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The JNK-EGR1 signaling axis promotes TNF-α-induced
endothelial differentiation of human mesenchymal stem cells
via VEGFR2 expression
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Mesenchymal stem cells (MSCs) can differentiate into endothelial cells; however, the mechanisms underlying this process in the
tumor microenvironment (TME) remain elusive. This study shows that tumor necrosis factor alpha (TNF-α), a key cytokine present in
the TME, promotes the endothelial differentiation of MSCs by inducing vascular endothelial growth factor receptor 2 (VEGFR2) gene
expression. EGR1 is a member of the zinc-finger transcription factor family induced by TNF-α. Our findings indicate that EGR1
directly binds to the VEGFR2 promoter and transactivates VEGFR2 expression. We also demonstrate that EGR1 forms a complex with
c-JUN activated by c-JUN N-terminal kinase (JNK) to promote VEGFR2 transcription and endothelial differentiation in MSCs in
response to TNF-α stimulation. The shRNA-mediated silencing of EGR1 or c-JUN abrogates TNF-α-induced VEGFR2 transcription and
the endothelial differentiation of MSCs. To further evaluated the role of EGR1 in the endothelial differentiation of BM-MSCs, we used
a syngenic tumor implantation model. 4T1 mouse mammary tumor cells were injected subcutaneously into BALB/c mice with
primary mBM-MSCs isolated from wild-type (Egr1+/+) or Egr1-null (Egr1−/−) mice. CD31-positive cells were predominantly observed
at the border of the tumor in the 4T1 plus wild-type MSC group, while staining less in the 4T1 alone or 4T1 plus Egr1-null MSC
group. Collectively, these findings demonstrate that the JNK-EGR1 signaling axis plays a crucial role in the TNF-α-induced
endothelial differentiation of MSCs in the TME, which could be a potential therapeutic target for solid tumors vasculatures.
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INTRODUCTION
The vasculature in solid tumors is essential for tumor survival,
progression, and metastasis, associated with poor prognosis.
Under hypoxic conditions, cancer cells induce sprouting
angiogenesis in neighboring blood vessels using various pro-
angiogenic factors to meet their oxygen and nutrient demands
and invade the newly formed vasculature [1, 2]. However, recent
studies have reported that the tumor vasculature has morpho-
logical features different from the normal tissue vasculature [3].
In some cases, treatment targeting the angiogenesis of pre-
existing vessels proves ineffective; this puzzling result cannot be
explained well using the classical model [4]. Accordingly, there
are ongoing efforts to identify other cell types in the tumor
microenvironment (TME) that can differentiate into endothelial-
like phenotypes [5, 6].
Mesenchymal stem cells (MSCs), a type of stromal cells present

in the TME, are adult multipotent cells that can differentiate into
various connective tissue-specific cells, such as osteoblasts,
chondrocytes, and adipocytes [7]. Owing to this feature, MSCs
play a central role in physiological wound healing and are of
interest in regenerative therapy [8].
MSCs enhance the progression of various cancer types,

including breast cancer, lung cancer, and colorectal cancer
[9–11]. A well-known mechanism by which MSCs help promote

tumorigenesis involves their differentiation into cancer-associated
fibroblasts that secrete cytokines to modulate the TME [12]. These
pro-oncogenic cytokines include angiogenic factors, such as
vascular endothelial growth factor (VEGF), secreted in hypoxic
TMEs [13]. Additionally, MSCs can directly differentiate into
endothelial-like cells. In response to VEGF-A stimulation, mechan-
ical shear, or co-culture with endothelial cells, MSCs acquire the
ability to generate capillary-like structures on basement mem-
brane extracts, expressing various endothelial markers, such as
vascular endothelial growth factor receptor-2 (VEGFR2, also known
as KDR and FLK1), VE-Cadherin, and CD31 (Ref. [14–16]). Based
on the evidence from these studies, MSCs are now considered an
alternative source of tumor vasculature [17]. However, the detailed
molecular mechanisms underlying the endothelial differentiation
of MSCs in the TME are yet to be elucidated.
Tumor necrosis factor alpha (TNF-α) is a pro-inflammatory

cytokine produced by various immune and stromal cells [18]. It
modulates the survival, proliferation, invasion, and metastasis of
cancer cells in the TME [19]. In addition, it is often associated with
the angiogenesis-related physiological roles of MSCs; for example,
TNF-α can induce MSCs to migrate into ischemic tissues and
secrete various chemokines, recruiting endothelial progenitor cells
and promoting angiogenesis for repairing injured tissues [20].
TNF-α is also involved in the differentiation of MSCs into
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osteoblasts [21]. However, it remains unclear whether TNF-α
directly induces the endothelial differentiation of MSCs.
This study aimed to investigate whether TNF-α directly induces

the endothelial differentiation of MSCs and, if so, identify the TNF-
α-regulated genes and signaling pathways associated with MSC
differentiation.

MATERIALS AND METHODS
Reagents
Recombinant human TNF-α was purchased from PeproTech (London, UK)
and reconstituted in 0.1% bovine serum albumin/PBS solution. U0126,
SB20358, and SP600125 were purchased from Calbiochem (San Diego, CA,
USA). Tan IIA was purchased from Sigma-Aldrich (St. Louis, MO, USA).
U0126, SB20358, SP600125, and Tan IIA were dissolved in dimethyl
sulfoxide.

Plasmids and transfection
The complete CDS fragments of human c-JUN and mouse Egr1 were
cloned into a pcDNA3.1-V5-His vector (Thermo Fisher Scientific, Waltham,
MA, USA) for a C-terminal V5–6xHis tag, or into a pCMV-Tag4B vector
(Stratagene, La Jolla, CA, USA) for a C-terminal FLAG tag. For gene
knockdown, shRNA templates were inserted into the pSilencer 2.1 U6 Neo
vector (Thermo Fisher Scientific) using HindIII and BamHI restriction
enzymes, according to the manufacturer’s instructions. The target
sequences of each gene were as follows: shCT (control), 5′-ACT ACC GTT
GTT ATA GGT GT-3′; shVEGFR2, 5′-GGC GGC ACG AAA TAT CCT CTT A-3′;
shEGR1, 5′-GTT ACT ACC TCT TAT CCA T-3′; shJUN, 5′-TAG TAC TCC TTA
AGA ACA CAA-3′. The plasmids were then transfected into cells using
Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufac-
turer’s instructions.

Cell culture
Human bone marrow-derived (BM)-MSCs were purchased from PromoCell
(Heidelberg, Germany) and cultured in Mesenchymal Stem Cell Growth
Medium 2 (MSCGM2, PromoCell). Human umbilical vein endothelial cells
(HUVECs) were purchased from Lonza Bioscience (Switzerland) and
cultured in EGM-2 (Lonza Bioscience) according to the manufacturer’s
instructions. HEK293 (human embryonic kidney cell line) and 4T1 (mouse
mammary carcinoma cell line) cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultured in DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin (BioWest,
Kansas City, MO, USA).

Endothelial tube formation assay
BM-MSCs, HUVECs, or HEK293 cells (1 × 104 each) were suspended in
100 μL EGM-2 medium with or without 10 ng/mL TNF-α and then seeded
onto 96-well plates coated with Corning Matrigel Growth Factor Reduced
basement membrane matrix (Cat. 356230, Corning, NY, USA). After
12–24 h, the appearance of a capillary-like network structure was imaged
using an EVOS FL Auto (Thermo Fisher Scientific) microscope system. The
tube area was measured by quantifying the total tube length and nodes
and expressed as the pixel per well (1024 × 768 pixels) using the
Angiogenesis Analyzer in ImageJ software (http://image.bio.methods.
free.fr/ImageJ/?Angiogenesis-Analyzer-for-ImageJ). Statistical data were
obtained by independent tree experiments obtaining the tube length
and number of nodes from the entire well.

Spheroid-based sprouting angiogenesis assay
Spheroid-based sprouting angiogenesis assay was performed according to
the previous report [22]. BM-MSCs were cultured in MSCGM2. After 2–3
passages, the cells were resuspended at a density of 800 cells in 25 μL
spheroid forming medium containing 80% MSCGM2 and 20% Methocel
(ThermoFisher Scientific, Waltham, MA, USA) to assemble into a single
spheroid. After 24 h, spheroids were embedded in a collagen hydrogel
containing DMEM containing 0.5% FBS and 1mg/mL rat tail collagen
(Thermo Fischer Scientific). After the gels solidified, 10 ng/mL TNF-α were
treated. After 24 h, the spheroid sprouting images were captured. For
immunofluorescent staining, spheroids were fixed with 3.7% paraformal-
dehyde and permeabilized using 0.3% Triton X-100, followed by
incubating with FITC-conjugated anti-CD44 antibody. F-actin was stained

with Rhodamine Red X-conjugated Phalloidin (Jackson ImmunoResearch,
West Grove, PA, USA). Images were acquired using Zeiss LSM900 confocal
microscope (Carl Zeiss Microimaging Inc. Thornwood, NY, USA). Z-stack
images were analyzed using ZEN Microscopy software (Zeiss AG,
Oberkochen, Germany).

DNA microarray and gene set enrichment assay (GSEA)
MSCs were treated with or without 5 ng/mL TNF-α for 18 h. Total RNA was
isolated using NucleoZOL (Macherey-Nagel, Düren, Germany) according to
the manufacturer’s instructions. The DNA microarray experiment was
performed using an Agilent human whole genome 4 × 44 K v2 microarray
set (Agilent Technologies, Santa Clara, CA, USA). cDNA synthesis, DNA
labeling, hybridization, and data analysis were performed by GenomicTree,
Inc. (Daejeon, Republic of Korea, http://www.genomictree.com) with
Agilent GeneSpring GX software. Gene Set Enrichment Analysis (GSEA)
was performed using the Enrichr tool for screening enriched terms
(available at https://maayanlab.cloud/Enrichr) [23] and another GSEA
software (http://www.broadinstitute.org/gsea/index.jsp) provided by the
joint project of UC San Diego (San Diego, CA, USA) and Broad Institute of
MIT and Harvard University [24, 25].

Reverse transcription (RT)-PCR
The cultured cells were lysed in NucleoZOL (Macherey-Nagel, Germany),
and total RNA was isolated according to the manufacturer’s instructions.
Equal quantities (1 μg) of RNA samples were used for synthesizing cDNA
with the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). The cDNA
samples were subjected to standard PCR using gene-specific primer pairs
(Supplementary Table S1). The PCR conditions were as follows: 4 min at
95 °C for the initial denaturation, followed by 30 cycles of 30 s at 95 °C, 30 s
at 60 °C, and 30 s at 72 °C. The amplicons were resolved using 2% agarose
gel electrophoresis and visualized under UV light.

Immunoblotting
Total cell lysates were obtained using RIPA buffer (50mM Tris-HCl (pH 7.4),
400mM NaCl, 1% Triton X-100, 0.25% sodium deoxycholate, 1 mM EDTA,
1 mM Na3VO4, and 1mM NaF). Next, 15–30 μg of the lysates were
separated using SDS-PAGE in 7–10% gels and transferred to 0.45 µm
nitrocellulose membranes. The membranes were blocked with 5% skim
milk in Tris-Tween buffered saline (TTBS; 100mM Tris-HCl (pH 7.5), 150mM
NaCl, 0.01% (v/v) Tween-20) and treated with primary antibodies overnight
at 4 °C. Next, the membranes were treated with the appropriate secondary
antibodies for 1 h and visualized using the WestPico PLUS Chemilumines-
cent Substrate (Thermo Fisher Scientific). The antibodies used for
immunoblotting are listed in Supplementary Table S2.

Expression of VEGFR2 siRNA
MSCs cultured in 35-mm dishes were transfected with 100 pmol
AccuTarget Predesigned siRNA against VEGFR2 (siVR2) (Bioneer Co,
Daejeon, Republic of Korea) using Lipofectamine RNAiMAX (Invitrogen,
Carlsbad, CA, USA) in 100 μL Opti-MEM (Thermo Fisher Scientific, Waltham,
MA, USA). At 6 h post-transfection, the cells were serum-starved for 12 h
and then treated with or without 10 ng/mL TNF-α. After 12 h, the cells were
collected and subjected to immunoblotting or an endothelial tube
formation assay. Silencing of VEGFR2 expression was confirmed using
immunoblotting.

Immunofluorescent staining
BM-MSCs were cultured on coverslips, treated, and fixed using 3.7%
paraformaldehyde. The fixed cells were permeabilized using 0.2% Triton X-
100, blocked with 5% bovine serum albumin, and then incubated with the
primary antibodies. The probed cells were visualized using the appropriate
secondary antibodies conjugated to a fluorescent dye. The antibodies used
in the immunofluorescent staining assay are listed in Supplementary
Table S2. Cell nuclei were stained with 1 μg/mL Hoescht 33258. Images
were acquired using the LSM900 laser-scanning confocal microscope
system (Zeiss, Germany). For colocalization analysis, images were
processed using ImageJ software and EzColocalization plugin (http://
sites.imagej.net/EzColocalization/plugins/) as described previously [26].
The colocalization probability was expressed as a threshold overlap score
(TOS) values (linear) ranging from 0 to 1 (0: no colocalization, 1: all pixels
colocalization).
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Fractionation of cytoplasmic, soluble nuclear, and chromatin-
bound proteins
Soluble cytoplasmic and nuclear chromatin-bound proteins were fractio-
nated as described previously [27], with minor modifications. Briefly,
approximately 2 × 106 BM-MSCs were lysed in hypotonic lysis buffer
(10mM HEPES-NaOH (pH 7.5), 10mM KCl, 1.5 mM MgCl2, 0.1 mM EGTA,
and 0.4% Triton X-100), and the supernatants were collected for
cytoplasmic protein fractionation. For fractionating soluble nuclear
proteins, the pellets were resuspended in the L150 buffer (20mM
HEPES-NaOH (pH 7.5), 150 mM NaCl, 1.5 mM MgCl2, 0.1 mM EGTA, and
0.1% Triton X-100), and the supernatants were collected. For fractionating
chromatin-bound proteins, the remaining pellets were digested using
MNase for 15min at 37 °C and completely lysed in RIPA buffer.

VEGFR2 promoter-reporter activity assay
Genomic sequence information of VEGFR2 (NM_002253) was retrieved
from the UCSC Genome Browser and analyzed. The serial 5′-truncated
fragments of the VEGFR2 promoter were amplified from human genomic
DNA and cloned into the pGL4.17 reporter vector (Promega, Madison, WI,
USA). For the −756/−21 sequence, the PCR products were amplified using
the primers −756 F (5′-TTG ATG TCA CTC CCC AGG TGT-3′) and −21 R (5′-
GAA ACT CTA GAG CGC GGA GG-3′), ligated into the T&A vector (RBC
Bioscience, Taipei County, Taiwan), and subcloned into the pGL4.17 vector
using EcoRV and BglII restriction enzymes. For the −456/−21 and −111/
−21 sequences, the PCR products were amplified using the primer −456 F
(5′-GCT GAG TAT CCG CTT CTC CC-3′) and −21R and ligated into the T&A
vector, and then subcloned into the pGL4.17 vector by double-digestion
with SacI-BglII (for −456/−21) or KpnI-BglII (for −111/−21). For the −69/
−21 sequence, the PCR products were amplified using the primer −69F
(5′-CCG CTC CGG CCC CGC-3′) and −21 R, ligated into the T&A vector, and
subcloned into the pGL4.17 vector using KpnI and BglII. For generating
mutant EBS (mtEGR1), the pVEGFR2-Luc(−69/−21) construct was sub-
jected to site-directed mutagenesis (Enzynomics, Daejeon, Republic of
Korea) with a primer pair (forward, 5′-GCC TCC GCG CTC TAG AGT T-3′;
reverse, 5′-CGG GCC ATG CGG GGC G-3′). The pVEGFR2-Luc constructs
were transfected into HEK293 cells, and the luciferase activities were
measured using the Dual-Glo Lucferase assay system (Promega) according
to the manufacturer’s instructions.

Electrophoretic mobility shift assay (EMSA)
Nuclear extracts of treated BM-MSCs were obtained and subjected to
EMSA using the LightShift chemiluminescent EMSA kit (Thermo Fisher
Scientific), as described previously [28]. Purified human EGR1 protein was
purchased from Sigma-Aldrich (Cat. E5777). Biotin-labeled probes (5′-
biotin-CAT GGC CCC GCC TCC GCG CTC TAGA-3′) were synthesized by
Bioneer (Korea, Daejeon). For the competition assay, unlabeled (cold)
probes with a consensus EGR1-binding sequence (5′-GGA TCC AGC GGG
GGC GAG CGG GGG CGA-3′) or AP-1-binding sequence (5′-CGC TTG ATG
ACT CAG CCG GAA-3′) were pre-incubated for 5 min before the binding
reactions.

DNA affinity precipitation assay (DAPA)
The cultured cells were harvested, and the nuclear fractions were isolated.
The nuclear extracts (100 μg) were diluted using a DNA binding buffer
(10mM HEPES-NaOH (pH 8.0), 50 mM KCl, 100mM NaCl, 5 mM MgCl2, 0.1%
NP-40, and 0.25mM EDTA) and pre-incubated with 0.5 μg/mL of salmon
sperm DNA at 4 °C. After 30min, 4 μg of the biotinylated or unlabeled
oligonucleotides used in EMSA were added, and the mixture was
incubated for 2 h at 4 °C. Next, the DNA-protein complexes were pull-
downed using 30 μl of streptavidin-conjugated agarose beads (Cat. 20353,
Thermo Fisher Scientific). The beads were washed three times with the
binding buffer and boiled in 2× Laemmli sample buffer. The supernatants
were resolved using 8% PAGE and subjected to immunoblotting.

Co-immunoprecipitation assay
The nuclear extracts of HEK293 cells were diluted using a co-
immunoprecipitation buffer (10 mM HEPES-NaOH (pH 8.0), 50 mM KCl,
100mM NaCl, 5 mM MgCl2, 0.5% Triton X-100, and 0.25mM EDTA), and
2 μg of antibodies was added. After overnight rotation at 4 °C, the
antibody-antigen complexes were precipitated using 10 μL of Dynabead
protein G (Cat. 10004D, Thermo Fisher Scientific), washed three times using
a binding buffer, and eluted using 200mM glycine solution (pH 2.5). The
supernatants were analyzed by immunoblotting.

To immunoprecipitate endogenous EGR1 and p-c-JUN, nuclear extracts
of MSCs treated with 10 ng/mL TNF-α for 50 min were prepared and
diluted using immunoprecipitation buffer (20mM HEPES-NaOH (pH 7.4),
50mM KCl, 100 mM NaCl, 5 mM MgCl2, 0.1% Triton X-100, and 0.25mM
EDTA). Nuclear extracts (200 μg) were incubated with anti-phospho-c-JUN
(Ser63) antibody (1:50, Cell Signaling Technology, Danvers, MA, USA) or
normal IgG overnight at 4 °C with rotation. The antibody-antigen
complexes were precipitated using 30 μL of Dynabead protein G (Thermo
Fisher Scientific, Cat. 10004D), washed three times with binding buffer, and
eluted using 1× SDS-PAGE loading buffer. The supernatants were analyzed
by immunoblotting.

Chromatin immunoprecipitation (ChIP) assay
Approximately 4 × 106 BM-MSCs were cross-linked using 1% paraformal-
dehyde, and the ChIP assay was performed using the Magnetic ChIP Kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions. For
each immunoprecipitation, 8 μg of antibodies was used. The ChIP samples
were subjected to PCR analysis using locus-specific primer pairs. The
primer sequences for the target site were 5′-TGG GGA GAT GTA AAT GGG
CT-3′ (−159 F) and 5′-GAC CAC ACA TTG ACC GCT C-3′ (+41 R). For the
negative control, off-target primer pair (forward, 5′-CCA CAA GAA GTC CAC
ACA CG-3′ (−884F); reverse, 5′-CTT TTG TCC ATC GTG CTC CC-3′ (−673 R))
was used.

Animal study
Egr1-null mice on a C57BL/6 background were provided by Dr. Jeffrey
Milbrandt (Washington University, St. Louis, MO, USA) [29]. Mouse BM-
MSCs (mBM-MSCs) were isolated from wild-type and Egr1-null mice as
reported previously [30] and cultured in MSC growth medium (10% FBS in
DMEM/MSCGM2 (1:1)). Wild-type and Egr1-null genotypes were verified by
PCR analysis of genomic DNA (forward primer, 5′-AAC CGG CCC AGC AAG
ACA CC-3′; reverse primer, 5′-GGG CAC AGG GGA TGG GAA TG-3′). mBM-
MSCs from passage 3 were labeled with CellTracker CM-Dil red
fluorescence dye (Invitrogen) according to the manufacturer’s instructions.
4T1 mouse mammary tumor cells (5 × 105) and CM-Dil-labeled mMSCs
(1 × 105) were co-injected subcutaneously into BALB/c mice (n= 5). After
5 days, the mice were sacrificed by exposure to CO2, and the tumor tissues
were fixed in 3.7% paraformaldehyde overnight at 25 °C. After embedding
in paraffin blocks, tumor tissues were cut into 5 μm sections. To observe
DiI-labeled mMSCs and CD31-positive endothelial cells, tumor sections
were assessed using fluorescent immunohistochemistry methods with an
anti-CD31 antibody (Abcam, Cambridge, UK) and Alexa Fluor 488-
conjugated anti-rabbit IgG secondary antibody and visualized under GFP
and RFP fluorescence channel. The mouse experiments were carried out
according to the guidelines for animal experiments and procedures of the
Konkuk University Institutional Animal Care and Use Committee (IACUC)
(approval number KU22041).

Statistical analysis
Data were analyzed using GraphPad Prism version 8.3.1 (GraphPad
Software Inc., La Jolla, CA, USA), and expressed in terms of means ± SD.
Statistical analysis was performed using a Student’s t-test or one-way
analysis of variance, followed by Sidak’s or Dunnett’s multiple comparisons
test. Differences with p < 0.05 were considered statistically significant.

RESULTS
TNF-α induces the endothelial differentiation of BM-MSCs
To investigate whether TNF-α induces the endothelial differentia-
tion of BM-MSCs, we performed a Matrigel-based tube formation
assay [16]. Tube formation was analyzed by quantifying the total
tube length and branch point (node) of the capillary-like networks
using the Angiogenesis Analyzer program of the ImageJ software
as pixel per total area. We found that cells initially attached to the
Matrigel migrated toward each and then gradually formed
endothelial capillary-like structures by 12–24 h (Fig. 1A). Notably,
the capillary-like networks were more efficiently matured in the
presence of TNF-α (Fig. 1B, C). TNF-α-stimulated BM-MSCs, but not
non-endothelial HEK293 cells, were incorporated into endothelial
capillary-like networks formed by HUVECs (Fig. 1D), suggesting
that TNF-α-stimulated BM-MSCs exhibit the potential for endothe-
lial differentiation. To confirm the potency of the endothelial
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differentiation of BM-MSCs, we performed a spheroid sprouting
assay in collagen matrix-based three-dimensional (3-D) culture.
The presence of TNF-α substantially increased the sprouting
capacity of the spheroids (Supplementary Fig. S1A). Confocal
microscopy immunofluorescence and 3-D image analysis revealed
that sprouts stained with CD44 and F-actin formed a primary
lumen that elongated along the sprout directions, as expected for
new vessel formation (Supplementary Fig. S1B, C), suggesting that
TNF-α induces endothelial cell differentiation of BM-MSCs, leading
to the formation of capillary-like tubular structures under 3-D
spheroid culture conditions.
To identify the gene sets that regulate the TNF-α-induced

endothelial differentiation of MSCs, we examined the genes
expressed by TNF-α in BM-MSCs using an Agilent human whole
genome microarray (Supplementary Fig. S2A). Gene Ontology
analysis using the Enrichr tool revealed that the angiogenesis
gene set was highly expressed following TNF-α stimulation
(Supplementary Fig. S2B, C). GSEA confirmed that a vasculature
development-related gene set was highly enriched after TNF-α
stimulation of MSCs (Fig. 1E). These data suggest that TNF-α
induces endothelial differentiation of MSCs by upregulating
endothelial inducer genes. Using RT-PCR and immunoblotting,
we also observed that other endothelial marker proteins, including
VCAM1 and VE-cadherin [31], were upregulated upon TNF-α
stimulation (Fig. 1F, G).

VEGFR2 is required for the TNF-α-induced endothelial
differentiation of BM-MSCs
VEGF-A stimulates the differentiation of MSCs into endothelial
cells [16, 32]. We also observed that the length and node numbers
of the capillary-like structure of differentiated BM-MSCs (assessed
in the Matrigel-based tube formation assay) were enhanced when
Endothelial Growth Medium-2 (EGM-2) was used compared to that
observed when VEGF-A-free DMEM was used (Supplementary
Fig. S3A–C). As assessed using RT-PCR, VEGFR2 mRNA expression
increased considerably within 12 h of TNF-α stimulation, whereas
VEGFR1 and VEGFR3 mRNA expression remained unaffected
(Fig. 2A). Hence, we hypothesized that an increase in VEGFR2
expression might contribute to the TNF-α-induced differentiation
of BM-MSCs into endothelial cells. To confirm this, we performed
the siRNA-mediated knockdown of VEGFR2 expression in BM-
MSCs. The expression of TNF-α-induced VCAM1 was substantially
abrogated by siRNA-mediated knockdown of VEGFR2 expression
(Fig. 2B). The Matrigel-based tube formation assay shows that TNF-
α-induced endothelial-tube-like structure formation was signifi-
cantly decreased upon transfection of siVR2 compared to that in
control (siCT) (Fig. 2C). Pretreatment with neutralizing antibodies
against VEGFR2 reduced the TNF-α-induced endothelial-tube-like
structure formation (Fig. 2D). These data suggest that the TNF-α-
induced endothelial differentiation of BM-MSCs requires VEGFR2
expression.

Fig. 1 Effects of TNF-α stimulation on the endothelial differentiation of BM-MSCs. A–C Representative images of capillary-like structures of
TNF-α-stimulated (10 ng/mL) or unstimulated primary bone marrow-derived (BM)-MSCs on Matrigel. Images were obtained immediately (0 h)
or 12 and 24 h after the cells adhered to Matrigel. The right panel shows images of the indicated areas at 24 h at a higher magnification.
Dotted boxes represent ImageJ Analyzer images for quantifying total tube length and branch points (nodes). The tube length and node
number per unit area of the structure were measured in (B) and (C), respectively. Error bars represent means±S.D (n= 3). **p < 0.01;
***p < 0.001; ns not significant, unpaired t-test. D Co-culture of PKH26-labeled human umbilical vein endothelial cells (HUVECs) (red
fluorescence) alone or with GFP-expressing BM-MSCs or HEK293 cells on Matrigel in the presence of TNF-α. The lower panels show images of
the indicated areas at a higher magnification. The incorporation efficiency of BM-MSCs or HEK293 cells into the capillary structure is quantified
in the right panel. Error bars represent means ± S.D (n= 3). E Gene set enrichment analysis showed that vasculature development-related
genes are enriched in TNF-α-stimulated BM-MSCs compared with that in unstimulated BM-MSCs. NES, normalized enrichment score; FDR, false
discovery rate. F Serum-starved (0.5% FBS) BM-MSCs were treated with 10 ng/mL TNF-α for the indicated durations (0, 6, and 12 h), and total
RNA was extracted. The mRNA levels of endothelial genes were measured using reverse transcription-polymerase chain reaction, as indicated.
GAPDH was used as the internal control. G BM-MSCs were serum-starved (0.5% FBS) and treated with 10 ng/mL TNF-α for 12 h or left
untreated. The cells were lysed, and the protein levels of indicated endothelial genes were measured by immunoblotting. GAPDH was used as
the internal control.

E. Jung et al.

359

Cell Death & Differentiation (2023) 30:356 – 368



EGR1 binds to and activates the VEGFR2 promoter in TNF-α-
stimulated BM-MSCs
To determine the molecular mechanism underlying TNF-α-
induced VEGFR2 expression, we generated four VEGFR2 promoter
constructs with random deletions (Fig. 3A, top) and transfected
them into HEK293 cells, followed by TNF-α treatment. Even the
shortest −69/−21 construct responded to TNF-α stimulation in
HEK293 cells (Fig. 3A, bottom). This indicated that the −69/−21
region is required for the complete activation of the VEGFR2
promoter under TNF-α stimulation.
We analyzed the genome landscape of the VEGFR2 promoter

using the UCSC genome browser to identify the transcription
factors that regulate VEGFR2 transcription under TNF-α stimulation
(Supplementary Fig. S4A). The −69/−21 region was layered on the
H3K4Me3 marker and DNase I hypersensitive region. Additionally,
the binding sites for the TATA-binding protein (TBP) and p300 co-
activator were located in this region. We further analyzed the

putative transcription factor-binding motifs in the −69/−21
region using the Genomatix MatInspector software. Seven
transcription factors were predicted to bind to the −69/−21
region, of which EGR1 had the highest matrix similarity score
(Fig. 3B, Supplementary Fig. S4B).
As EGR1 is upregulated by TNF-α in fibroblasts, keratinocytes,

and MSCs [33–35], EGR1 may play a key role in the TNF-α-induced
endothelial differentiation of MSCs by regulating VEGFR2 expres-
sion. To test this possibility, we first determined whether EGR1
binds to the VEGFR2 promoter using the EMSA. Purified EGR1
proteins formed a complex with a biotin-labeled deoxyoligonu-
cleotide probe containing a putative EGR1-binding sequence (EBS;
5′-CAT GGC CCC GCC TCC GCG CTC TAG A-3′) in the −69/−21
region, which was dose-dependently inhibited by cold probes
(Fig. 3C). Additionally, the promoter activity of the −69/−21
construct increased when the EGR1 expression vector was co-
transfected into HEK293 cells (Fig. 3D). Next, to confirm whether

Fig. 2 VEGFR2 expression is required for the TNF-α-induced endothelial differentiation of BM-MSCs. A Serum-starved (0.5% FBS) bone-
marrow-derived (BM)-MSCs were treated or left untreated with TNF-α (10 ng/mL) for 12 h, and total RNA was extracted. The mRNA levels of
VEGFR1, VEGFR2, and VEGFR3 were measured using reverse transcription-polymerase chain reaction, as indicated. B BM-MSCs were
transfected with scrambled siRNA (siCT) or siVEGFR2 (siVR2 #1 and #2). After transfection, the siRNA-expressing cells were dissociated, serum-
starved, and treated with TNF-α (10 ng/mL) for 12 h or left untreated. The VEGFR2 protein levels were measured by immunoblotting.
C BM-MSCs transfecting control scrambled siRNA (siCT) or siVEGFR2 (siVR2) were seeded on Matrigel in the presence or absence of TNF-α
(10 ng/mL). Images of the capillary-like structure of indicated BM-MSCs were obtained after 12 h. Dotted boxes represent ImageJ Analyzer
images for quantifying total tube length and branch points (nodes). Scale bar, 1000 µm. The tube length and node number per unit area of the
structure were measured with bar graphs. Error bars represent means ± S.D (n= 3). **p < 0.01; ***p < 0.001; ns not significant, unpaired t-test.
D BM-MSCs were treated with anti-VEGFR2 antibody or normal immunoglobin (IgG) for 1 h, following which the Matrigel tube formation assay
was performed in the presence or absence of TNF-α (10 ng/mL), as indicated. Images of the capillary-like structure of BM-MSCs under each
treatment condition were obtained 12 h later. Scale bar, 1000 µm. The tube length and node number per unit area of the structure were
measured with bar graphs. Error bars represent means±S.D. (n= 3). **p < 0.01, unpaired t-test.
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the putative EBS motif is critical for activating promoter activity by
TNF-α stimulation, we generated a mutant construct by substitut-
ing CGCC with GGCC, which significantly reduced the binding
score of EGR1 (Supplementary Fig. S4C). This was followed by TNF-
α treatment after the transfection of the mutant construct into
HEK293 cells. The TNF-α-inducible promoter activity was sup-
pressed in the mutant construct compared to that in the wild-type
sequence (Fig. 3E). Finally, the binding of endogenous EGR1 to the
VEGFR2 promoter was confirmed in a ChIP assay using BM-MSCs
(Fig. 3F). The data suggest that EGR1 binds to the putative EBS in
the −69/−21 region and enhances VEGFR2 promoter activity in
response to the TNF-α stimulation of BM-MSCs.

EGR1 regulates TNF-α-induced VEGFR2 expression and the
endothelial differentiation of BM-MSCs
To further confirm the role of EGR1 in regulating VEGFR2
expression, we generated a stable EGR1-knockdown cell line by
transfecting EGR1 shRNA into BM-MSCs. The TNF-α-induced
expression of VEGFR2 and VCAM-1 (an endothelial marker) was
substantially suppressed in EGR1-knockdown cells (shEGR1)
compared to that in control cells (shCT) (Fig. 4A). Furthermore,
EGR1 silencing reduced TNF-α-induced endothelial tube-like

structure formation (Fig. 4B) and the tube length (Fig. 4C).
Therefore, EGR1 substantially contributes to TNF-α-induced
endothelial differentiation of BM-MSCs by regulating VEGFR2
expression.

The JNK and ERK pathways regulate the TNF-α-induced
endothelial differentiation of BM-MSCs through EGR1 and
VEGFR2 expression
TNF-α upregulated EGR1 expression in BM-MSCs within 30 min of
its administration (Fig. 5A). Because EGR1 expression is induced by
the MAPK family proteins in various cell types [34, 36, 37], we
analyzed the activation of MAPK signaling pathways by TNF-α in
BM-MSCs. ERK1/2, p38, and JNK1/2 MAPKs were rapidly phos-
phorylated within 15min of TNF-α stimulation (Fig. 5B). The
pharmacological inhibitors for MAPK kinase 1/2 (U0126), p38
(SB20358), and JNK1/2 (SP600126) were administered to deter-
mine the MAPK pathway involved in TNF-α-induced EGR1 and
VEGFR2 expression in BM-MSCs. U0126 and SP600125 suppressed
TNF-α-induced EGR1 expression, whereas SB203580 enhanced it
(Fig. 5C). The effects of MAPK inhibitors on TNF-α-induced
endothelial differentiation of BM-MSCs were further assessed
using the Matrigel-based tube formation assay. Treatment with

Fig. 3 Identification of the EBS in the TNF-α-inducible element of the VEGFR2 promoter. A The upper panel shows the genomic map of the
VEGFR2 promoter. The primers and restriction sites used for cloning are indicated. HEK293 cells were transfected with 0.1 µg of a series of 5′-
deletion constructs of human VEGFR2 promoter-luciferase plasmids (pVEGFR2-Luc). Following transfection, the cells were dissociated, serum-
starved, and treated with either the vehicle or 10 ng/mL TNF-α. After 12 h, the luciferase activities were measured. The upper panel shows the
schematic locations of primers for the generation of pVEGFR2-Luc constructs. ‘+1’ indicates the transcription start site of the human VEGFR2
transcript (KDR; NM_002253). Error bars represent means ± S.D. (n= 3). *p < 0.05; ***p < 0.001; unpaired t-test. B The genomic sequence of the
(−69/−21) region with a putative EBS. C The electromobility shift assay (EMSA) was performed to analyze the binding of EGR1 proteins to the
putative EBS of the VEGFR2 promoter. The upper panel shows the sequence of the biotin-labeled probe. For EMSA, 50mol of biotin-labeled
EBS probes were incubated in the presence or absence of purified EGR1 proteins and resolved in a 6% acrylamide gel. For competition assays,
25, 50, and 100 molar excess quantities of unlabeled (cold) probes were pre-incubated with EGR1 proteins before binding reactions. The arrow
indicates EGR1-binding probes. D HEK293 cells were transfected with indicated quantities of the pVEGFR2-Luc(−69/−21) plasmid, following
which the luciferase assay was performed (upper panel). The residual lysates were subjected to immunoblotting for confirming EGR1
overexpression (bottom panel). Error bars represent means ± S.D. (n= 3). E The pVEGFR2-Luc(−69/−21) plasmids with wild-type (WT) or
mutant EBS (mtEGR1) sequences were introduced into HEK293 cells. After serum-starvation, TNF-α was administered to the cells, and the
luciferase activities were measured. Error bars represent means ± S.D. (n= 3). ***p < 0.001; ns not significant, unpaired t-test. F Serum-starved
bone-marrow-derived (BM)-MSCs were cultured in the presence or absence of TNF-α for 90min and cross-linked with formaldehyde. After
cross-linking, chromatin immunoprecipitation assays were performed using normal rabbit IgG or anti-EGR1 antibodies. The input or ChIP
samples were subjected to standard PCR with primers for the detection of the off-target region (Set B,−884/−673) or target EBS (Set A, −159/
+41). DPC, DNA-protein complex. EBS, EGR1-binding site; TSS transcription start site, ChIP chromatin immunoprecipitation.
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U0126 and SP600125 inhibited the TNF-α-induced capillary-like
structure formation in BM-MSCs (Fig. 5D). Notably, U0126 (Fig. 5E)
and SP600125 (Fig. 5F) dose-dependently inhibited TNF-α-induced
VEGFR2 expression. These data suggest that both the ERK1/2 and
JNK1/2 signaling pathways are involved in EGR1-mediated VEGFR2
expression upon TNF-α stimulation.

c-JUN, a downstream component of JNK, cooperates with
EGR1 to induce endothelial differentiation of BM-MSCs
JNK1/2 phosphorylates and activates the c-JUN protein, a member
of the activator protein 1 (AP-1) family [38], which also reportedly
regulates angiogenesis [39, 40]. In BM-MSCs, c-JUN was phos-
phorylated within 10min of TNF-α stimulation (Fig. 6A). We further
determinedwhether c-JUN activation also affects VEGFR2 induction.
Tanshinone IIA (Tan IIA), an AP-1 inhibitor [41], was used to block
AP-1 transcriptional activity in BM-MSCs before TNF-α treatment.
Tan IIA suppressed VEGFR2 induction in a dose-dependent manner
(Fig. 6B). Furthermore, TNF-α-induced VEGFR2 expression was
attenuated by c-JUN knockdown (shJUN) compared to that in
control (shCT) (Fig. 6C). Transfection of the c-JUN or EGR1
overexpression vector into BM-MSCs increased the formation of
the capillary-like structure, whereas co-transfection of c-JUN and
EGR1 synergistically promoted the formation of the capillary-like
network (Fig. 6D, E). These data suggest that c-JUN and EGR1
cooperate to contribute to the endothelial differentiation of BM-
MSCs. These data suggest that the cooperation between c-JUN and
EGR1 contributes to the endothelial differentiation of BM-MSCs.

c-JUN physically interacts with EGR1 on the EBS in the VEGFR2
promoter
As c-JUN and EGR1 were found to stimulate TNF-α-induced
VEGFR2 expression synergistically, we performed the ChIP assay to
examine whether c-JUN binds to the −69/−21 region. Phos-
phorylated c-JUN bound to the −69/−21 region within 40 min of
TNF-α-stimulation (Fig. 7A). Interestingly, no putative AP-1

homodimer/heterodimer binding motifs were identified around
the −69/−21 region using the MatInspector or JASPAR software.
EGR1 and AP-1 family proteins were shown to interact indirectly
for regulating the tyrosine hydroxylase gene in PC12 cells [42].
Based on this finding and our observation, we hypothesized that
c-JUN indirectly binds to the VEGFR2 promoter region by
interacting with DNA-bound EGR1 protein. To test this, we first
determined the localization of EGR1 and phosphorylated c-JUN.
The subcellular fractionation experiment demonstrates that both
EGR1 and p-c-JUN were detected in the chromatin-bound protein
fractions upon TNF-α stimulation (Fig. 7B). Immunofluorescence
staining also shows the probability of colocalization between
EGR1 and p-c-JUN in the nucleus (Fig. 7C). To determine whether
EGR1 and c-JUN interact directly, we performed an immunopre-
cipitation assay using nuclear extracts of HEK293 cells co-
transfected with V5-tagged Egr1 and Flag-tagged c-JUN. c-JUN
was precipitated by the anti-V5 antibody (Fig. 7D), and EGR1 was
precipitated with an anti-FLAG antibody (Fig. 7E). Additionally,
EGR1 co-immunoprecipitated with the anti-phospho-c-JUN anti-
body in TNF-α-treated MSCs (Fig. 7F). These data suggest that
under TNF-α stimulation, EGR1 physically interacts with phos-
phorylated c-JUN in the nucleus
To further determine the interaction of EGR1 and c-JUN on the

VEFGR2 gene, we performed an EMSA using nuclear extracts with
a biotin-labeled probe corresponding to the putative EBS in the
VEGFR2 promoter −69/−21 region. The DNA-protein complex that
increased upon TNF-α stimulation decreased upon the addition of
the unlabeled consensus AP-1-binding sequence or EBS (Fig. 7G),
suggesting that EGR1 and c-JUN form a complex on the EBS of
VEGFR2. To evaluate the interaction between EGR1 and c-JUN in
the VEGFR2 promoter, we performed a DAPA. Both EGR1 and
c-JUN were detected in the pull-down of EBS oligonucleotides
upon TNF-α stimulation (Fig. 7H). These data suggest that the
EGR1:c-JUN complex could be formed on the EBS of the VEGFR2
promoter.

Fig. 4 EGR1 regulates TNF-α-induced VEGFR2 expression and the endothelial differentiation of BM-MSCs. A BM-MSCs expressing control
shRNA (shCT) or shEGR1 were serum-starved and cultured in the presence or absence of TNF-α for the indicating durations. The cell lysates
were subjected to immunoblotting to measure the expression levels of EGR1, VEGFR2, and VCAM-1. B Capillary-like network of shCT or
shEGR1-expressing BM-MSCs on Matrigel in the presence or absence of 10 ng/mL TNF-α. Scale bar, 1000 µm. Dotted boxes represent ImageJ
Analyzer images for quantifying total tube length and branch points (nodes The tube length and node number per unit area of the structure
were measured with bar graphs. Error bars represent means ± S.D. (n= 3). *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant, unpaired t-test.
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Egr1-deficient BM-MSCs impair tumor neovascularization
Finally, we evaluated the role of EGR1 in the endothelial
differentiation of BM-MSCs and its contribution to tumor
neovascularization using a syngenic tumor implantation model.
4T1 mouse mammary tumor cells were implanted subcuta-
neously into BALB/c mice with primary CM-Dil-labeled MSCs
isolated from wild-type (Egr1+/+) or Egr1-null (Egr1/−) mice.
Tumor neovascularization was assessed by immunostaining of
the endothelial marker CD31. The two-color overlay shows that
CD31-positive cells were predominantly observed at the border
of the tumor in the 4T1 plus wild-type MSC group, while staining
less in the 4T1 alone or 4T1 plus Egr1-null MSC group (Fig. 8). It
can be seen that MSCs contribute to tumor neovascularization
and that Egr1 plays a crucial role in the endothelial differentia-
tion of MSC. In conclusion, the EGR1/VEGFR2 axis is functional in
mediating the endothelial differentiation of BM-MSCs to
promote tumor neovascularization.

DISCUSSION
This study showed that TNF-α triggers endothelial differentiation
of primary human BM-MSCs by upregulating VEGFR2 expression.
In addition, we demonstrated that TNF-α-induced EGR1 physically
interacts and forms a complex with c-JUN on the EBS in the core

promoter region of the VEGFR2 to promote transcription of the
VEGFR2.
The tumor vasculature was considered to be formed via

sprouting angiogenesis from pre-existing blood vessels surround-
ing a tumor. However, recent findings show that the tumor
vasculature has characteristics different from normal blood
vessels, such as high tortuosity, leakiness, and low pericyte
coverage [3, 4]. Therefore, the tumor vasculature is now thought
to have an origin different from that of the normal vasculature.
MSCs, which are adult multipotent cells that can differentiate into
various connective tissues, can reportedly differentiate into
endothelial-like cells. Although MSCs are now considered a non-
endothelial source of the tumor vasculature, the effects of TME-
related cytokines on the endothelial differentiation of MSCs are
not well-studied.
TNF-α, a pro-inflammatory cytokine in the TME, stimulates MSCs

to aid tumor angiogenesis [20]. Building on this prior evidence, we
showed, using endothelial tube formation assays, gene set
enrichment analysis, and immunoblotting assays, that TNF-α
promotes the endothelial differentiation of BM-MSCs.
VEGF/VEGFR signaling is considered to play a critical role in the

endothelial differentiation of MSCs since VEGF-A-containing media
can stimulate the endothelial differentiation of MSCs [16, 32].
VEGF-A, secreted from hypoxic cancer cells but also by MSCs, is a

Fig. 5 The JNK pathway regulates the TNF-α-induced endothelial differentiation of BM-MSCs through EGR1 induction. A, B Serum-starved
bone-marrow-derived (BM)-MSCs were stimulated using TNF-α for the indicated durations, and total lysates were obtained. The lysates were
subjected to immunoblotting with antibodies against EGR1 (A), p-ERK1/2 (T202/Y204), p-p38 (T180/Y182), or p-JNK1/2 (T183/Y185) (B). An
anti-GAPDH antibody was used as the internal control. C Serum-starved BM-MSCs were pretreated with 1 μM U0126, 20 μM SB203580, or
25 μM SP600125 for 1 h and stimulated with TNF-α for 1 h. Cells were harvested and subjected to immunoblotting with antibodies against
EGR1. An anti-GAPDH antibody was used as the internal control. D BM-MSCs were pretreated with U0126, SB203580, or SP600125 for 1 h, and
then subjected to the Matrigel tube formation assay in the presence or absence of TNF-α, as indicated. The tube length and node number per
unit area of the structure were measured with bar graphs. Error bars represent means ± S.D. (n= 3). **p < 0.01; ***p < 0.001, unpaired t-test.
E, F Serum-starved BM-MSCs were pretreated with U0126 (E) and SP600125 at different concentrations (F) for 1 h, and then subjected to TNF-α
stimulation for 12 h. Cells were harvested and subjected to immunoblotting with antibodies against VEGFR2. An anti-GAPDH antibody was
used as the internal control.

E. Jung et al.

363

Cell Death & Differentiation (2023) 30:356 – 368



key signal peptide that modulates tumor vascularization [43, 44].
Consistent with findings from previous studies, we observed that
the capillary-like structure of BM-MSCs was well-formed in media
containing VEGF-A, such as EGM-2. Although the expression of
VEGFRs is required for the acceptance of autocrine or paracrine
VEGF-A, the molecular mechanism underlying the upregulation
of VEGFRs in MSCs in the TME remains unknown.
We observed that VEGFR2 expression was substantially

increased in response to TNF-α-stimulation. Furthermore, VEGFR2
expression was necessary for the TNF-α-induced endothelial
differentiation of BM-MSCs. Although VEGFR1 is the primary
receptor for VEGF-A, it plays potentially inhibitory roles in
endothelial proliferation during early development [45]. This dual
role could explain why VEGFR1 is not expressed in TNF-α-
stimulated BM-MSCs. BM-MSCs specifically express VEGFR2 in
the presence of TNF-α, thereby efficiently binding VEGF-A and
maximizing endothelial differentiation.
The TNF receptor (TNFR) family comprises TNFR1 and TNFR2.

When TNF-α binds to trimeric TNFR, adaptor proteins such as
TRADD are recruited, followed by the activation of various
transcriptional factors, such as NF-κB, STAT, and EGR1, which

regulate gene expression [46, 47]. Using promoter-reporter assays,
we demonstrated that the region −69 to −21 bp upstream of the
transcription start site represents the core region of the TNF-α-
induced cis-regulatory element. In this region, the EBS motif with
the highest score is present in the most conserved sequence close
to −48 bp upstream of the transcription start site. We determined
that EGR1 binds to the motif and functions as the primary
regulator of VEGFR2 promoter activity.
EGR1 is a transcription factor with a three-tandem zinc finger

domain that binds to GC-rich sequences and regulates gene
expression in response to various cellular stimulations [48]. EGR1
participates in angiogenesis by regulating the expression of
various pro-angiogenic factors in tumor cells [49, 50] and mediates
MSC differentiation [51, 52]. EGR1 expression in BM-MSCs
was regulated by the ERK and JNK pathways, two signaling
pathways activated by TNF-α stimulation. Interestingly, only the
JNK pathway is involved in VEGFR2 expression and the
TNF-α-induced endothelial differentiation of MSCs.
JNK primarily activates the AP-1 transcription factor c-JUN by

Ser63 phosphorylation [38]. phosphorylated c-JUN recruits
interaction partners, such as c-FOS and FRA, to regulate the

Fig. 6 EGR1 and c-JUN synergistically regulate the endothelial differentiation of BM-MSCs. A Bone-marrow-derived (BM)-MSCs were
serum-starved and stimulated with tumor necrosis factor alpha (TNF-α). After the indicated durations, immunoblotting was performed with
antibodies against p-c-JUN (S63). Anti-c-JUN and GAPDH antibodies were used as internal controls. B Serum-starved BM-MSCs were
pretreated with tanshinone IIA (Tan IIA) at different concentrations for 1 h, and then cultured in the absence or presence of TNF-α for 12 h. The
vascular endothelial growth factor receptor 2 (VEGFR2) protein levels under each treatment condition were measured by immunoblotting.
C BM-MSCs were transfected with the control shRNA (shCT) or shEGR1 vector. After 24 h, the cells were dissociated, serum-starved, and
incubated with the vehicle or TNF-α for 12 h. The lysates were analyzed by immunoblotting using anti-c-JUN and anti-VEGFR2 antibodies.
GAPDH was used as the internal control. D BM-MSCs were transfected with c-JUN- or Egr1-expressing vectors, as indicated. After transfection,
the BM-MSCs were seeded on Matrigel for capillary-like tube formation. Middle panels, ImageJ Analyzer images for quantifying total tube
length and nodes; Bottom panels, the higher magnification of the indicated areas. E The tube length and node number per unit area of the
structure were measured with bar graphs. Error bars represent means ± S.D. (n= 3). *p < 0.05; **p < 0.01; ***p < 0.001; ns not significant,
unpaired t-test.
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expression of several genes, including angiogenesis-related
genes [53–55]. bZIP transcription factors form homodimers or
heterodimers with other bZIP factors, mediated by the interac-
tion among leucine-rich hydrophobic domains. However, recent
studies have reported that they can also form complexes with
other transcription factors without the bZIP domain. For
example, the JUN:FOS heterodimer interacts with NFAT
[56, 57], BACH1 interacts with NANOG, SOX2, and OCT [58],
and PLAG1 interacts with USF2 [59]. Notably, c-JUN regulates
tyrosine hydroxylase expression by forming a transcriptional
complex indirectly with EGR1 [42]. In this study, using EMSA and
pull-down assays, we showed that c-JUN co-localized with EGR1

on the VEGFR2 promoter. Furthermore, we confirmed that c-JUN
could interact directly with EGR1 in the nucleus in vitro. Follow-
up studies should be performed to obtain additional details on
this mechanism; however, based on evidence from previous
studies, the following could be hypothesized about the EGR1:c-
JUN interaction. The consensus sequence TATA box was not
detected in the VEGFR2 promoter. In a TATA-less gene, TBP can
be recruited by other transcription factors to initiate transcrip-
tion [60]. Meanwhile, it is known that c-JUN can recruit TBP [61].
ChIP-Seq data from the UCSC genome browser show that the
EBS responsive to TNF-α lies in the TBP-binding region of the
VEGFR2 promoter (Supplementary Fig. S4A). Based on these

Fig. 7 Interaction between EGR1 and c-JUN on the TNF-α-inducible promoter region of the VEGFR2. A Serum-starved bone-marrow-
derived mesenchymal stem cells (BM-MSCs) were stimulated by TNF-α for 40 min. After chromatin cross-linking, the chromatin
immunoprecipitation (ChIP) assay was performed using normal rabbit IgG or anti-p-c-JUN (S63) antibody. The input samples or ChIP
samples were subjected to PCR with the indicated primer sets. B BM-MSCs were serum-starved, stimulated by TNF-α for 40min, and subjected
to subcellular fractionation. The fractionation samples were analyzed by immunoblotting with anti-EGR1 and anti-p-c-JUN (S63) antibodies.
The GAPDH, lamin B, and histone H3 levels were used as internal controls for the cytosolic, soluble nuclear, and chromatin-bound protein
fractions, respectively. Cyt, cytosolic fraction, S.N, soluble nuclear fraction, C.B.P, chromatin-bound proteins fraction. C Immunofluorescence
staining of BM-MSCs using the indicated antibodies. Hoescht33258 was used for DNA staining. Confocal microscope images were processed
using ImageJ software and EzColocalization plugin. Scale bar, 100 μm. The colocalization probability was expressed as a threshold overlap
score (TOS) values (linear) ranging from 0 to 1 (0: no colocalization, 1: all pixels colocalization). Error bars represent means ± S.D. (n= 33
(0min), 41 (20min), 38 (50min). **p < 0.01; ***p < 0.001, unpaired t-test. D, E The nuclear extracts of HEK293 cells expressing V5-tagged Egr1
and FLAG-tagged c-JUN were immunoprecipitated using an anti-V5 (α-V5) antibody (D) and an anti-FLAG (α-FLAG) antibody (E). F BM-MSC
cells were stimulated by TNF-α for 40min, and nuclear extracts were immunoprecipitated with a normal mouse IgG or p-c-JUN antibody. The
eluted samples were subjected to immunoblotting using the indicated antibodies. G Nuclear extracts of BM-MSCs stimulated by the vehicle or
TNF-α for 40min were obtained, and treatment with the biotinylated probe was performed using the electromobility shift assay. For the
competition assay, 50-fold molar excess unlabeled oligonucleotides (cold probe) were used, as indicated. DPC, DNA-protein complex.
H Nuclear extracts of HEK293 cells expressing V5-tagged Egr1 or FLAG-tagged c-JUN were pull-downed by DNA-affinity purification assay
(DAPA) with the biotinylated probes. I Serum-starved BM-MSCs were stimulated by TNF-α for 40 min, and nuclear extracts were isolated. The
extracts were pull-downed by DAPA. Unlabeled oligonucleotide probes were used for the negative control. The elutes samples were
subjected to immunoblotting using indicated antibodies. N.C. negative control.
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findings, we suggest that c-JUN interaction with EGR1 aids TBP
recruitment and initiates transcription.
Additionally, gene regulation by chromatin remodeling may be

involved in MSC differentiation. When MSCs were treated with the
HDAC inhibitor Vorinostat (also known as suberoylanilide hydro-
xamic acid (SAHA)), VEGFR2 expression was activated without
additional stimulation, suggesting that the VEGFR2 locus is present
within a closed chromatin structure in an undifferentiated state
(Supplementary Fig. S5A). The EGR1:c-JUN complex formed by
TNF-α stimulation may also efficiently recruit co-activators that
induce chromatin remodeling to the promoter region. Indeed,
both EGR1 and c-JUN have been reported to interact with p300
acetyltransferases [62–65]. We also confirmed the presence of the
c-JUN:p300 interaction (Supplementary Fig. S5B). Although the
current study focused on VEGFR2 expression, it seems necessary to
further confirm whether these putative complexes can modulate
endothelial markers other than VEGFR2.
In summary, we demonstrated that TNF-α promotes the

endothelial differentiation of BM-MSCs. Specifically, after TNF-α
stimulation, EGR1 rapidly accumulates via the ERK and JNK
pathways and forms a complex with c-JUN phosphorylated by
JNK. The EGR1:c-JUN complex binds to the EBS in the VEGFR2
promoter, facilitating the endothelial differentiation of MSCs
(Supplementary Fig. S6). Insight on the formation of this complex
may provide a new perspective on the understanding of the
tumor vasculature and indicate new antitumor targets.
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