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Background: Angiopoietin-1 (Ang-1) is the main ligand of Tie-2 receptors. It promotes
endothelial cell (EC) survival, migration, and differentiation. Little is known about the
transcription factors (TFs) in ECs that are downstream from Tie-2 receptors.

Objective: The main objective of this study is to identify the roles of the ETS family of
TFs in Ang-1 signaling and the angiogenic response.

Methods: In silico enrichment analyses that were designed to predict TF binding sites
of the promotors of eighty-six Ang-1-upregulated genes showed significant enrichment
of ETS1, ELK1, and ETV4 binding sites in ECs. Human umbilical vein endothelial cells
(HUVECs) were exposed for different time periods to recombinant Ang-1 protein and
mRNA levels of ETS1, ELK1, and ETV4 were measured with qPCR and intracellular
localization of these transcription factors was assessed with immunofluorescence.
Electrophoretic mobility shift assays and reporter assays were used to assess activation
of ETS1, ELK1, and ETV4 in response to Ang-1 exposure. The functional roles of
these TFs in Ang-1-induced endothelial cell survival, migration, differentiation, and
gene regulation were evaluated by using a loss-of-function approach (transfection
with siRNA oligos).

Results: Ang-1 exposure increased ETS1 mRNA levels but had no effect on ELK1 or
ETV4 levels. Immunostaining revealed that in control ECs, ETS1 has nuclear localization
whereas ELK1 and ETV4 are localized to the nucleus and the cytosol. Ang-1 exposure
increased nuclear intensity of ETS1 protein and enhanced nuclear mobilization of ELK1
and ETV4. Selective siRNA knockdown of ETS1, ELK1, and ETV4 showed that these
TFs are required for Ang-1-induced EC survival and differentiation of cells, while ETS1
and ETV4 are required for Ang-1-induced EC migration. Moreover, ETS1, ELK1, and
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ETV4 knockdown inhibited Ang-1-induced upregulation of thirteen, eight, and nine pro-
angiogenesis genes, respectively.

Conclusion: We conclude that ETS1, ELK1, and ETV4 transcription factors play
significant angiogenic roles in Ang-1 signaling in ECs.

Keywords: angiogenesis, angiopoietins, endothelial cells, cell signaling, transcription factors, cell migration,
proliferation, Tie-2 receptors

INTRODUCTION

The TEK receptor tyrosine kinase (Tie-2) and its ligand
angiopoietin-1 (ANPGT1, Ang-1) have emerged as important
regulators of angiogenesis, both in adults and in embryos.
In adult mice, the Ang-1/Tie-2 receptor pathway stimulates
vascular remodeling, vascular enlargement, wound healing,
and lymphangiogenesis (Brindle et al., 2006). It also inhibits
endothelial cell (EC) apoptosis and stimulates proliferation,
migration, and differentiation of these cells (Kolizek et al.,
1998; Witzenbichler et al., 1998; Kim et al., 2000; Brindle
et al., 2006). Ang-1 stimulates the ERK1/2, p38, SAPK/JNK, PI3
kinase/AKT, and mTOR pathways (Kim et al., 2000; Harfouche
et al., 2003; Abdel-Malak et al., 2007). Despite the importance
of the Ang-1/Tie-2 receptor pathway to vascular homeostasis
and angiogenesis, relatively little progress has been made toward
the identification of transcription factors (TFs) that mediate
its angiogenic responses. Our group has reported that Ang-1
triggers transient induction of early growth response-1 (EGR1),
a TF that contributes to Ang-1-induced EC proliferation and
migration (Abdel-Malak et al., 2008a). Other groups have shown
that activator protein-1 (AP-1), which mediates the production of
interleukin-8, and KLF2, which is involved in vascular quiescence
and mediates anti-inflammatory effects of Ang-1 (Abdel-Malak
et al., 2008b; Sako et al., 2008), are activated by the Ang-1/Tie-2
pathway in ECs, but the signaling and angiogenic contributions
of other TFs associated with the pathway remain unknown.

In mammalian cells, the ETS (E-twenty-six or E26
transformation-specific) family of TFs consists of over 25
members that share a conserved DNA binding (ETS) domain
that consists of 85 amino acids. They are important regulators
of various cellular functions; including proliferation, migration,
differentiation, inflammation, apoptosis, angiogenesis, and the
cell cycle (Iwasaka et al., 1996; Nakano et al., 2000; Petrovic et al.,
2003; Shimizu et al., 2004; Birdsey et al., 2008). In ECs, members
of the ETS family are upregulated by pro-angiogenic signaling
proteins like vascular endothelial growth factor (VEGF) and
fibroblast growth factors (FGFs) and synergistically contribute
to their effects on angiogenesis (Forough et al., 2006; Heo et al.,
2010). On activation, they bind promoter regions of several
pro-angiogenesis genes, including Ang-2, Tie-1, Tie-2, FLT1
(VEGF receptor), EGR1, and von Willebrand Factor (VWF)
(Randi et al., 2009).

To our knowledge, two members of the ETS family of TFs that
has been identified as being directly activated by the Ang-1/Tie-
2 pathway including NERF2 and ERG. Christensen et al. (2002)
reported that exposure of ECs to hypoxia resulted in upregulation
of Tie-2 and NERF2 and that Ang-1 directly upregulated

NERF2 expression in quiescent cells. They concluded that Ang-
1 regulates NERF2 and Tie-2 expression in hypoxic ECs. More
recently, Shah and colleagues (Shah et al., 2017) reported that
the transcription factor ERG controls the balance between Notch
ligands by repressing Jagged 1 expression and upregulating delta-
like ligand 4 (DII4). They also found that ERG mediates Ang-
1-dependent regulation of Notch ligands and is required for
the stabilizing effects of Ang-1. Whether other members of the
ETS family are also activated by Ang-1 remains unknown. The
primary aim of this study is to identify ETS TFs that are activated
by the Ang-1/Tie-2 pathway and to determine whether they
contribute to Ang-1-induced angiogenesis in ECs.

MATERIALS AND METHODS

Materials
Antibody for E26 transformation-specific sequence-1 (ETS1)
detection was purchased from Novus Biologicals (Centennial,
CO). Antibodies for ETS like-1 protein (ELK1), ETS variant
transcription factor 4 (ETV4, also known as PEA3), and
β-Tubulin were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA) and Novus Biologicals (Centennial, CO).
Recombinant Ang-1 protein was purchased from R&D
Systems Inc. (Minneapolis, MN). Human umbilical vein
endothelial cells (HUVECs) were purchased from GlycoTech
(Gaithersburg, MD).

Cell Culture
HUVECs were used between passages 4–7. Cells were grown
in complete MCDB131 R© medium (Life Technologies, Rockville,
MD) supplemented with 20% fetal bovine serum (FBS),
endothelial cell growth supplement, 2 mmol/L glutamine,
heparin, and gentamicin and incubated at 37◦C and 5% CO2.

Regulation of TF Expression
HUVECs were maintained in basic MCDB 131 medium (2%
FBS) for 6 h. Cells were then exposed to PBS or Ang-1 (300
ng/ml) for 30 min, 1 h, or 3 h in the absence and presence
of selective pharmacological inhibitors of ERK1/2 (U0126, 20
µM), p38 (BIRB796, 10 nM), SAPK/JNK (SP600125, 20 µM),
PI-3 kinase (wortmannin, 100 nM); and mTOR (rapamycin,
50 ng/ml) pathways. Our group and other investigators have
verified the selectivity of these inhibitors in ECs and other cells
(Nwaozuzu et al., 2003; Kuma et al., 2005; Abdel-Malak et al.,
2007, 2008a,b; Bolon et al., 2007; Echavarria and Hussain, 2013).
Total RNA was then extracted using a PureLink R© RNA Mini
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Kit (Life Technologies). mRNA levels of TF and other genes
were detected using real time qPCR with specific primers, SYBR R©

green, and a 7500 Real-Time PCR System (Supplementary
Table 1). GAPDH and β-ACTIN were used as control genes.
All experiments were performed in triplicate. Relative mRNA
expression was determined using the CT method (2−1 1 CT),
as previously described (Abdel-Malak et al., 2007). To determine
absolute copy numbers of TFs and β-ACTIN mRNA transcripts,
standard curves that related cycle threshold (CT) values to copy
numbers were established, as previously described (Mofarrahi
and Hussain, 2011). Copy numbers of individual TFs were then
normalized per copies of β -ACTIN.

Immunoblotting
HUVECs were maintained in basic MCDB 131 medium (2%
FBS) for 6 h. Cells were then exposed to PBS or Ang-1 (300
ng/ml) for 1 h or 3 h. Cells were lysed using RIPA buffer
(Santa Cruz Biotechnology, Dallas, TX). Denatured proteins
were separated using SDS-polyacrylamide gel electrophoresis
(PAGE) and electro-transferred onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad Laboratories, Richmond, CA).
Membranes were blocked with 5% (w/v) low-fat milk for
1 h at room temperature and probed with the primary
anti-ETS1, ELK1, ETV4, and β-Tubulin antibodies at 4◦C
overnight. After washing, membranes were incubated for
1 h at room temperature with horseradish-peroxidase-
conjugated secondary antibodies (Jackson ImmunoResearch,
Newmarket, United Kingdom). Proteins were detected using
PierceTM enhanced chemiluminescence reagents (Thermo
Fisher Scientific).

Identification of Putative TF Regulators
of the Ang-1 Transcriptome
A combination of comparative genomics (phylogenetic analysis
with space/time models (PHAST) (Siepel et al., 2005) and
statistical models (genome-wide analysis of TFBS over-
representation (GATOR) (Blanchette et al., 2006) were used
to identify likely common regulators of 86 Ang-1-upregulated
genes, together with the locations of their putative binding sites.
TRANSFAC (Matys et al., 2006) is a commercial database that
contains a redundant set of 892 matrices; JASPAR (Portales-
Casamar et al., 2010) is an open database that contains a set of
436 matrices. A position weight matrix (PWM) was created using
these databases. Transcription factor binding sites (TFBS) that
are found in conserved non-coding sequences (CNS), taking into
consideration genome-wide binding site frequency, distribution,
and GC content biases, are marked as “putatively regulatory”
of the gene set. Genes are then clustered based on similar
TFBS content, resulting in the prediction of a small number
of TFs specifically associated with each gene (Figure 1). Such
approaches have been shown to be highly effective at narrowing
down a list of candidate TFs pertinent to the process under
investigation (Bulyk, 2003; Defrance and Touzet, 2006). In this
study, we are interested in a set of ETS TFs that are activated by
the Ang-1/Tie-2 pathway. We hypothesize that they significantly
contribute to the regulation of the pro-angiogenic processes that

are elicited by this pathway, including proliferation, migration,
and differentiation.

Electromobility Shift Assays (EMSA)
Assays were performed using Gel-Shift kits (Panomics, Fremont,
CA) with double-stranded DNA probes for human ETS1
and ETV4 and 20 µg of nuclear extract, according to the
manufacturer’s instructions.

TF Reporter Assays (TFRA)
ETS1 and ELK1 reporters were obtained from Dr. M. Jiwaji
(University of Glasgow, United Kingdom). DNA encoding
a multiple cloning cassette and thymidine kinase promoter
(PTK) was inserted between KpnI and HindIII upstream of the
firefly luciferase gene (Fluc) in pGL3-Basic vector (Promega),
generating pMN2. DNA encoding consensus TFBS sequences
were inserted upstream of PTK. Fluc was then replaced with
a unique DNA reporter sequence (UR) so that each TFBS
was attached to a different UR (Jiwaji et al., 2012). Briefly,
HUVECs were pelleted and re-suspended in Opti-MEM (100
µl) at a density of 107 cells/ml and mixed with 1 µg of Renilla
luciferase (Rluc) vector (pRL-SV40 R©, Promega) and 1 µg of each
of the TFBS encoding vectors (Supplementary Table 2). Cells
were electroporated using an Amaxa R© nucleofection program.
Nucleofected cells were incubated at 37◦C for 24 h prior to Ang-
1 treatment. HUVECs were then incubated in basic medium
containing aliquots of PBS or Ang-1 (300 ng/ml) for 4 h, lysed,
and mRNA was extracted as described above. UR and Rluc
analyses were conducted as described above. A 10-fold dilution
series of UR or Rluc linear dsDNA was created and a standard
curve was generated. Unknown samples were compared to the
standard curve and the copy number was calculated. Transfection
efficiency was accounted for by normalizing UR copy numbers
to that of Rluc in each sample. Changes in gene expression were
quantified by comparing the log2 ratio for Ang-1 treated cells to
PBS treated cells.

Immunofluorescence
HUVECs were grown on NUNCTM LabTek chamber slides
coated with fibronectin. At confluence, cells were maintained in
basic medium (2% FBS) for 6 h then exposed to basic medium
containing aliquots of PBS or Ang-1 (300 ng/ml) for 1, 3,
or 6 h. Cells were fixed in 4% paraformaldehyde for 10 min,
permeabilized in 0.5% Triton X-100 in PBS for 10 min, then
incubated overnight at 4◦C with primary antibodies against ETS1
(1:100), ELK1 (1:800), or ETV4 (1:800). Cells were washed and
treated with rhodamine-conjugated goat anti-rabbit secondary
antibody (Molecular Probes, Eugene, OR) for 1 h at room
temperature then incubated with 4’,6’-diamidino-2-phenylindole
(DAPI) for 5 min. Five chambers were used for each condition
and six images per chambers were obtained using a confocal
microscope (Carl Zeiss Canada, Toronto, ON).

Transfection With siRNA Oligos
HUVECs were transfected with 10 nM of siGENOME R©

SMARTpool R© synthetic siRNA oligos (Dharmacon, Lafayette,
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FIGURE 1 | Predicted TF regulators of Ang-1-induced genes in ECs. Heat map representing 58 genes (Y axis) that were upregulated in HUVECs in response to 4 h
of Ang-1 exposure. Genes are clustered according to Z-scores obtained from 62 position weight matrices generated using TRANSFAC and JASPAR databases and
based on flanking regions 10 kb upstream or downstream of each gene (X axis). Color scale represents value of Z-score.

CO) using Lipofectamine RNAiMAX R© reagent (Life
Technologies). Oligos were selectively directed against ETS1,
ELK1, ETV4, or a scrambled siRNA pool. All experiments were
performed 48 h post-transfection. The degree of knockdown and
selectivity of siRNAs were verified with qPCR.

Cell Counting Assays
Cell survival was measured by seeding siRNA-transfected
HUVECs onto 12-well plates at a density of 8 × 104 cells/cm2.

Equal numbers of cells were maintained for 24 h in complete
(20% FBS) or basic medium (2% FBS) containing aliquots
of PBS or Ang-1 (300 ng/ml). Cells were counted using
a hemocytometer.

Cell Migration Assays
EC migration was measured using a scratch (wound) healing
assay as previously described (Abdel-Malak et al., 2008b).
siRNA-transfected HUVECs were grown as monolayers then
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wounded with a 200 µl pipette tip. Cells were maintained
in basic medium containing PBS or Ang-1 (300 ng/ml) for
8 h. Wounded areas were imaged using an Olympus inverted
microscope and quantified using Image-Pro PlusTM software
(Media Cybernetics, Bethesda, MD). Values are reported as%
wound healing, calculated according to the following formula:

% wound healing = [1—(wound area at t8/wound area at t0)]
× 100
where t8 is the time (8 h) over which cells were maintained in
media and t0 is the time immediately following wounding.

Capillary-Like Tube Formation
siRNA-transfected HUVECs were seeded onto 96-well plates
pre-coated with growth factor-reduced Matrigel R© at a density
of 1 × 104 cells per well. Cells were maintained in basic
medium containing PBS or Ang-1 (300 ng/ml) for 24 h.
Whole-well images were captured using an Olympus inverted
microscope (40X) and analyzed using Image-Pro PlusTM

software. Angiogenic tube formation was determined by
counting the number of tubes formed per field, as previously
described (Echavarria and Hussain, 2013).

Data Analysis
Data are expressed as means ± SEM. Differences between
experimental groups were determined using a two-way
analysis of variance (ANOVA) followed by a Student–
Newman–Keuls post hoc test. P-values < 0.05 were considered
statistically significant.

RESULTS

ETS1, ELK1, and ETV4 Are Activated by
Ang-1
TFBS enrichment analyses for ETS1, ELK1, and ETV4 generated
high Z-scores for genes that are upregulated by Ang-1
(Supplementary Table 3). To identify them as TFs that are
likely involved in Ang-1-induced gene regulation, gene-by-gene
scoring analysis was performed, resulting in a two-dimensional
PWM of Z-scores with 62 columns and 58 rows for the Ang-
1-upregulated gene set. It was plotted using the heatmap.2
function from the gplots package of R. A cluster in a heat
map reflects how groups of genes are regulated by a TF or a
family of TFs. We observed several clusters corresponding to
ETS1, ELK1, and ETV4 (Figure 1, Supplementary Figure 1, and
Supplementary Spreadsheet 1).

Basal mRNA measurements indicate that ELK1 and ETV4 are
relatively more abundant in ECs than ETS1 is (Figure 2A). Ang-
1 upregulated ETS-1 at 30 min, 1, and 3 h relative to PBS, but
had no effect on ELK1 or ETV4 mRNA levels at any time point
(Figure 2B). Ang-1 upregulated ETS1 protein expression at 1 h
relative to PBS but had no effects on ELK1 or ETV4 protein levels
(Figure 2C). Effects of various pathway inhibitors on basal ETS1,
ELK1, and ETV4 mRNA levels are shown in Supplementary
Figure 2. When p38 and SAPK/JNK pathways were inhibited,
basal ETS1 mRNA levels mildly but significantly decreased.

Basal ELK1 and ETV4 mRNA levels were not altered by
various pathway inhibitors (Supplementary Figure 2). When the
ERK1/2 and mTOR pathways were inhibited, Ang-1 upregulated
ETS1, relative to PBS. When the p38, SAPK/JNK, and PI-3
kinase pathways were inhibited, Ang-1 downregulated ETS1
(Figure 2D). When the ERK1/2, SAPK/JNK, PI-3 kinase, and
mTOR pathways were inhibited, Ang-1 had no effect on ELK1
but when the p38 pathway was inhibited, Ang-1 upregulated
ELK1 (Figure 2E). When the p38, PI-3 kinase, and mTOR
pathways were inhibited, Ang-1 had no effect on ETV4 but
when the ERK1/2 and SAPK/JNK pathways were inhibited, Ang-
1 downregulated ETV4 (Figure 2F). These results demonstrate
that, in ECs, the p38, SAPL/JNK, and PI-3 kinase pathways
are involved in Ang-1-induced transcriptional activation of
ETS1, the p38 pathway exerts an inhibitory effect on ELK1
expression, and the ERK1/2 and SAPK/JNK pathways stimulate
ETV4 expression.

Electrophoretic mobility shift revealed that DNA binding
activities of ETS1 and ETV4 increased by 4- and 18-fold,
respectively, 1 h post Ang-1 exposure with a decline thereafter to
levels that are similar to those of PBS (Figures 3A–C). Luciferase
reporter assays showed that DNA binding activities of ETS1 and
ELK1 increased in response to Ang-1 exposure (Figures 3D,E).

Intracellular Mobilization
Immunofluorescence microscopy showed that in cells exposed
to PBS, ETS1 protein was strictly expressed in the nucleus
(Figure 4). Exposure to Ang-1 elicited a fourfold increase in the
intensity of nuclear ETS1 protein relative to PBS (Figure 4). This
induction was evident 1 h post Ang-1 exposure with a decline to
control levels (Figure 4). In cells exposed to PBS, ELK1 and ETV4
proteins were detected in the cytoplasm (white arrows) and the
nucleus (green arrows) (Figures 5, 6). Nuclear intensities of ELK1
and ETV4 increased by 2.5- and 3-fold, respectively, 1 h post-
Ang-1 with a decline thereafter to control levels (Figures 5, 6).

Regulation of EC Survival, Migration, and
Differentiation
The degree of ETS1, ELK1, and ETV4 knockdown and selectivity
of siRNAs are shown in Supplementary Figure 3. Cell counts
of scrambled siRNA-transfected ECs decreased when incubated
in basic medium containing PBS, relative to complete medium
(Figure 7A and Supplementary Figure 4). Counts were higher
when cells were incubated in basic medium containing Ang-1,
relative to PBS (Figure 7A and Supplementary Figure 4). These
results suggest that Ang-1 exerts a pro-survival effect on cells.
When cells were transfected with ETS1, ELK1, and ETV4 siRNAs,
counts did not increase in response to Ang-1, suggesting that
they are required for Ang-1-induced EC survival (Figure 7A and
Supplementary Figure 4).

Migration of scrambled siRNA-transfected ECs increased in
response to Ang-1, relative to PBS. This suggests that Ang-1
exerts a pro-migration effect on cells. When cells were transfected
with ETS1, and ETV4 siRNAs, migration did not increase in
response to Ang-1. When cells were transfected with ELK1
siRNA, migration increased in response to Ang-1. These results
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FIGURE 2 | Ang-1 regulates ETS TF expression and DNA binding activity. (A) Relative abundance of ETS1, ELK1, and ETV4 mRNA in HUVECs maintained in
complete medium. Values are means ± SEM, expressed as number of copies per 105 copies of β-ACTIN. N = 4 per group. (B) mRNA levels of ETS1, ELK1, and
ETV4 in HUVECs exposed to PBS or Ang-1 (300 ng/ml) for 30 min, 1, or 3 h. Values are means ± SEM, expressed as fold relative to PBS. *P < 0.05, compared to
PBS. N = 6 per condition. (C) Protein expression of ETS1, ELK1, and ETV4 in HUVECs exposed to PBS or Ang-1 for 1 h and 3 h. (D–F) mRNA levels of ETS1,
ELK1, and ETV4 in HUVECs pre-incubated for 1 h with various pathway inhibitors then exposed to PBS or Ang-1 for 1 h. Values are means ± SEM, expressed as
fold from PBS. *P < 0.05, compared to PBS. N = 6 per condition.

FIGURE 3 | Ang-1 activates ETS1, ELK1, and ETV4 TFs. (A–C) Representative examples of electrophoretic mobility shift assays and mean values of probe binding
intensity (expressed as fold from PBS) of ETS1 and ETV4 in response to PBS or Ang-1 exposure. N = 3. (D,E) Luciferase reporter activities of ETS1 and ELK1 in
HUVECs exposed to PBS or Ang-1 for 4 h. Values are means ± SEM, expressed as fold from PBS. *P < 0.05, compared to PBS. N = 6 per condition.
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FIGURE 4 | Ang-1 increases nuclear localization of ETS1. (A) Representative immunofluorescence images of ETS1 protein (red color) and nuclear staining (DAPI,
blue) in HUVECs exposed to PBS or Ang-1 for 1, 3, or 6 h. (B) ETS1 and DAPI staining in HUVECs exposed to PBS or Ang-1 for 1 h. (C) Fluorescence intensity of
nuclear ETS1 in HUVECs exposed to PBS or Ang-1 for 1, 3, and 6 h. Values are means ± SEM, expressed as percent of PBS. *P < 0.05, compared to PBS.
N > 130 cells per group. White bars in panel B indicate 20 µm.

suggest that ETS1 and ETV4 contribute to Ang-1-induced EC
migration (Figure 7B).

Differentiation into capillary-like tube structures of scrambled
siRNA-transfected ECs increased in response to Ang-1, relative
to PBS. This suggests that Ang-1 exerts a pro-differentiation effect
on cells. When cells were transfected with ETS1, ELK1, and ETV4
siRNAs, differentiation did not increase in response to Ang-1,
relative to PBS. With ELK1 and ETV4, basal (PBS) differentiation
decreased when compared to scrambled siRNA levels. These
results suggest that ETS1, ELK1, and ETV4 are required for Ang-
1-induced EC differentiation and that ELK1 and ETV4 regulate
basal differentiation (Figure 8).

ETS1, ELK1, and ETV4 Regulation of
Angiogenesis-Related Gene Expression
A set of fifteen genes (ANGPTL4, BHLBH2, CDC42EP2, DIPA,
DUSP4, DUSP5, EGR1, FLT1, HK2, HMGA2, KLF2, PLAU,
RAPGEF5, STC1, and TRIB1) was selected from the Ang-
1 transcriptome according to the following criteria: (a) they
are upregulated by Ang-1; (b) they were predicted to be
transcriptionally regulated by ETS TFs; and (c) they possess
angiogenesis-related biological functions as annotated by the
Gene Ontology (GO) bioinformatics network (Wang et al., 2011).
In response to 4 h of exposure to Ang-1, the expressions of

all thirteen genes and VEGF-A were upregulated (Figure 9A).
Expression of HMGA2 and TRIB1 were not altered by Ang-
1 suggesting that the previously reported upregulation of
their expression in response to Ang-1 was a false positive
finding (Abdel-Malak et al., 2007). VEGF was included because
of its importance in angiogenesis. When scrambled siRNA-
transfected ECs were exposed to 4 h of exposure Ang-1,
the expressions of all thirteen genes and VEGF-A were still
upregulated (Figure 9B).

When cells were transfected with ETS1 siRNA, Ang-1
upregulated VEGF expression but did not exert any regulatory
effects on the other thirteen genes (Figure 9B). Expression of
HMGA2 and TRIB1 were not altered by transfection with ETS1
siRNA (Figure 9B). CDC42EP2, HK2, and PLAU expressions
were lower in response to Ang-1 exposure than they were
with PBS (Figure 9B). When cells were transfected with
ELK1 siRNA, Ang-1 did not exert any regulatory effects on
ANGPTL4, CDC42EP2, DIPA, FLT1, HMGA2, KLF2, PLAU,
RAPGEF2, STC1, or TRIB1 but upregulated BHLBH2, DUSP4,
DUSP5, EGR1, HK2, and VEGF expressions (Figure 10A). FLT1
expression was lower in response to Ang-1 exposure than it
was with PBS (Figure 10A). When cells were transfected with
ETV4 siRNA, Ang-1 did not exert any regulatory effects on
ANGPTL4, CDC42EP2, DIPA, FLT1, HK2, HMGA2, KLF2,
PLAU, RAPGEF2, STC1, or TRIB1, but upregulated BHLBH2,
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FIGURE 5 | Ang-1 increases nuclear localization of ELK1. (A) Representative
immunofluorescence images of ELK1 protein (red color) and nuclear staining
(DAPI, blue) in HUVECs exposed to PBS or Ang-1 for 1 h. Green arrows
indicate cells with strong nuclear ELK1 staining; white arrows indicate cells
with strong cytosolic ELK1 staining. (B) Fluorescence intensity of nuclear
ELK1in HUVECs exposed to PBS or Ang-1 for 1, 3, or 6 h. Values are
means ± SEM, expressed as percent of PBS. *P < 0.05, compared to PBS.
N > 130 cells per group. White bars indicate 10 µm.

DUSP4, EGR1, and VEGF expressions (Figure 10B). DIPA
expression was lower in response to Ang-1 exposure than
it was with PBS (Figure 10B). Since ETS1, ELK1, and
ETV4 knockdown inhibited Ang-1-induced upregulation of
thirteen, eight, and nine pro-angiogenesis genes, respectively, we
conclude that they play significant angiogenic roles in Ang-1
signaling in ECs.

DISCUSSION

In this study, we characterized the regulatory roles of three
members of the ETS family of TFs in Ang-1 signaling and
the angiogenic response in ECs. Our study demonstrates for
the first time that: (1) Ang-1 induces ETS1 mRNA and
protein expression, increases nuclear translocation of ETS1,
ELK1, and ETV4, and activates their DNA binding activities;
(2) ETS1, ELK1, and ETV4 play important roles in Ang-
1-induced EC cell survival and differentiation; ETS1 and

FIGURE 6 | Ang-1 increases nuclear localization of ETV4. (A) Representative
immunofluorescence images of ETV41 protein (red color) and nuclear staining
(DAPI, blue) in HUVECs exposed to PBS or Ang-1 for 1 h. Green arrows
indicate cells with nuclear ETV4 staining; white arrows indicate cells with
strong cytosolic ETV4 staining. (B) Fluorescence intensity of nuclear ETV4 in
HUVECs exposed to PBS or Ang-1 for 1, 3, or 6 h. Values are means ± SEM,
expressed as percent of PBS. *P < 0.05, compared to PBS. N > 130 cells
per group. White bars indicate 20 µm.

ETV4 are required for Ang-1-induced EC migration; and (3)
ETS1, ELK1, and ETV4 regulate the expressions of several
angiogenesis-related genes downstream from the Ang-1/Tie-2
receptor pathway.

ETS1, ELK1, and ETV4 Expression and
Activity
There is vast literature regarding the expression and possible
roles of ETS transcription factors in hematological malignancies
and solid tumors (Sizemore et al., 2017). Elevated expression
of several members of ETS family including ERG, ETV1,
ETV4, and ETV5 is considered as a common event in human
prostate cancer and this overexpression has been attributed
to chromosomal rearrangements involving the fusion of the
androgen-activated gene TMPRSS2 with ETS transcription
factors (Clark and Cooper, 2009). ETS gene rearrangements have
also been proposed as a key event causing prostate neoplastic
development (Mesquita et al., 2015; Sizemore et al., 2017).

Little information is available regarding the action of
transcription factors that mediate the biological activity of the
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FIGURE 7 | ETS1, ELK1, and ETV4 contribute to Ang-1-induced EC survival and migration. (A) Cell counts of HUVECs transfected with scrambled, ETS1, ELK1, or
ETV4 siRNA oligos. Equal numbers of cells were maintained in complete (20% FBS), basic medium (2% FBS) containing PBS, or Ang-1 (300 ng/ml). Cells counted
24 h later. Values are means ± SEM. *P < 0.05, compared to complete medium. #P < 0.05, compared to PBS. (B) Representative examples of scratch wound
healing assays in HUVECs transfected with scrambled siRNA and maintained in basic medium containing Ang-1. Arrows indicate wound margins. (C) Scratch
wound healing in HUVECs transfected with scrambled, ETS1, ELK1, or ETV4 siRNA oligos and maintained in basic medium containing PBS or Ang-1. Percent
wound healing measured 8 h after wounding with pipette tip. Values are means ± SEM. *P < 0.05, compared to PBS.

Ang-1/Tie-2 receptor pathway in ECs. Previous reports had
shown that ETS transcription factors are activated by several
pro-angiogenesis growth factors (Randi et al., 2009) and that
Ang-1 induces ETS-1 expression in peripheral blood stem cells
(Kim et al., 2009), but their roles in Ang-1/Tie-2 receptor
signaling and the angiogenic response in ECs had not been
explored. To our knowledge, our group was the first to report that
Ang-1 increases ELK1 phosphorylation in HUVECs (Harfouche
et al., 2003). However, neither DNA binding capacity, the
nuclear mobilization of ELK1, or the functional importance of
ELK1 in Ang-1-induced angiogenic processes were evaluated
in that study. We report here that Ang-1 upregulates ETS1
expression and enhances DNA binding activities of ETS1, ELK1,
and ETV4 in ECs.

The mitogen-activated protein kinase (MAPK) and PI-3
kinase/AKT pathways play important roles in Ang-1-induced
EC survival, proliferation, migration, and adhesion (Kim et al.,
2000; Harfouche et al., 2002; Harfouche et al., 2003; Brindle et al.,
2006). In ECs, members of the MAPK family of enzymes are
important activators of ETS TFs. For instance, VEGF upregulates
ETS1 through the ERK1/2 and protein kinase C pathways in

retinal ECs (Watanabe et al., 2004). ELK1 is activated by the
ERK1/2, p38, and SAPK/JNK pathways, with each pathway
targeting a different ELK1 domain (Yang et al., 1998). The p38
and SAPK/JNK pathways activate ETV4 (Selvaraj et al., 2015).
We report that Ang-1-induced upregulation of ETS1 in HUVECs
is dependent on the p38, SAPK/JNK, and PI-3 kinase/AKT
pathways. When these pathways were inhibited, ETS1 expression
decreased in response to Ang-1 exposure (Figure 2D). Analyses
of the promoter of human ETS1 indicate the presence of binding
sites for AP-1, AP-2, SP-1, and ETS1 transcription factors and that
c-Jun, rather than combination of c-Jun and c-Fos, activates the
promoter (Oka et al., 1991). We have previously reported that
c-Jun protein is activated downstream from Tie-2 receptors in
ECs (Abdel-Malak et al., 2008b). Based on these observations,
we speculate that the dependence of basal levels of ETS1 and
Ang-1-induced ETS1 expression on the p38 and SAPK/JNK
pathways is the result of activation of c-Jun by these two pathways
and the subsequent binding of c-Jun to the ETS1 promoter.
The role of the PI-3 kinase pathway in ETS1 regulation is not
well documented in ECs. In vascular smooth muscles, PDGF-
BB induces ETS1 expression through the PI-3 kinase/AKT and
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FIGURE 8 | ETS1, ELK1, and ETV4 contribute to Ang-1-induced EC
differentiation. (A) Representative images of capillary-like tube formation of
HUVECs transfected with siRNA oligos and maintained for 24 h on plates
pre-coated with growth factor-reduced Matrigel and basic medium containing
PBS or Ang-1. (B) Total tube number of HUVECs transfected with siRNA
oligos and maintained for 24 h on plates pre-coated with growth
factor-reduced Matrigel and basic medium containing PBS or Ang-1. Values
are means ± SEM. N = 8 per group. *P < 0.05, compared to PBS. #P < 0.05,
compared to scrambled siRNA oligo-transfected cells treated with PBS.

mTOR pathways (Lo et al., 2009). Our study shows that the PI-3
pathway is required for ETS1 induction downstream from Tie-2
receptors but not for basal ETS1 expression.

Although ELK1 expression was not affected by Ang-1 when
the EKR1/2, SAPK/JNK, PI-3 kinase, and mTOR pathways were
inhibited, Ang-1 upregulated ELK1 when the p38 pathway was
inhibited (Figure 2E). We speculate that this response was
mediated by enhanced ERK1/2 activity, which was compensatory
for p38 inhibition. Indeed, we have previously noted that the
p38 pathway inhibits ERK1/2 phosphorylation and activation
and that when this inhibition is removed by a selective p38
inhibitor, ERK1 and ERK2 proteins are strongly activated and
upregulate several important angiogenesis-related genes in ECs,
including the transcription factor EGR1. Westermarck et al.
(2001) attributed p38 inhibition of ERK1/2 to the activation of
protein phosphatases 1 (PP1) and 2A (PP2A), which selectively
target upstream regulators of ERK1 and ERK2 proteins.

We observed that ETV4 expression was downregulated by
Ang-1 when the ERK1/2 and SAPK/JNK pathways were inhibited
(Figure 2F). Little information is available regarding MAPK
regulation of ETV4 expression in ECs. In neurons, nerve
growth factor (NGF) stimulates ETV4 expression through the
ERK1/2 pathway (Fontanet et al., 2013), while it is regulated
by both the ERK1/2 and SAPK/JNK pathways in cancer cells

FIGURE 9 | Contribution of ETS1 to Ang-1-induced gene expression.
(A) Effects of Ang-1 (300 ng/ml) on mRNA expressions of various genes in
HUVECs. Cells maintained in basic medium containing PBS or Ang-1 for 4 h.
Values are means ± SEM, expressed as fold from PBS. *P < 0.05, compared
to PBS. N = 8 per group. (B) Effects of Ang-1 (300 ng/ml) on mRNA
expressions of various genes in HUVECs transfected with scrambled or ETS1
siRNA oligos. Cells maintained in basic medium containing PBS or Ang-1 for
4 h. Values are means ± SEM, expressed as fold from PBS. *P < 0.05,
compared to PBS. N = 8 per group.

(O’Hagan et al., 1996). Guo and Sharrocks (2009) reported that
the ERK1/2 pathway promotes sumoylation of ETV4 protein and
that this post-translational modification is required for maximal
activation of ETV4 DNA binding activity. In the current study,
we report that both the ERK1/2 and SAPK/JNK pathways are
important for maintaining ETV4 expression in ECs and that
their inhibition is associated with significant downregulation of
ETV4. There is evidence that ERK1/2 and SAPK/JNK pathways
are strongly activated in a variety of human tumors, including
glioblastoma, kidney, colon, and breast tumors and that both
pathways contribute to tumor angiogenesis (Sivaraman et al.,
1997; Hoshino et al., 1999; Ennis et al., 2005; Huang et al.,
2008). It has also been shown that MAPKs are involved in
retinal angiogenesis (Bullard et al., 2003). Our current study
suggests that the roles of ERK1/2 and SAPK/JNK pathways in
pathological angiogenesis may be mediated through upregulation
and activation of ETV4 in ECs and that this TF should be
considered as a possible therapeutic target.
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FIGURE 10 | Contributions of ELK1 and ETV4 to Ang-1-induced gene
expression. (A) Effects of Ang-1 (300 ng/ml) on mRNA expressions of various
genes in HUVECs transfected with scrambled or ELK1 siRNA oligos. Cells
maintained in basic medium containing PBS or Ang-1 for 4 h. Values are
means ± SEM, expressed as fold from PBS. *P < 0.05, compared to PBS.
N = 6 per group. (B) Effects of Ang-1 (300 ng/ml) on mRNA expressions of
various genes in HUVECs transfected with scrambled or ETV4 siRNA oligos.
Cells maintained in basic medium containing PBS or Ang-1 for 4 h. Values are
means ± SEM, expressed as fold from PBS. *P < 0.05, compared to PBS.
N = 6 per group.

Regulation of EC Survival, Migration, and
Differentiation by ETS TFs
It has been well established that members of the ET family
of TFs regulate angiogenesis. Indeed, it has been reported
that ETS1, ELK1, and ETV4 positively regulate angiogenic
processes such as migration and differentiation downstream
from several growth factors (Iwasaka et al., 1996; Sato,
2001; Sato et al., 2001; Randi et al., 2009). It should
be noted, however, that the role of ETS1 in EC survival
and apoptosis remain debatable since both pro- and anti-
apoptotic roles have been reported. Its pro-apoptotic effect
was attributed to upregulation of several pro-apoptosis genes,
including BID, p21, p27, and caspase-4 (Teruyama et al.,
2001). Our research demonstrates for the first time that
ETS1 mediates Ang-1-induced EC migration and differentiation
and that ETV4 plays an important role in Ang-1-induced
EC migration. Although we did not measure apoptosis in
this study, the fact that the pro-survival effect of Ang-1

was absent when ETS TF expressions were knocked down
suggests that they contribute to Ang-1-induced EC survival
(Figure 7). Finally, our results indicate that Ang-1-induced EC
differentiation into tubes also requires the presence of ELK1 and
ETV4 (Figure 8).

To identify the mechanisms through which ETS1, ELK1,
and ETV4 regulate Ang-1-induced angiogenesis, we measured
how their selective downregulation affected the expressions
of a set of thirteen angiogenesis-related genes selected from a
published list of the Ang-1-regulated transcriptome. In ECs
transfected with scrambled siRNA, Ang-1 upregulated the
expressions of ANGPTL4, BHLBH2, CDC42EP2, DIPA, DUSP4,
DUSP5, EGR1, FLT1, HK2, KLF2, PLAU, RAPGEF5, and
STC1, relative to PBS (Figure 9A). Ang-1 did not upregulate
these genes in ETS1 knockdown cells, suggesting that ETS1
is required for Ang-1-induced transcriptional regulation of
these genes (Figure 9B). Similarly, ELK1 is required for Ang-
1-induced upregulation of eight of these genes, including
ANGPTL4, CDC42EP2, DIPA, FLT1, KLF2, PLAU, RRAPGEF5,
and STC1 (Figure 10A), and ETV4 is required for Ang-
1-induced upregulation of nine of these genes, including
ANGPTL4, CDC42EP2, DIPA, FLT1, HK2, KLF2, PLAU,
RRAPGEF5, and STC1 (Figure 10B). These results suggest
that although ETS1 is less abundant than ELK1 or ETV4 in
HUVECs, its role in the regulation of angiogenesis-related
genes of the Ang-1 transcriptome is relatively stronger
than that of the other two. Nevertheless, despite regulating
more genes, the contributions of ETS1 to Ang-1-induced
survival, migration, and differentiation are qualitatively like
those of ELK1 and ETV4. We should emphasize that the
gene set that we used contains several well-known positive
regulators of EC survival, migration, and differentiation,
including ANGPTL4, FLT1, HK2, and PLAU (Shibuya, 2006;
Montuori and Ragno, 2014; Mousavizadeh et al., 2016).
We have previously identified other genes from the set,
such as EGR1, DUSP4, and DUSP5, as being important
positive modulators of Ang-1-induced angiogenesis (Abdel-
Malak et al., 2008a; Echavarria and Hussain, 2013). Based
on the strong pro-angiogenic attributes of many members
of the thirteen-gene set, we theorize that ETS1, ELK1, and
ETV4 promote Ang-1-induced EC survival, migration, and
differentiation through induction of these genes. We should
point out that this theory has some limitations. First, our
study does not clarify whether ETS1, ELK1, or ETV4 directly
or indirectly regulate the above-mentioned genes, although
previous reports indicate that PLAU, FLT1, and EGR1 are
direct gene targets of ETS1 (Kitange et al., 1999; Valter
et al., 1999; Lee et al., 2008). It is possible that all three TFs
indirectly regulate angiogenesis-related gene expression by
upregulating secondary mediators. Second, it is also possible
that ETS, ELK1, and ETV4 contribute to Ang-1-induced
EC survival, migration, and differentiation by regulating
genes other than those we selected for. Indeed, previous
reports indicate that ETS1 promotes angiogenesis through
upregulation of integrin β3, and matrix metalloproteinases
1, 3, and 9 (MMP1, MMP3, and MMP9) (Sato et al.,
2001). Third, although the majority of ETS TFs bind
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to DNA as monomers, they directly interact with other TFs,
including the Pax family, SP-1, NFκB, STAT5, and AP-1.
These interactions determine the transcriptional activities of
ETS TFs in regulating distinct genes (Li et al., 2000), so
it is possible that ETS1, ELK1, and ETV4 regulation of
angiogenesis-related genes downstream from Tie-2 receptors is
dependent on unique interactions with TFs other than those
belonging to the ETS family at specific binding sites of the
promotors of each gene.

Limitations of the Study
Our study has two major limitations. First, only mRNA levels
of ETS1, ELK1, and ETV4 were measured in the pathway
inhibitors experiments. Moreover, we only measured mRNA
levels of various genes which are regulated by these TFs in
Figures 9, 10. Future studies should consider the effects of
pathway inhibitor effects on protein levels of ETS1, ELK1,
ELK1, and ETV4 as well on post-translational modifications,
such as phosphorylation, acetylation, and ubiquitination (Charlot
et al., 2010). In addition, protein levels of various genes
which are regulated by ETS1, ELK1, and ETV4 should also
be evaluated. Second, ETS1, ELK1, and ETV4 activation
by the Ang-1/Tie-2 pathway was evaluated using EMSA
and luciferase reporter assays that provide qualitative and
indirect evidence of ETS TF involvement in the regulation
of the genes listed in Figures 9, 10. Further experimentation
using chromatin immunoprecipitation (ChIP) assays would
demonstrate direct binding of ETS1, ELK1, and ETV4 to the
promoters of these genes.

CONCLUSION

Our results suggest that ETS1, ELK1, and ETV4, three members
of the ETS family of TFs, are activated in ECs in response to
Ang-1 exposure and that these TFs may play significant roles in
Ang-1-induced EC survival, migration, and differentiation.
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