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ERK signaling is required for VEGF-A/
VEGFR2-induced differentiation of porcine
adipose-derived mesenchymal stem cells
into endothelial cells
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Abstract

Background: Cell-based therapy that can rejuvenate the endothelium with stimulated adipose-derived
mesenchymal stem cells (AMSCs) is a promising therapeutic strategy for the re-endothelialization of denuded
arteries at the stenting site. Previously, we have shown that silencing of MMP-2 and MMP-14 inhibits vascular
endothelial growth factor receptor type 2 (VEGFR2) cleavage, and induces differentiation of AMSCs toward the
endothelial cell (EC) lineage. In this study, we examined the underlying signaling pathways that regulate
differentiation of AMSCs to ECs in vitro through VEGFR2.

Methods: AMSCs were isolated from porcine abdominal adipose tissue. The isolated AMSCs were characterized by
positive expression of CD29, CD44, and CD90 and negative expression of CD11b and CD45. The isolated MSCs were
transfected with siRNA to silence MMP-2, MMP-14, and angiotensin receptor 2 (ATR2). Cells were suspended either
in endothelial basal media (EBM) or endothelial growth media (EGM) with various treatments. Flow cytometry was
performed to examine the expression of EC markers, and western blot analysis was performed to examine the
expression and activity of various kinases. Scratch assay was performed to examine the cell migration. Data were
analyzed by ANOVA using PRISM GraphPad.

Results: After 10 days of stimulation for EC differentiation, the morphology of AMSCs changed to a morphology
similar to that of ECs. Silencing MMP-2 and MMP-14 resulted in significant decrease in the number of migrated cells
compared with the EGM-only group. ATR2 siRNA transfection did not affect the migration and differentiation of
AMSCs to ECs. Stimulation of AMSCs for EC differentiation with or without MMP-2 or MMP-14 siRNA resulted in
significant increase in p-ERK, and significant decrease in p-JNK. There was no significant change in p-p38 in all three
groups compared with the EBM group. ERK inhibition resulted in significant decrease in the expression of EC
markers in the EGM, EGM +MMP-2 siRNA, and EGM +MMP-14 siRNA groups. The VEGFR2 kinase inhibitor induced a
dose-dependent inhibition of ERK.

Conclusion: The ERK signaling pathway is critical for VEGF-A/VEGFR2-induced differentiation of AMSCs into ECs.
These findings provide new insights into the role of the ERK signaling pathway in AMSC differentiation to ECs for
potential clinical use in cardiovascular diseases.
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Background
Atherosclerosis is the precursor of most common car-
diovascular diseases (CVD), and is the leading cause of
mortality all over the world [1]. The endothelium plays
an important role in the development and progression
of atherosclerosis. Endothelial dysfunction or loss of the
endothelial layer is known as an early change in the wall
of blood vessels that leads to progression of the athero-
sclerotic plaque [2]. Endothelial dysfunction is also a
crucial factor in the development and progression of re-
stenosis, as a result of high proliferation activity of vas-
cular smooth muscle cells (VSMC) from the tunica
media to the intima. Angioplasty and stenting tech-
niques are widely used around the world for improving
blood flow to the heart in cardiovascular diseases [3].
The high proliferation activity of VSMCs could be a re-
sult of acute injury located around stent struts [3]. The
development of cell-based therapy for the treatment of
vascular injuries has been increasing in the last few years
using mesenchymal stem cells (MSCs) [4–6]. Cell-based
therapy that can rejuvenate the endothelium with stimu-
lated adipose-derived MSCs (AMSCs) is a promising
therapeutic strategy for re-endothelialization at the site
of intravascular stenting to prevent restenosis [7].
Identifying the molecular factors and mechanisms that

regulate AMSC differentiation is important in the pro-
motion of a greater understanding of these highly useful
cells. Previously, we have reported that silencing matrix
metalloproteinase (MMP)-2 and MMP-14 induces the
differentiation of porcine AMSCs to endothelial cells
(ECs) [8]. Also, MMP-2 and MMP-14 cleave vascular
endothelial growth factor receptor type 2 (VEGFR2) and
inhibit AMSC differentiation toward the endothelial
lineage [8]. However, the downstream signaling pathways
that regulate the differentiation of AMSCs to ECs
through VEGFR2 are still undefined.
Among the intracellular signaling pathways that can

be mediated by VEGFR2, the mitogen-activated protein
kinase (MAPK) signaling pathways appear to be the pri-
mary candidate [9]. Extracellular signal-regulated kinase
(ERK1/2), c-Jun NH2-terminal kinase (JNK), and stress
activated protein kinase-2 (p38) are the members of the
classical MAPK cascades [10]. MAPK pathways are well
known as crucial signaling pathways in the differenti-
ation of MSCs to various lineages [11–17]. The binding
of VEGF-A to VEGFR2 phosphorylates PLC-γ, and acti-
vates the MAPK/ERK and p38 MAPK signaling path-
ways [9, 18]. The differentiation of bone marrow-derived
MSCs (BM-MSCs) to ECs was found to be mediated by
VEGF, which induces the phosphorylation of p42
MAPK/ERK [19]. Inhibition of ERK phosphorylation
blocks the expression of EC markers and BM-MSC dif-
ferentiation to ECs [19]. The stimulation of stem cells
from exfoliated deciduous teeth with EC differentiation

media induces the activation of ERK, and inhibition of
ERK blocks the differentiation to ECs [20]. The inhib-
ition of p38, but not ERK, restrains the differentiation of
BM-MSCs to osteoblasts [21]. The osteogenic differenti-
ation of mesenchymal progenitor cells requires the activ-
ity of p38, and ERK inhibition activates BMP9-induced
osteogenic differentiation [22]. JNK was also found to
promote target gene expression during stem cell differ-
entiation to neuronal cells [23]. Moreover, JNK inhib-
ition was found to prevent the neuronal differentiation
of mouse embryonic stem cells [24]. The activities of
JNK and p38 are required for the differentiation of
MSCs to osteocytes [25].
The effect of angiotensin II (Ang II) was implicated in

the physiological and pathophysiological events related
to the cardiovascular system [26]. Ang II has a key role
in the migration of MSCs to the site of injury [26]. Ang
II in combination with VEGF was found to induce BM-
MSC differentiation to ECs, and the blockage of angio-
tensin type-2 receptor (ATR2) attenuated this process
[27]. Stimulation of ATR2 also activates neural differen-
tiation, and monocyte differentiation to dendritic cells
[28, 29]. Therefore, the role of ATR2 in the differenti-
ation of AMSCs to ECs was investigated.
In this study, we examined the signaling events down-

stream of VEGFR2. Our findings show that ERK, but not
p38 or JNK, induces the differentiation of AMSCs to
ECs. The results also indicate that ATR2 activity is not
required for EC differentiation of AMSCs. These find-
ings provide new insights into the role of the ERK sig-
naling pathway in the differentiation of AMSCs into
ECs.

Methods
Isolation and culture of porcine AMSCs
AMSCs were isolated from porcine adipose tissue as de-
scribed previously [8, 30]. Briefly, porcine adipose tissue
was collected from the abdominal wall of pigs from a
local slaughterhouse (Hormel, Fremont, NE, USA), and
transferred to the laboratory in sterile conditions in
Dulbecco’s modified Eagle medium (DMEM; Invitrogen,
Grand Island, NY, USA) with the antibiotics 100 mg/ml
penicillin (Sigma–Aldrich, St. Louis, MO, USA),
100 mg/ml streptomycin (Sigma–Aldrich), and 2 mM
Glutamax (Invitrogen, Carlsbad, CA, USA). The trans-
ferred abdominal adipose tissue was washed with
phosphate-buffered saline (PBS) and minced into small
pieces with sterile scissors. The small minced pieces
were then digested with 15 ml of 0.2% type-1 collagenase
(Sigma–Aldrich) for 2 hours at 37 °C. DMEM containing
10% fetal bovine serum (FBS) (Gibco, USA) was added
to stop the collagenase activity, followed by centrifuga-
tion at 400 × g for 10 minutes to separate the floating
cells from the vascular stromal fraction. The pellets were
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then resuspended in serum-complete medium (DMEM,
10% FBS, 5% penicillin/streptomycin, and 1% Glutamax),
and filtered through a 100-μm nylon mesh strainer to
remove any undigested tissue. The filtered cells were
carefully added to 50-ml tubes in the top of a 1.077 g/ml
histopaque (Sigma-Aldrich) for density gradient centrifu-
gation at 400 × g for 30 minutes. The enriched cells were
then collected from the interphase and washed twice
with serum-free medium. The pellets were finally resus-
pended in DMEM containing 10% FBS, 100 mg/ml peni-
cillin/streptomycin, and 2 mM Glutamax, and were
cultured in a 25-cm2 flask at 37 °C with 5% CO2/95% air
and 90% relative humidity. Nonadherent hematopoietic
cells were removed by medium change every 24 hours
for 3 days. Thereafter, the medium was changed every
3 days. Once adherent AMSCs became confluent, they
were trypsinized using 0.25% Trypsin–EDTA (Sigma-Al-
drich) and transferred to fresh 25-cm2 culture flasks. All
experiments were performed using MSCs at three to six
passages.

Characterization of AMSCs
Immunophenotyping
AMSCs at three to six passages were trypsinized and
flow cytometric analysis was performed to examine the
expression of AMSC markers CD29, CD44 and CD90,
and negativity for the hematopoietic stem cell marker
CD45 and macrophage marker CD11b. Cells were de-
tached from the monolayer with 0.25% Trypsin–EDTA,
and washed twice with PBS containing 4% FBS. The
AMSCs were then incubated for 1 hour at 4 °C in the
dark with conjugated monoclonal antibodies against
CD11b, CD45, CD29, CD44, and CD90 (eBiosciences,
CA, USA). The dilutions of the antibodies were accord-
ing to the specifications of the manufacturers. The cells
were washed three times in PBS, and resuspended in
500 μl PBS. Flow cytometry was performed on a FACS
Aria Flow Cytometry System (BD Biosciences, San Jose,
CA, USA). Fluorochrome-labeled IgG (eBiosciences)
served as the isotype control as well as positive and
negative beads (OneComp eBeads; eBiosciences).
AMSCs were stimulated for EC differentiation for

10 days. The cells were then detached from the mono-
layer with 0.25% Trypsin–EDTA, and harvested for flow
cytometry analysis to identify the EC markers CD31 and
CD144. Direct conjugated monoclonal antibodies were
used against CD31 and CD144 (17-0319, 25-1449;
eBiosciences).

Differentiation of AMSCs to ECs
The differentiation process started at 50–60% confluency
of AMSCs. The AMSC culture was stimulated with
endothelial growth medium (EGM) composed of Endo-
thelial Basal Medium-2 (Gibco, Grand Island, NY, USA),

growth supplements (containing hydrocortisone, human
fibroblast growth factor (hFGF-b), R3-insulin-like
growth factor-1 (R3-IGF-1), ascorbic acid, human epi-
thelial growth factor (hEGF), GA-1000, heparin), 2% FBS
(EGM-2 Bullet Kit; Lonza, Walkersville, MD, USA), and
50 ng/ml VEGF-165 (Peprotech, Rocky Hill, NJ, USA).
The cells were maintained at 37 °C with 5% CO2/95% air
and 90% relative humidity, and the medium was changed
every 3 days. The cells were detached from the mono-
layer with 0.25% Trypsin–EDTA, and collected for ana-
lysis after 10 days of stimulation for EC differentiation.
Human umbilical vein endothelial cells (HUVECs)

(ATCC® PCS-100-010™; ATCC) were used as a positive
control.

Migration assay
The in-vitro scratch assay was performed to examine cell
migration. Cells were plated into a 12-well cell culture
plate, and allowed to grow in serum-complete medium
to confluence with or without MMP-2 siRNA, MMP-14
siRNA, or ATR2 siRNA. Cells were then washed, and
starved for 24 hours in serum-free medium to minimize
cell proliferation. A sterile pipette tip was used to make
a 1-mm wide scratch across the cell layer. Cells were
then washed extensively with PBS to remove cellular
debris and floating cells before adding media with differ-
ent treatments. Plates were photographed immediately
after scratching, and after 24 hours at the same location
of initial image under a bright-field microscope.

Cell transfection
The siRNA transfection of differentiating AMSCs was
performed according to the manufacturer’s protocol.
Briefly, AMSCs were plated in DMEM complete
medium into T-25 flasks, and allowed to reach 50–60%
confluency. The cells were then incubated with smart-
pool on-target plus siRNAs for MMP-2, MMP-14, or
ATR2 (4313, 4323, and 24182; Dharmacon, USA). A
final siRNA concentration of 50 nM was mixed with
10 μl DharmaFECTTM-1 (Dharmacon), and allowed to
complex by incubation for 10 minutes at room
temperature. The transfection mixture was then applied
to the AMSCs in a total volume of 4 ml of EGM, and in-
cubated at 37 °C in 5% CO2. Cell viability and the cap-
acity for differentiation were not affected under these
conditions.

Western blot analysis
After 10 days of differentiation with or without siRNA
transfection, the total protein lysates were isolated and
quantified. Briefly, the cell pellet was resuspended in
100 μl of RIPA buffer (Sigma, USA) and 1 μl of protease
and phosphatase inhibitor cocktail (78443; Thermo-
Scientific, USA). The cell lysates were then vortexed,
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and incubated in ice for 10 minutes. This step was re-
peated three times. The supernatants were collected by
centrifugation at 14,000 × g for 15 minutes. Total protein
lysates were quantified by Enspire Manager Software
(PerkinElmer Enspire, USA).
The protein was separated by SDS-PAGE and trans-

ferred onto a nitrocellulose membrane (Bio-Rad, USA).
The membrane was incubated for 1 hour in blocking so-
lution (1× TBS, pH 7.6, 0.1% Tween-20, and 7% BSA).
The membrane was then incubated with a primary anti-
body to detect ATR2 (ab19134; Abcam, USA), phospho-
ERK (4370; Cell Signaling, USA), ERK (sc-94; Santa
Cruz, USA), phospho-JNK (4668; Cell Signaling), JNK
(sc-571; Santa Cruz), phospho-p38 (4511; Cell Signaling),
p38 (9212; Cell Signaling), and GAPDH (NB300-221;
Novus, USA) overnight. After washing, the membrane
was then incubated with HRP-conjugated secondary
antibody (1:1000) in blocking solution for 1 hour at
room temperature. HRP activity was detected by incu-
bating the membrane in a chemiluminescence kit
(Pierce, USA). Image Lab Software (Bio-Rad) was used
for imaging and densitometric analysis.

ERK inhibition
The phosphorylation of ERK1/2 was inhibited by ERK
inhibitor U0126 (662005; Calbiochem, USA) to analyze
the role of the ERK pathway in the differentiation of
AMSCs to ECs before and after MMP-2 or MMP-14 si-
lencing. AMSCs were plated in DMEM complete
medium in T25 flasks, and allowed to reach 50–60%
confluency. ERK inhibitor was applied to the AMSCs in
EGM at a final concentration of 5 μM. To examine the
phosphorylation status of ERK, differentiated AMSCs
were incubated in EGM and ERK inhibitor for 3 hours,
and tested for ERK activity by western blot analysis. Cell
viability was not affected under these conditions.

VEGFR2 inhibition
VEGFR2 was inhibited by VEGFR2 Tyrosine Kinase In-
hibitor (676499; Calbiochem) to analyze its role in the
differentiation of AMSCs to ECs before and after MMP-
2 and MMP-14 silencing. AMSCs were plated in DMEM
complete medium in T25 flasks, and allowed to reach
50–60% confluence. VEGFR2 kinase inhibitor was ap-
plied to the AMSCs in EGM at a final concentration of
5 μM. Cell viability was not affected under these
conditions.

Statistical analysis
Statistical analysis was performed using GraphPad
Prism. Multiple group comparisons were performed by
Bonferroni’s multiple comparison test using one-way
ANOVA. Descriptive data are presented as the mean ±

standard deviation (SD). Differences were considered
significant at p < 0.05.

Results
AMSC characterization
Primary cultures of AMSCs were isolated from porcine
abdominal fat. The adherent cells showed fibroblast-like
morphology typical of MSCs (Fig. 1II-A). Flow cytome-
try analysis was performed to examine the expression of
MSC markers in the isolated porcine AMSCs. The cells
expressed CD29 (Fig. 1I-C), CD44 (Fig. 1I-D), and CD90
(Fig. 1I-E), indicating that the cells originate from a mes-
enchymal lineage. Contamination with other cells was
ruled out by negative immunoreactivity to CD11b
(macrophage marker) (Fig. 1I-B) and CD45
(hematopoietic stem cell marker) (Fig. 1I-A). The daily
change of medium after seeding the isolated cells was ef-
fective in eliminating the CD11b+ and CD45+ cell popu-
lations in AMSC culture.

EC differentiation
The isolated AMSCs were stimulated for EC differenti-
ation in EGM medium containing 50 ng/ml (1.75 nM)
of VEGF with or without MMP-2 siRNA, MMP-14
siRNA, or ATR2 siRNA. After 10 days of stimulation,
the morphology of AMSCs in EGM (Fig. 1II-B), EGM +
MMP-2 siRNA (Fig. 1II-C), and EGM +MMP-14 siRNA
(Fig. 1II-D) changed to a morphology similar to that of
ECs.

Migration assay
AMSCs were examined to evaluate the effect of MMP-2,
MMP-14, and ATR2 siRNA silencing on their migratory
activity during EC differentiation (Fig. 2a). After
24 hours, silencing MMP-2 and MMP-14 resulted in sig-
nificant decrease in the number of migrated cells com-
pared with EGM-only cells (Fig. 2b). However, ATR2
siRNA silencing did not affect the migration activity of
AMSCs during EC differentiation (Fig. 2b). AMSCs also
showed migration activity, but less than that of differen-
tiated AMSCs (Fig. 2b).

Cell transfection
MMP-2 and MMP-14 siRNA transfections were carried
out as described previously [8]. Similarly, to determine
the concentration of siRNA for ATR2 silencing, we used
three different concentrations of 10, 35, and 50 nM ac-
cording to the manufacturer’s protocol. All three con-
centrations of ATR2 siRNA reduced the protein
expression of ATR2. However, statistically significant in-
hibition was found only with 50 nM of ATR2 siRNA
(Fig. 3I-A). ATR2 was then silenced with 50 nM of
siRNA for further examinations of EC differentiation
after ATR2 silencing. Western blot data showed that the
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expression of ATR2, after siRNA transfection for 24 and
48 hours, resulted in more than 50% inhibition com-
pared with AMSCs in EGM and AMSCs in EGM +
scrambled siRNA (Fig. 3I-B). An automated
hemocytometer (Countess; Invitrogen, USA) with trypan
blue staining was used to examine the cell viability after
siRNA transfection. The cell viability was not affected by
ATR2 siRNA transfection.

Expression of EC markers after ATR2 siRNA
Flow cytometric analysis was performed to examine the
expression of EC markers after 10 days of EC differenti-
ation. AMSCs were cultured in EGM (Fig. 3II-A, III-A),
EGM +MMP-2 siRNA (Fig. 3II-B, III-B), and EGM +
MMP-14 siRNA (Fig. 3II-C, III-C), and with ATR2
siRNA for all three groups (Fig. 3II-E–II-G, III-E–III-G).
Silencing ATR2 in the four groups showed no significant
difference in the expression of EC markers PECAM1
(Fig. 3II-H) and VE-cadherin (Fig. 3III-H), compared
with the same groups without ATR2 siRNA. AMSCs
stimulated with EGM with or without ATR2 siRNA
showed significant increases in the expression of both

markers to about 5% in both groups (Fig. 3II-H, III-H).
ATR2 silencing in the MMP-2 siRNA + EGM and MMP-
14 siRNA + EGM groups showed significant increases in
the expression of PECAM1 and VE-cadherin like that of
the same groups without ATR2 siRNA (by about 13 and
28%, respectively, compared with the EGM only group)
(Fig. 3II-H, III-H). HUVECs were used as a positive con-
trol (Fig. 3II-D, III-D).

ERK, JNK, and p38 after 10 days of differentiation
To examine the role of ERK, JNK, and p38 in the differ-
entiation of AMSCs to ECs, cell lysates were analyzed by
western blot analysis to detect p-ERK, p-JNK, and p-p38
in AMSCs cultured with EBM, EGM, EGM+MMP-2
siRNA, and EGM+MMP-14 siRNA.
After 10 days, the results showed no significant change

in the phosphorylation of p38 in the EGM, EGM +
MMP-2 siRNA, and EGM+MMP-14 siRNA groups
compared with the EBM group (Fig. 4a). AMSCs cul-
tured with EGM, EGM+MMP-2 siRNA, and EGM +
MMP-14 siRNA showed significant decrease in the
phosphorylation of JNK to less than 60% compared with

Fig. 1 Immunophenotyping of AMSCs and differentiation to ECs. I Immunophenotyping of AMSCs. Flow cytometry data showed no expression
for CD45 (A) and CD11b (B), and high expression for the MSC markers CD29 (C), CD44 (D), and CD90 (E). Blue peaks, profile of the isotype control.
Flow cytometry was carried out on a FACS Aria Flow Cytometry System. II Endothelial cell differentiation. (A) AMSCs in culture with DMEM.
Endothelial cell differentiation after 10 days of stimulation with EGM (B), EGM +MMP-2 siRNA (C), and EGM +MMP-14 siRNA (D). Change in the
morphology of cells after 10 days of stimulation for endothelial cell differentiation (Color figure online)
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the EBM group (Fig. 4b). AMSCs in EGM showed little
increase in p-ERK in comparison with the EBM group
(Fig. 4c). AMSCs cultured with EGM+MMP-2 siRNA
showed significantly higher phosphorylation for ERK
compared with the EBM group (Fig. 4c). Likewise,
AMSCs cultured with EGM+MMP-14 siRNA showed
greater significant increase in p-ERK compared with that
of the EBM group (Fig. 4c).

ERK inhibition
ERK was inhibited during AMSC differentiation to
ECs by U0126 (662005; Calbiochem) to analyze its
role in the differentiation process. For concentration
selection of ERK inhibitor, three different concentra-
tions of U0126 were chosen to determine the most
effective concentration (0.5, 1.0, and 5.0 μM). The
results showed significant decrease in the phosphor-
ylation of ERK in EGM with 1.0 and 5.0 μM of
U0126 compared with the EGM group (Fig. 5I).
However, 5.0 μM of U0126 showed the highest inhib-
ition among all three different concentrations (Fig. 5I).
Cell viability was tested using an automated
hemocytometer (Countess; Invitrogen) with trypan

blue staining, and the results showed a high cell via-
bility rate (94–97%) after ERK inhibition.

Expression of EC markers after ERK inhibition
Flow cytometric analysis was performed to determine
the role of ERK in the differentiation of AMSCs to
ECs. AMSCs cultured with EGM, EGM +MMP-2
siRNA, and EGM +MMP-14 siRNA, with 5.0 μM of
ERK inhibitor (U0126), were examined for the expres-
sion of EC specific markers PECAM1 and VE-
cadherin. The EGM group treated with ERK inhibitor
showed significant decrease for PECAM1 (Fig. 5II-A)
compared with EGM only (Fig. 5II-D). There was no
significant change in the expression of VE-cadherin
after ERK inhibition (Fig. 5III-A) compared with the
EGM group (Fig. 5III-D). Moreover, siRNA silencing
of MMP-2 + EGM and ERK inhibitor resulted in sig-
nificant decrease in the expression of both markers
(Fig. 5II-B, III-B) in comparison with the same group
without ERK inhibitor (Fig. 5II-D, III-D). Similarly,
EGM +MMP-14 siRNA treated with ERK inhibitor
showed significant decrease in the expression of

Fig. 2 Migration assay. AMSCs in EBM, EGM, EGM +MMP-2 siRNA, EGM +MMP-14 siRNA, and EGM + ATR2 siRNA showed migration activity after
24 hours of making the scratches (a). MMP-2 and MMP-14 siRNA resulted in significant decrease in the number of migrated cells per field
compared with EGM-only cells, whereas ATR2 siRNA silencing had no effect on the migration activity of AMSCs during EC differentiation
(b). **p < 0.01. EBM endothelial cell basal medium, EGM endothelial cell growth medium, MMP matrix metalloproteinase, ATR2 angiotensin
receptor R2
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Fig. 3 (See legend on next page.)
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PECAM1 and VE-cadherin (Fig. 5II-C, III-C) com-
pared with the untreated group (Fig. 5II-D, III-D).

Dose-dependent inhibition of ERK by VEGFR2 kinase
inhibitor
Our previous study demonstrated that VEGFR2 activity
is required for AMSC differentiation to ECs, and inhib-
ition of VEGFR2 resulted in significant decrease in the
expression of EC markers (PECAM1 and VE-cadherin)
[8]. Western blot analysis was performed to further con-
firm that ERK activity is dependent on upstream signals
received from VEGFR2. The phosphorylation of ERK
was examined after treatment with 0.1, 2.0, and 5.0 μM
of VEGFR2 kinase inhibitor. AMSCs treated with 0.1
and 2.0 μM of VEGFR2 kinase inhibitor resulted in no

significant change at the level of ERK phosphorylation
compared with AMSCs in EGM only (Fig. 6). Treatment
of the cells with 5.0 μM VEGFR2 kinase inhibitor
showed significant decrease at the level of p-ERK com-
pared with the EGM-only group (Fig. 6).

Discussion
There are numerous challenges to fully understand the
mechanisms underlying the differentiation of AMSCs to
ECs, including signaling pathways and cross-talk be-
tween them that induce AMSC differentiation toward a
specific lineage. In this study, CD11b–/CD45– AMSCs
were immunopositive for CD44, CD90, and CD29, which
are known to be expressed in MSCs isolated from adi-
pose tissue [31–33]. The high percentage of isolated cells

(See figure on previous page.)
Fig. 3 ATR2 siRNA transfection and immunophenotyping for EC markers. I Concentration selection for siRNA transfection. Three different
concentrations (10, 35, and 50 nM) of ATR2 siRNA were used according to the manufacturer’s protocol. Western blot analysis showed inhibition of
ATR2 by 10, 35, and 50 nM of ATR2 siRNA. However, 50 nM of ATR2 siRNA showed the highest inhibition among all three different concentrations (A).
ATR2 silencing by siRNA transfection with EGM compared with AMSCs with EGM and EGM+ scrambled siRNA (negative control) (B). GAPDH was used
as a housekeeping gene. II Flow cytometric analysis of PECAM1 (CD31) in four different groups; control group with EGM (A), AMSCs with EGM and
MMP-2 siRNA (B), AMSCs with EGM and MMP-14 siRNA (C), and HUVECs as the positive control (D). Cell transfection with 5 μM of ATR2 siRNA for EGM
(E), AMSCs with EGM and MMP-2 siRNA (F), and AMSCs with EGM and MMP-14 siRNA (G). Flow cytometry data were analyzed to show the significant
differences between the groups (H). III Flow cytometric analysis of VE-cadherin (CD144) in four different groups: control group AMSCs with EGM (A),
AMSCs with EGM and MMP-2 siRNA (B), AMSCs with EGM and MMP-14 siRNA (C), and HUVECs as the positive control (D). Cell transfection with 5 μM
of ATR2 siRNA for EGM (E), AMSCs with EGM and MMP-2 siRNA (F), and AMSCs with EGM and MMP-14 siRNA (G). Flow cytometry data were analyzed
to show the significant differences between the groups (H). **p < 0.01. EBM endothelial cell basal medium, EGM endothelial cell growth medium, MMP
matrix metalloproteinase, ATR2 angiotensin receptor R2, HUVEC human umbilical vein endothelial cell

Fig. 4 Phosphorylation of JNK, p38, and ERK after 10 days of AMSC differentiation to ECs. Western blot detection of p-JNK (a), p-p38 (b), and p-
ERK1/2 (c) in AMSC lysates after 10 days of AMSC stimulation for EC differentiation with EBM (control), EGM, EGM +MMP-2 siRNA, and EGM +
MMP-14 siRNA. Phospho-proteins were normalized to their total protein expressions. *p < 0.05, **p < 0.01, ***p < 0.001. EBM endothelial cell
basal medium, EGM endothelial cell growth medium, MMP matrix metalloproteinase, ERK extracellular signal-regulated kinase, JNK c-Jun
NH2-terminal kinase, p38 stress activated protein kinase-2
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that expressed CD29, CD44, and CD90 (96, 99, and 97%,
respectively) indicated that the cultured cells originate
from a mesenchymal lineage, and suggested the high
purity of the AMSCs in culture. Contamination with
other cells was ruled out by negative immunoreactivity
to CD11b (macrophage marker) and CD45
(hematopoietic stem cell marker). The daily change of
medium after seeding the isolated cells was effective in
eliminating the CD11b+ and CD45+ cell populations and
other nonadherent cells in AMSC culture. We demon-
strate that ERK activity is required for the upstream sig-
nals from VEGFR2 to induce the EC differentiation of

AMSCs (Fig. 7). The inhibition of ERK resulted in sig-
nificant decrease in the expression of CE markers, and
VEGFR2 kinase inhibitor decreases the phosphorylation
of ERK. However, silencing ATR2 did not affect the ex-
pression of EC markers after 10 days of stimulation for
EC differentiation.
Cell migration requires molecular and structural

changes in order for the cell to move from an adhesive
to a migratory state [34]. We have recently shown that
silencing MMP-2 and MMP-14 induces the expression
of EC markers and endothelial functionality [8]. Herein,
we examined the effect of MMP-2 and MMP-14

Fig. 5 Inhibition of ERK phosphorylation and immunophenotyping for EC markers. I Concentration -dependent effect of ERK inhibitor (U0126).
Three different concentrations (0.5, 1.0, and 5.0 μM) of U0126 were used. Western blot analysis showed significant inhibition of p-ERK by 1.0 and
5.0 μM of U0126. However, 5.0 μM of U0126 showed the highest inhibition among all three different concentrations. Phospho-ERK was normal-
ized to its total protein expression. II Flow cytometric analysis of PECAM1 (CD31) with ERK inhibitor (U0126). Three different groups treated with
5.0 μM of U0126: AMSCs with EGM (A), AMSCs with EGM and MMP-2 siRNA (B), and AMSCs with EGM and MMP-14 siRNA (C). Flow cytometry data
were analyzed to show the significant differences between the groups (D). III Flow cytometric analysis of VE-cadherin (CD144) with ERK inhibitor
(U0126). Three different groups were treated with 5.0 μM of U0126: AMSCs with EGM (A), AMSCs with EGM and MMP-2 siRNA (B), and AMSCs with
EGM and MMP-14 siRNA (C). Flow cytometry data were analyzed to show the significant differences with or without U0126 (D). *p < 0.05, **p <
0.01, ***p < 0.001. EBM endothelial cell basal medium, EGM endothelial cell growth medium, MMP matrix metalloproteinase, ERK extracellular
signal-regulated kinase, HUVEC human umbilical vein endothelial cell
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inhibition on the migration of AMSCs during EC differ-
entiation. MMPs have been identified by their ability to
translocate from the membrane or cytosol to the nu-
cleus, playing important roles in cell development, mor-
phogenesis, migration, proliferation, and differentiation
[35, 36]. A broad-spectrum MMP inhibitor inhibited the
migration of MSCs, indicating critical roles for MMPs in
this process [13]. MMP-2 knockdown resulted in the in-
hibition of stromal-derived factor-1 (SDF1)/CXCR4 sig-
naling, and impaired MSC migration [37]. MMP-2,
MMP-14, and CXCR2 are expressed by MSCs to pro-
mote migration to injured tissues [38]. Valproic acid up-
regulates the expression of CXCR4 and MMP-2, and
promotes MSC migration [39]. Moreover, silencing
MMP-2 inhibits the migratory activity of MSCs through
bone marrow endothelium [40]. Likewise, silencing
MMP-2 and MMP-14 impairs BM-MSC migration [41].
The up-regulation of MMP-2 and MMP-14 by various
inflammatory cytokines is crucial for the recruitment of
MSCs, and their migratory activities to injured tissues
[41]. Our data showed that silencing MMP-2 and
MMP-14 decreased the migratory activities of AMSCs
during EC differentiation compared with AMSCs in
EGM only. These findings indicate the crucial effect
of MMP-2 and MMP-14 in AMSC migration, and
provide additional key role of MMP-2 and MMP-14
in the re-endothelialization of denuded arteries fol-
lowing intervention.
Ang II induces the expression and activity of MMP-2

via the JNK pathway in macrovascular ECs, indicating

Fig. 6 Dose-dependent inhibition of ERK by VEGFR2 kinase inhibitor.
Western blot analysis of p-ERK with three different concentration
of VEGFR2 kinase inhibitor (0.1, 2.0, and 5.0 μM), showed signifi-
cant decrease in ERK phosphorylation with 5.0 μM of VEGFR2
kinase inhibitor. Phospho-ERK was normalized to its total protein
expression. *p < 0.05. EBM endothelial cell basal medium, EGM
endothelial cell growth medium, ERK extracellular signal-regulated
kinase, VEGFR2 vascular endothelial growth factor receptor-2

Fig. 7 Signaling transduction pathway of AMSC differentiation to ECs and negative crosstalk between ERK and JNK. ERK receives signals from
VEGFR2, and induces the transcription of EC markers during AMSC stimulation for EC differentiation. ERK activation phosphorylates MKP-7 and
blocks the JNK signaling pathway. ERK extracellular signal-regulated kinase, VEGF vascular endothelial growth factor, VEGFR2 vascular endothelial
growth factor receptor-2, JNK c-Jun NH2-terminal kinase, MKP-7 MAP kinase phosphatase-7, EC endothelial cell
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the importance of ATRs in the activation of MMP-2
[42]. It has also been reported that Ang II induces the
expression of MMP-2 and MMP-14 [43], through the
MAPK pathway in epithelial cells [44]. Because ATR2
signals can increase the expression of MMP-2 and
MMP-14, we examined the effect of silencing ATR2 on
the migration of AMSCs during endothelial differenti-
ation. Our data showed no significant difference in the
migration of ATR2-silenced AMSCs compared with
AMSCs with EGM only. These results indicate that
ATR2 has no effect on the migration of AMSCs during
endothelial differentiation, and therefore may have no ef-
fect on MMP-2 and MMP-14 activity or expression.
Ang II in combination with VEGF was found to in-

duce BM-MSC differentiation to ECs, and blockage of
ATR2 attenuated this process [27]. Stimulation of
ATR2 was also found to activate neural differenti-
ation, and monocyte differentiation to dendritic cells
[28, 29]. However, in this study the data revealed that
ATR2 silencing has no effect on the expression of EC
markers after 10 days of stimulation for EC differenti-
ation. Although the role of Ang II in the differenti-
ation of MSCs has been reported in a few studies,
the effect of ATR2 on the differentiation of MSCs to
EC is not fully understood. Treatment with Ang II
and VEGF was reported to enhance the EC differenti-
ation of BM-MSCs through ATR2, whereas Ang II
alone failed to induce differentiation [27]. In another
study, incubation of MSCs with Ang II was found to
increase the mRNA and protein expression of VEGF,
and inhibition of ATR1, but not ATR2, impaired this
effect [45]. Bone marrow-derived endothelial progeni-
tor cells isolated from an Ang II-infusion rat model
showed significant decrease in the differentiation
compared with cells from untreated rats, suggesting a
negative effect of Ang II on the differentiation [46].
The underlying mechanism of Ang II effect in the re-
endothelialization process is not completely known. It
is not clear whether Ang II promotes the EC differen-
tiation by the induction of VEGF expression through
ATR2. Moreover, MSCs derived from various sources
respond differentially toward a specific culture treat-
ment [47]. This may explain the absence of ATR2 ef-
fect on the differentiation of AMSCs into ECs in this
study in comparison with its role in EC differentiation
of BM-MSC [27]. Further in-vitro studies are needed
to address the effect of Ang II on the differentiation
of MSCs to ECs, and to determine whether ATR1
and ATR2 are involved in the induction of this
process.
To date, little is known about the mechanisms

underlying MSC differentiation to ECs. In a recent re-
port, our data indicated that VEGFR2 is required for
the EC differentiation of AMSCs. The increased

expression of EC markers after silencing MMP-2 and
MMP-14 was due to the cleavage activity of these
proteases on the extracellular domains of VEGFR2
[8]. Inhibition of VEGFR2 kinase during EC differenti-
ation resulted in significant decrease in the expression
of EC markers, indicating that EC differentiation is
regulated through VEGFR2 activity [8]. VEGFR2 is in-
volved in most of the cellular activities of vascular
ECs [18]. MAPK signal transduction pathways are ini-
tiated by either integrins or growth factors [48], and
are known to have a key role in various cellular activ-
ities including proliferation and differentiation [49].
VEGFR2 signals are crucial for EC differentiation and
survival [50]. Because VEGFR2, as a growth factor,
regulates AMSC differentiation into ECs, MAPK may
play a key role in mediating this differentiation.
To determine the downstream signaling of VEGFR2

during EC differentiation, we examined MAPK/ERK, JNK,
and p38 signaling pathways. JNK phosphorylation signifi-
cantly decreased after 10 days of stimulation for EC differ-
entiation compared with nonstimulated cells (EBM), while
p-p38 was not clearly affected under the same conditions.
The phosphorylation of ERK, however, was significantly
increased after 10 days of EC differentiation in EGM+
MMP-2 siRNA and EGM+MMP-14 siRNA. This indi-
cates that the change in ERK phosphorylation is in parallel
with the increased activities of VEGFR2, suggesting that
ERK receives signals from VEGFR2 and induces the tran-
scription of EC markers during AMSC differentiation to
ECs (Fig. 7). When ERK is activated, it can directly phos-
phorylate some transcription factors and induce differenti-
ation [51]. Moreover, the results showed that the
expression of EC markers (PECAM1 and VE-cadherin)
significantly declined with inhibition of ERK during EC
differentiation compared with stimulated AMSCs without
ERK inhibitor. To further support our data demonstrating
an association between VEGFR2 activity and ERK phos-
phorylation, a dose-dependent inhibition of ERK by
VEGFR2 kinase inhibitor was performed. The results
showed significant decrease in ERK phosphorylation
associated with the increase in the concentration of
VEGFR2 kinase inhibitor. These findings indicated
that VEGF/VEGFR2 binding transmits signals to pro-
mote the differentiation of AMSCs into ECs through
the activation of ERK pathway. During the stimulation
of AMSCs for EC differentiation, the media were re-
placed every 3 days, which allows continuous stimula-
tion for VEGF/VEGFR2-induced differentiation of
AMSCs to ECs. Altogether, the results suggest that
the EC differentiation of AMSCs is initiated via trans-
membrane signaling of VEGFR2 that turns on the
downstream signaling of ERK/MAPK cascades and in-
duces the expression of EC markers PECAM-1 and
VE-cadherin.
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Cellular stress and cytokines are the major stimuli
that activate the JNK pathway and mediate apoptosis,
proliferation, or cell survival [52]. The crosstalk inhib-
ition between MAPK pathways is promoted by pro-
tein phosphatases. These phosphatases control cell
responsiveness to a stimulus that promotes physio-
logical functions, and prevent prolonged stimulation
from causing pathological effects [52]. Inhibition of
p38 has been reported to increase ERK phosphoryl-
ation, whereas ERK inhibition induces p38 phosphor-
ylation and promotes osteogenic differentiation of
BM-MSCs, indicating a crosstalk between ERK and
p38 signaling pathways [53]. Another study implicated
the essential role of JNK and p38 activation, but not ERK,
in erythroid differentiation of SKT6 cells (Epo-responsive
mouse erythroleukemia) [54]. Mixed lineage kinase-3
(MLK-3) is a serine/threonine kinase that activates the
JNK signaling pathway [55]. MLK-3 restricts ERK phos-
phorylation independent of rapidly accelerated fibrosar-
coma (Raf) activation [56]. This effect can be reversed by
inhibition of JNK, suggesting a negative crosstalk between
JNK and ERK signaling pathways [55]. Moreover, MAPK
phosphatase-7 (MKP-7), a JNK-specific phosphatase, an-
chors p-ERK and prevents ERK-mediated transcription
[57]. Additionally, p-ERK can phosphorylate and stabilize
MKP-7, indicating that ERK activation blocks the JNK
pathway [58, 59]. Our study demonstrated the inhibitory
effect of ERK activation on JNK pathway (Fig. 7). The
phosphorylation of ERK was significantly increased in
EGM+MMP-2 siRNA and EGM+MMP-14 siRNA
groups, which was also associated with significant de-
creases in p-JNK.
The current study provides clear evidence for the

key role of the ERK signaling pathway in promoting
the differentiation of AMSCs to ECs through
VEGFR2. Such molecular insights provide new mech-
anistic strategies on how to enhance the rate of
differentiating AMSCs to ECs. In addition, VEGFR2-
specific agonists may provide a potential therapeutic
strategy for the re-endothelialization of injured blood
vessels. However, the ERK signaling pathway play a
major role in various cellular events, and targeting
this pathway with synthetic or natural mediators may
interfere with other cellular processes including apop-
tosis. Because activation of the JNK pathway was im-
plicated in osteogenesis and neuronal differentiation,
but not EC differentiation, a synthetic inhibitor for
JNK may also improve the commitment of the differ-
entiating AMSCs specifically toward the EC lineage
and prevent unwanted differentiation to other line-
ages. The better understanding of key signaling path-
ways that regulate AMSC differentiation to ECs
would further enhance the potential use of AMSCs in
regenerative medicine to treat cardiovascular diseases.

Conclusion
In the present study, we demonstrate that VEGFR2-
induced up-regulation of EC markers is mediated by
the activation of ERK signaling pathway, whereas p38
and JNK had no effect on this process. The activation
of ERK pathway resulted in a negative crosstalk with
JNK pathway, and inhibited JNK phosphorylation.
Hence, further in-vivo studies would support the find-
ings. ATR2 silencing showed no effect on AMSC dif-
ferentiation to ECs. These findings provide new
insights into the role of VEGFR2 and the ERK signal-
ing pathway in AMSC differentiation to ECs for the
potential clinical uses of AMSCs. A large number of
clinical trials with long-term follow up would enhance
our understanding of the therapeutic efficiency of
AMSCs in regenerative medicine.
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