of Sox7
for primitive endoderm formation [57]. In the present study,
we also highlight the individual role of Sox7 in endothelial
development. Additional studies will be necessary to com-
pletely define the comprehensive role of each Sox-F family
member in endothelial development.

In this article, a previously unknown direct link between
ETV2 and Sox7 is established. We provide evidence that
Sox7 is one of the targets of ETV2 necessary to regulate the
endothelial pathway, resulting in endothelial progenitor cell
upregulation and increased angiogenic sprouting. Since the
role of Sox7 in endothelial development is generating in-
tense interest, future studies that investigate downstream
targets of Sox7 and their role in endothelial development
will further illuminate the importance of this pathway.
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