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Abstract

Background
Angiogenesis is required in many physiological conditions, including bone regeneration, wound healing,
and tissue regeneration. Cell-derived extracellular matrix (CD-ECM) could guide intricate cellular and
tissue processes such as homeostasis, healing and regeneration.

Methods
The purpose of this study is to explore the effect and mechanism of ECM derived from decellularized
Wharton's Jelly-derived mesenchymal stem cells (WJ-MSCs) on endothelial cell viability and
angiogenesis.

Results
In this study, we found for the �rst time that WJ-MSCs ECM could improve the angiogenesis ability of
human umbilical vein endothelial cells (HUVECs) with a time-dependent manner in vitro. Mechanically,
WJ-MSCs ECM activated the focal adhesion kinase (FAK)/P38 signaling pathway via integrin αVβ3,
which further promoted the expression of the cellular (c)-Myc. Further, c-Myc increased histone
acetylation levels of the vascular endothelial growth factor (VEGF) promoter by recruiting P300, which
ultimately promoting VEGF expression.

Conclusions
Extracellular matrix derived from Wharton’s Jelly-derived mesenchymal stem cells promotes angiogenesis
via integrin αVβ3/c-Myc/P300/VEGF. This study is expected to provide a new approach to promote
angiogenesis in bone and tissue regeneration.

Introduction
Angiogenesis begins with the dissolution of the basement membrane, followed by the migration and
attachment of endothelial cells toward the extracellular space, and consequently forms an endothelial
sprout [1, 2]. It is required in many physiological conditions, including bone regeneration, wound healing,
and tissue regeneration [3]. In the case of bone regeneration, osteogenesis is coupled with angiogenesis
during bone formation [4]. Angiogenesis facilitates local blood �ow to bone tissue. The adequate blood
supply is essential for bone regeneration to transport nutrients, oxygen, minerals, and metabolic waste [5].
Accumulated evidences suggest that in the absence of a functional and adequate vasculature network,
bone tissue will undergo necrosis and bone formation failure [6]. Therefore, promoting angiogenesis
during tissue repair will facilitate the regeneration of bone and tissue.
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Cell-derived extracellular matrix (CD-ECM) is comprised of a complex and highly organized
macromolecular network of biomolecules mostly derived from stem cells [7]. Studies have con�rmed that
CD-ECM could guide intricate cellular and tissue processes such as homeostasis, healing and
regeneration [8]. Wharton's Jelly-derived mesenchymal stem cells (WJ-MSCs) is acquired from umbilical
cord tissue with the ability to large amount of endogenous ECMs [9–11]. The ECM derived from WJ-
MSCs contains abundant collagenic structural proteins, and other ECM components such as �bronectin
and laminin [12]. It has been shown to have positive effects on cell viability and function. The ECM
derived from WJ-MSCs could promote hepatic differentiation of human induced pluripotent stem cell [13].
Besides, it also improves the behavior of cells from degenerated intervertebral disc [14]. However, there is
still no study about the effect of ECM derived from decellularized WJ-MSCs on endothelial cell viability
and angiogenesis.

Integrin is the main receptor through which ECM regulates cell function. There are 24 integrin
heterodimers which are generated from 18 α integrin subunits and 8 β integrin subunits combination [15].
Among them, integrin αVβ3, integrin α5β1 and integrin α5β5 are the main receptors for ECM regulation of
endothelial cell function [16]. In this study, we produced ECM derived form WJ-MSCs, and co-cultured it
with the human umbilical vein endothelial cells (HUVECs). We aimed to explore the effect and
mechanism for the ECM derived form WJ-MSCs on endothelial cell angiogenesis by detecting the
changes in HUVECs viability and function as well as the expression of integrin-related genes. This study
is expected to provide a new approach to promote angiogenesis in bone and tissue regeneration.

Materials And Methods
1. Chemicals and Reagents

The antibodies of vascular endothelial growth factor (VEGF) (A8074), focal adhesion kinase (FAK)
(A11131), phospho-FAK-Y397 (p-FAK) (AP0302), P38 (A14401), phospho-P38 (AP0055), Collagen I (COL I)
(A16891) and cellular (c)-Myc (A1309) were obtained by Abclonal Inc.(China). The antibody of P300 (sc-
48343) was obtained by Santa Cruz Inc.(USA). SiRNA for c-Myc and P300 were purchased from
Sigma(USA). FAK inhibitors (PF-573228), antagonist for integrin αVβ3 (HY-100563) and
integrin α5β1 (HY-13535A) were obtained by MCE Inc.(USA). DMEM/F12 (1:1), PBS and fetal bovine
serum were provided by Gibco (St. Louis, Missouri, USA). 

2. Isolation and Culture of Human WJ-MSCs

Human WJ-MSCs were isolated as previously described [17]. Brie�y, MSCs were isolated from collected
human umbilical cords within 2 h. Removing the umbilical arteries and umbilical vein, Wharton’s jelly was
peeled off from the remaining part of the umbilical cords and transferred to a sterile container and then
cut into pieces smaller than 0.5 cm3. The minced Wharton’s jelly was digested for 4 h in a 50-ml sterile
centrifuge tube with 30-ml culture medium containing collagenase of type I (Invitrogen, Thermo Fisher
Scienti�c Inc., USA) at 0.2% in an incubator (5% carbon dioxide, 37 °C). After centrifuging the liquid at

https://abclonal.com.cn/catalog/A11131
https://abclonal.com.cn/catalog/A14401
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300×g for 15 min and discarding the supernatants, the cells were resuspended in DMEM/F12 medium
with 10% fetal bovine serum and 1% penicillin-streptomycin (Gibco BRL, Thermo Fisher Scienti�c Inc.,
USA) in humidi�ed air with 5% carbon dioxide at 37 °C. The WJ-MSCs were passaged once the �ask
reached approximately 80% con�uence and the fourth passage was used for the next experiments.

3. Preparation of ECM

The ECM derived from WJ-MSCs was prepared as previously described [18]. Brie�y, plastic �asks (Plastic)
were precoated with 0.2% gelatin (Sigma-Aldrich, St. Louis, MO) at 37 °C for 1 h and seeded with
passage WJ-MSCs at 6,000 cells per cm2. After reaching 90% con�uence, cells were cultured for another
10 days with 250 μM L-ascorbic acid phosphate (Wako Chemicals USA, Inc., Richmond, VA). The cells
were lysed with 0.5% Triton X-100 containing 20 mM ammonium hydroxide at 37 °C for 5 min and then
stored at 4 °C in PBS containing 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL
fungizone until use.

4. Culture and Treatment for HUVECs

            HUVECs were purchased from American type cultures (Rockville, MD, USA) and supplemented with
10% fetal bovine serum in DMEM medium. For the co-culturing of HUVECs and WJ-MSCs ECM,
the culture plates were precoated with WJ-MSCs ECM before seeding HUVECs. The HUVECs were co-
cultured with WJ-MSCs ECM for 2d, 7d, and 14d, respectively. As to the expression silence of genes,
HUVECs were transfected with SiRNA, and Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) was used
at 50 nM in the �nal episode.

5. Assays for Detecting the Angiogenesis Ability of HUVECs

In the transwell cell migration experiment, 1.0 × 105 HUVECs were inoculated in the upper chamber of the
12-well transwell culture plate (Corning, NY, U.S.A.) with an aperture of 8 μm. After 24 h culture, the upper
cells were removed and stained with 20% methanol and 0.2% crystal violet. The cells are then imaged
under an optical microscope (Olympus), with 10 separate �eld counts inserted. The results were the
average of the three independent experiments. For the tube formation, the treated HUVECs (1 × 104/well)
were seeded into Matrigel-coated wells in a 96-well plate. The cells were seeded in serum-free media for 8
h. Only a tube that was completely continuous between two branching points was considered a tube.

6. RNA Isolation and RT-qPCR

Total RNA was isolated using TRIzol® reagent. Simply placed HUVECs in a 1.5 mL homogenizer, and
added 1 ml TRIzol to fully homogenate, and let stand at room temperature for 5 min. After adding 0.2 ml
chloroform, the homogenizer was centrifuged for 15 seconds, and left standing for 2 min. After
centrifugation at 4 ℃ for 12000 g×15 min, the supernatant was placed in another 1.5 mL centrifuge tube.
0.5 ml isopropyl alcohol was added to the centrifuge tube, and the centrifuge tube was left standing at
room temperature for 10 min after gently stirring. After centrifugation at 4 ℃ for 12000 g×10 min, the
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supernatant was discarded. Using 1ML 75% ethanol, wash the precipitate gently. After centrifugation at 4
℃ for 7500 g×5 min, the supernatant was discarded. After drying, DEPC H2O was added to dissolve (65
℃, ~10-15 min). 1 μg RNA was transcribed into cDNA. RT-qPCR was performed on an A.B.I. Step One RT-
qPCR hot circulator (A.B.I. Step One, New York, USA) using the SYBR®Premix Ex Taq™ kit. The RT-qPCR
products isolated from the DNA extraction kit were diluted in multiples to construct the relative standard
curve of the target gene. The results were expressed as fold values relative to the control group. The rat
primer sequences of the genes used in this study were shown in Table 1.

7. Chromatin Immunoprecipitation (ChIP) Assay

Cells in Alginate beads were cross-linked with 1% formaldehyde before sonicating in SDS lysis buffer.
DNA in cell lysates was sheared to length of approximately 200 base pairs. Fragmented chromatin was
�rst pre-cleared with protein A-sepharose 4B and rabbit IgG for 2 h. Before immunoprecipitating with fresh
protein A-sepharose 4B and antibody include anti-histone 3 lysine 9 acetylation (H3K9ac), anti-H3K14ac
and anti-H3K27ac (Abcam, USA) at 4 °C overnight. Sepharose beads were washed before eluting with 1%
SDS followed by reverse cross-linking at 65 °C overnight. The samples were then placed in a 65 °C water
bath overnight to reverse formaldehyde cross-linking and subsequently were puri�ed using PCR
puri�cation kits. The isolated DNA was then assayed using RT-qPCR. The primer sequences of the
promoters were as follows: forward, TACTTCCCCAAATCACTGTGG, reverse,
CTCTGGAGCTCTTGCTACCTC. The input values were compared to the immunoprecipitated samples, with
the IgG negative controls values subtracted as background. The calculated errors in all of the graphs
depicting ChIP data represent the standard deviations for three replicate RT-qPCRs for precipitated
chromatin, input chromatin, and background (i.e., chromatin precipitated with nonspeci�c IgG).

8. Co-Immunoprecipitation (Co-IP) Assay

A Co-IP assay was performed to detect the interaction of c-Myc with P300. After washing with ice-cold
PBS, cells were lysed in 1.2 ml lysis buffer at -80 ℃ for 30 min. The samples were centrifugated with
14,000 rpm at 4 ℃ for 15 min and the supernatant was transferred to a new column. And then, the
samples were divided into three parts: the �rst was used for input protein, the other two were performed
using 1 ug of either a mock antibody (IgG) as control or c-Myc antibody respectively followed by
incubation overnight at 4 °C with gentle shaking. And then the samples were incubated with protein G
magnetic beads (Millipore, 16-157) at 4 °C for 6 h. After immunoprecipitation, the samples were washed
with lysis buffer. After three washing pieces, retained proteins were mixed with 30 ul loading buffer at 100
℃ for 10 min. Protein complexes and input protein were then detected by Western blotting.

9. Immuno�uorescence Staining

            For the immuno�uorescence, cells were washed with PBS and �xed with 4% paraformaldehyde for
15 min. Cells were washed and permeated with 0.5% Triton X-100 in PBS for 20 min at room temperature,
and then, the cells were blocked with 5% BSA in PBS for 1 h. Antibodies was added and incubated
overnight at 4 °C. Fluorescent secondary antibody (1:100, Bioss Inc., Beijing, China) was added for 2 h at
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room temperature. Cells were then incubated with DAPI for 5 min at room temperature. Five sections of
each slice were taken and photographed. The mean optical density (MOD) of immunohistochemistry was
quanti�ed by two individuals under the double-blind principle. 

10. Western Blotting

            About 0.04 mg protein was separated by 10% SDS-PAGE gel and adsorbed into the nitrocellulose
membrane. The �rst-antibodies were incubated at 4 ℃ overnight. After incubating with the �rst-
antibodies, the membrane was washed with TBST three times. Then, the membrane was incubated with a
horseradish peroxidase-labeled secondary antibody (1:5000) at room temperature for 1 h. The signal was
detected with ECL reagent.

11. Statistical Analysis

In this study, Prism 8.0 was used for data analysis. Quantitative data were expressed as mean ± S.E.M.
Multiple comparisons were performed using one-way analysis of variance (ANOVA). The unpaired two-
tailed student’s t-test was used for comparison between the control group and the other single groups.
P<0.05 was considered statistically signi�cant.

Results

1. Identi�cation and the composition of ECM derived from
WJ-MSCs
To obtain ECM derived from WJ-MSCs, we conducted decellularization on cultured WJ-MSCs and
identi�ed the composition. It was found that the intact nuclear structure of WJ-MSCs disappeared by
DAPI staining after decellularization (Fig. 1. A-B). Further, by COL I staining which is the main component
of WJ-MSCs cell matrix, we found that the intact cell membrane structure of WJ-MSCs disappeared after
decellularization (Fig. 1. A-B). The COL I escaped from the cell and dispersed in the outer stroma (Fig. 1.
B). Additionally, we identi�ed the composition of ECM derived from WJ-MSCs. The results showed that
ECM derived from WJ-MSCs expressed a large number of Fibronectin and Laminin (Fig. 1. C-D). It was
suggested that ECM derived from WJ-MSCs was successfully obtained by decellularization.

2. The effect of WJ-MSCs ECM on HUVECs angiogenesis ability

To investigate the effect of WJ-MSCs ECM on endothelial cell, we inoculated HUVECs on normal culture
plates (control group) or culture plates precoated with WJ-MSCs ECM (ECM group). The angiogenesis
ability of HUVECs for the control group was measured by tube formation assay and migration assay after
cultured for 14d. The angiogenesis ability of HUVECs for the ECM group was measured after cultured for
2 d, 7d and 14d, respectively. The results showed that compared with normal culture plates, WJ-MSCs
ECM signi�cantly increased the cumulative tube length after culturing for 14d (Fig. 1. E, H, M, P 0.01) and
the migrated number of HUVECs (Fig. 1. I, L, N, P 0.01). And that WJ-MSCs ECM increased the
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angiogenesis ability of HUVECs in a time-dependent manner (Fig. 1. F-H, I-L, M-N, P 0.01). These results
suggested that WJ-MSCs ECM promoted HUVECs angiogenesis ability in a time-dependent manner.

3. WJ-MSCs ECM increased HUVECs angiogenesis ability through integrin αVβ3/c-Myc /P300/VEGF
signal

Within the regulating factors, VEGF is one of the key regulators responsible for the angiogenic process.
VEGF triggers the formation of neovascularization by stimulating endothelial cell migration [19, 20].
Therefore, to explore the mechanism for WJ-MSCs ECM promoted HUVECs angiogenesis ability, we
detected the effect of WJ-MSCs ECM on the expression of VEGF by Immuno�uorescent staining and
Western Blotting. The results showed that WJ-MSCs ECM signi�cantly promoted the protein expression
VEGF (Fig. 2. A-B, G-H, P 0.05 or P 0.01). The transcription factor c-Myc regulates the expression of
several key genes related to angiogenesis [21–23]. Next, to �nd out whether c-Myc was involved in the
increased expression of VEGF induced by WJ-MSCs ECM, we examined the effects of WJ-MSCs ECM on
the expression of c-Myc. The results showed that ECM could promote the expression of c-Myc in HUVECs
(Fig. 2. A, F, P 0.01). Furthermore, we silenced the expression of c-Myc in HUVECs by SiRNA and co-
cultured it with WJ-MSCs ECM. The results showed that c-Myc expression silencing reversed the WJ-
MSCs ECM-induced increase in HUVECs angiogenesis ability (Fig. 2. C-D, I-J, P 0.01) and VEGF
expression (Fig. 2. E, K, P 0.01). These results suggested that c-Myc mediated the increased expression
of VEGF induced by WJ-MSCs ECM.

Epigenetic regulation is a common gene regulation mode, which is crucial to maintaining organ function
and normal life activities [24]. Among them, the histone acetylation is the most common epigenetic
modi�cation [25]. To explore the mechanism for c-Myc regulating VEGF expression, we detected the
histone acetylation level of VEGF promoter region. And we found that the increased VEGF mRNA
expression was accompanied by increased histone acetylation levels in the promoter region (Fig. 2. L-O,
P 0.05 or P 0.01). Furthermore, c-Myc expression silencing reversed the WJ-MSCs ECM-induced increase
of VEGF mRNA and histone acetylation level in promoter region (Fig. 2. P-S, P 0.01).These results
suggested that c-Myc might regulate the expression of VEGF through histone acetylation modi�cation.

To elucidate the mechanism regarding how c-Myc promotes histone acetylation levels in the promoter
region of VEGF, we further examined the expression of histone acetylase P300 in HUVECs. The results
showed that WJ-MSCs ECM promoted P300 expression in a time-dependent manner (Fig. 3. A). Moreover,
P300 expression silencing reversed the WJ-MSCs ECM-induced promotion of angiogenesis (Fig. 3. C-L,
P 0.01), and increased expression of VEGF in HUVECs (Fig. 5. M-Q, P 0.01). These results suggested that
P300 was involved in the increase of VEGF expression induced by WJ-MSCs ECM. Further, we found that
c-Myc interacted with P300 by Co-IP assay (Fig. 3. B). Therefore, it’s suggested c-Myc promoted VEGF
expression of HUVECs by recruiting P300 and increased the histone acetylation level of VEGF promoter
region in the occasion of treating with WJ-MSCs ECM.

The activation of FAK/P38 signaling pathway mediates the synthesis of several key genes during
angiogenesis, which is an indispensable process in angiogenesis [26]. Moreover, it has been shown that
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the activation of FAK/P38 signaling pathway could promote the expression of c-Myc [27]. Therefore, to
further explore the mechanism for WJ-MSCs ECM regulating the expression of c-Myc, we detected the
expression of FAK/P38 signaling pathway. The results showed that WJ-MSCs ECM signi�cantly
promoted the protein expression of p-FAK and p-P38 (Fig. 4. A, O-P, P 0.01). Next, we the co-cultured
HUVECs with WJ-MSCs ECM after pretreating with FAK/P38 signaling pathway inhibitor PF-573228. The
results showed FAK inhibitors signi�cantly reversed the WJ-MSCs ECM-induced increase of HUVECs tube
formation and migration (Fig. 4. C-F, G-J, R-S, P 0.01) and VEGF expression (Fig. 4. K-N, T, P 0.01).
Meanwhile, FAK inhibitors PF-573228 signi�cantly reversed the WJ-MSCs ECM-induced increase
expression of c-Myc (Fig. 4.B, Q, P 0.01). These results suggested that WJ-MSCs ECM promoted the
expression of c-Myc via FAK/P38 signaling pathway.

Integrins, the transmembrane proteins, are the main receptors for ECM to mediate endothelial cell
proliferation and migration [28]. Therefore, to further explore the molecular mechanism of WJ-MSCs ECM
regulating FAK/P38 signaling pathway, we detected the expression of integrins in HUVECs cultured with
ECM. The results showed that WJ-MSCs ECM promoted the mRNA and protein expression of integrin
αVβ3 and integrin α5β1 in a time-dependent manner, but did not affect the expression of integrin α5β5
(Fig. 5. A-F, O-S, P 0.05 or P 0.01). These results suggested that WJ-MSCs ECM might regulate
intracellular function of HUVECs mainly via integrin αVβ3 and integrin α5β1. Therefore, to further
determine the function of integrin αVβ3 and integrin α5β1, HUVECs were pretreated with integrin αVβ3
antagonist HY-100563 and integrin α5β1 antagonist HY-13535A, respectively. Then, the pretreated
HUVECs were co-cultured with WJ-MSCs ECM. The results showed that compared with ECM group,
ECM+HY100563 group signi�cantly inhibited the tube formation ability of HUVECs (Fig. 5. G-J). However,
compared with ECM group, ECM+HY13535A did not change the tube formation ability of HUVECs (Fig. 5.
K-N). These results suggested that WJ-MSCs ECM promoted HUVECs angiogenesis mainly through
integrin αVβ3.

Then, we detected the migration function and VEGF expression after antagonizing integrin αVβ3. The
results showed that antagonizing integrin αVβ3 signi�cantly reversed the WJ-MSCs ECM-induced
increased migration of HUVECs (Fig. 6. A-E, P 0.01). Besides, antagonizing integrin αVβ3 signi�cantly
reversed the WJ-MSCs ECM-induced increased expression of VEGF (Fig. 6. F-J, P 0.01). Also,
antagonizing integrin αVβ3 signi�cantly reversed the WJ-MSCs ECM-induced increased expression of p-
FAK and p-P38 (Fig. 6. K-M, P 0.01). These results suggested that integrin αVβ3 mediated the activation
of FAK/P38 signaling pathway in HUVECs induced by WJ-MSCs ECM.

Discussion
Angiogenesis refers to the generation of new capillaries from the original capillary network, which plays
an important role in embryo development and wound healing [29]. However, insu�cient angiogenesis is
widespread in osteopathic diseases such as osteoporosis, fracture, necrosis of femoral head and tendon
injury [30–33]. Due to the insu�cient angiogenesis, the lack of oxygen and nutrients in the injured area
leads to the obstruction of cell proliferation and matrix synthesis, which ultimately leads to delayed
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healing or even non-healing [34]. Therefore, it is of great signi�cance to explore the therapeutic means
and mechanism of promoting angiogenesis. The ECM is an acellular three-dimensional macromolecular
network composed of collagen, �bonectin, laminin and several other glycoproteins. Recent studies
suggest that ECM could provide an environment for cell survival, and guide the behavior of cell renewal
and self-differentiation [35]. In addition, studies have found that ECM could interact with surrounding
cells and regulate cell functions, thus promoting cell proliferation [36]. Therefore, ECM may be a good
mediator for promoting angiogenesis. WJ-MSCs are immersed in ground substance that is rich in
collagen, and also containing numerous sulfated glycosaminoglycans. ECMs derived from WJ-MSCs
retain the functional properties of their native environment and store signaling molecules [37]. Letizia et
al found that the ECM derived from WJ-MSC could improve the behavior of cells from degenerated
intervertebral disc [35]. Therefore, the ECM derived from WJ-MSCs is becoming increasingly proposed as
an ideal medium for promoting tissue regeneration.

In this study, ECM derived from WJ-MSCs was obtained and identi�ed as previously described [18]. The
identi�cation results showed that the nuclei of WJ-MSCs disappeared after decellularization. In addition,
the cell membrane structure of WJ-MSCs broke, and the main component of ECM, COL I, escaped from
the cells and distributed evenly outside the cells. Also, we found the ECM derived from WJ-MSCs
expressed a large number of Fibronectin and Laminin, which was similar to those reported in previous
study [38]. Further, we investigated the angiogenesis promoting function of WJ-MSCs ECM in vitro. The
results showed that WJ-MSCs ECM promoted the angiogenesis of HUVECs in a time-dependent manner.
Therefore, the ECM derived from WJ-MSCs could effectively promote the angiogenesis of HUVECs in
vitro.

Angiogenesis is mainly composed of endothelial cell proliferation, migration and tube formation [3].
VEGF mainly regulates the migration of endothelial cells during angiogenesis [3]. The overexpression of
VEGF promotes the angiogenesis by acting in a paracrinde fashion on vicinal endothelium [39].
Epigenetic regulation has been de�ned as the changes in gene expression that occur without a change in
the DNA sequence [40]. Histone modi�cation is a common type of epigenetic form and includes histone
acetylation, which can regulate the expression of target genes [41]. The high levels of histone acetylation
facilitate chromatin opening and thus promote gene expression [41]. Also, previous studies have found
that epigenetic modi�cations play important roles in the gene expression and functional changes induced
by ECM [42, 43]. In this study, we found that the WJ-MSCs ECM could increase the expression of VEGF in
HUVECs accompanied by increased histone acetylation levels in the promoter region. These suggested
that the WJ-MSCs ECM might regulate the expression of VEGF via histone modi�cation which triggered
angiogenesis in HUVECs.

C-Myc is often recognized as a crucial transcription regulator and acts as a forceful impulse on the
expression of targeted genes [44, 45]. It could regulate the expression of targeted genes via recruit
epigenetic enzymes [46]. In addition, the expression knockdown of c-Myc could inhibit angiogenesis [47].
In this study, we found that the WJ-MSCs ECM increased the expression of c-Myc in HUVECs.
Furthermore, the c-Myc expression silencing also reversed the WJ-MSCs ECM-induced increase of VEGF
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mRNA and histone acetylation level in promoter region. Therefore, c-Myc increased the expression of
VEGF via histone modi�cation induced by the WJ-MSCs ECM. The histone acetylation is regulated by
histone acetylase and histone deacetylases. P300 is a histone acetylation enzyme that can improve the
acetylation level of the target gene promoter region [48]. In this study, we found that WJ-MSCs ECM
promoted P300 expression in a time-dependent manner. The expression silence of P300 signi�cantly
reversed the changes in the expression of VEGF and the histone acetylation levels in the VEGF promoter
region induced by WJ-MSCs ECM. Further, we found that c-Myc interaced with P300 through Co-IP assay.
Therefore, to sum up, c-Myc improved the acetylation level of VEGF promoter region by recruiting P300,
thus promoting the expression of VEGF in HUECs in the condition of co-culturing with WJ-MSCs ECM.

FAK is a key regulator of focal adhesion signaling and the activation of FAK known be related with
expression of several angiogenic cytokines [26, 49]. Moreover, it has been proved that the activation of
FAK could lead to phosphorylation of P38, and the p-P38 triggered the translation of c-Myc [27]. In this
study, we found that WJ-MSCs ECM promoted activation of FAK/P38 signaling pathway in HUVECs in a
time-dependent manner. Furthermore, the inhibition of FAK/P38 signaling pathway reversed the
increased-expression of c-Myc induced by WJ-MSCs ECM. These suggested that WJ-MSCs ECM
promoted the expression activation of FAK/P38 signaling pathway. Integrin is receptor that mediate
recognition and adhesion between cells and between cells and extracellular matrix [50]. Integrin delivers
signals to cells by binding to protein components of the extracellular matrix such as collagen, �bronectin
and osteopontin [51]. In this study, we found that WJ-MSCs ECM promoted integrin αVβ3, integrin α5β1
expression in a time-dependent manner. Further, we antagonized integrin αVβ3 and integrin α5β1 by
speci�c receptor antagonists, respectively. The results showed that integrin αVβ3 antagonist signi�cantly
reversed the changes in HUVECs angiogenesis ability induced by WJ-MSCs ECM, while integrin α5β1
antagonist did not reverse the changes in HUVECs angiogenesis ability induced by WJ-MSCs ECM. Not
only that, that integrin αVβ3 antagonist signi�cantly reversed the activation of FAK/P38 signaling
pathway in HUVECs. Thus, we speculated that integrin αVβ3 mediated the activation of FAK/P38
signaling pathway and the WJ-MSCs ECM-induced angiogenesis increasing in HUVECs.

Conclusion
In this study, we found for the �rst time that WJ-MSCs ECM could improve the angiogenesis ability of
HUVECs with a time-dependent manner in vitro. Mechanically, WJ-MSCs ECM activated the FAK/P38
signaling pathway via integrin αVβ3, which further promoted the expression of the c-Myc. Further, c-Myc
increased the histone acetylation levels of VEGF promoter by recruiting P300, which ultimately promoting
VEGF expression (Fig. 7). Moreover, due to the persistence of epigenetic imprinting, the WJ-MSCs ECM-
pretreated endothelial cells might be a new therapeutic approach to promote angiogenesis during tissue
repair and bone regeneration.

Abbreviations
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CD-ECM: Cell-derived extracellular matrix; WJ-MSCs: Wharton's Jelly-derived mesenchymal stem cells;
HUVECs: human umbilical vein endothelial cells; FAK: focal adhesion kinase; VEGF: vascular endothelial
growth factor; c-Myc: cellular (c)-Myc; p-FAK: phospho-FAK; p-P38: phospho-P38; COL I: Collagen I; ChIP:
Chromatin Immunoprecipitation; Co-IP: Co-Immunoprecipitation; H3K9ac: histone 3 lysine 9 acetylation.
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Tables
Table 1. Oligonucleotide primers and PCR conditions in RT-qPCR.

Genes Forward primer (5′-3′ Reverse primer 5′-3′

VEGF GCTCTACCTCCACCATGCCA AGCTCATCTCTCCTATGTGC

integrin αV TGCATCAACCTTAGCTTCTGCCT ACCAGCAGGCGGCTCTGGTTCAC

integrin α5 GACAGGGAAGAGCGGGCACTATGG GTCCCTTCCCGGCCGGTAAAACTC

integrin β1 TGCCAGCCAAGTGACATAGAGA ATCCGTTCCAAGACTTTTCACAT

integrin β3 CTGCCGTGACGAGATTGAGT TGCCCCGGTACGTGATATTG

integrin β5 ACCTGGAACAACGGTGGAGA AAAAGATGCCGTGTCCCCAA

β-actin CTACAATGAGCTGCGTGTGGC CAGGTCCAGACGCAGGATGGC

VEGF, vascular endothelial growth factor

Figures

Figure 1
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The effect of WJ-MSCs ECM on human umbilical vein endothelial cells (HUVECs) angiogenesis ability. A-
B: Immunofluorescently stained for collagen I (Col I) of WJ-MSCs or WJ-MSCs ECM (magnification:
×400). n = 3. C: Immunofluorescently stained for Fibronectin of WJ-MSCs ECM (magnification: ×400). n
= 3. D: Immunofluorescently stained for Laminin of WJ-MSCs ECM (magnification: ×400). n = 3. E-H, M:
Matrigel tube formation assay images and quantitative analysis of cumulative tube length. Bar = 50 μm.
Mean ± S.E.M., n = 3. I-L, N: Transwell for HUVECs migration assay and quantitative analysis of migrated
HUVECs numbers. Bar = 50 μm. Mean ± S.E.M., n = 3. The P value was calculated using One-way ANOVA
and Independent Samples t-test. *P < 0.05, **P < 0.01 vs control.

Figure 2

cellular (c)-Myc mediated the increased expression of VEGF via histone acetylation modi�cation in
HUVECs induced by WJ-MSCs ECM . A, F-G: Protein expression of VEGF and c-Myc in HUVECs was
determined by western blotting. Mean ± S.E.M. n = 3. B: Immunofluorescently stained for vascular
endothelial growth factor (VEGF) of HUVECs (magnification: ×200). H: The mean optical density (MOD)
of VEGF expression was analyzed. Mean ± S.E.M. n = 3. C, I: Matrigel tube formation assay images of
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cumulative tube length. Bar = 50 μm. Mean ± S.E.M., n = 3. D, J: Transwell for HUVECs migration assay
and quantitative analysis of migrated HUVEC numbers. Bar = 50 μm. Mean ± S.E.M., n = 3. E, K:
Immunofluorescently stained for VEGF of HUVECs (magnification: ×200). Bar = 50 μm. Mean ± S.E.M., n
= 3. L, P: mRNA expression of VEGF was determined by RT-qPCR. Mean ± S.E.M., n = 5. M-O, Q-S: The
H3K9ac, H3K14ac and H3K27ac levels in the VEGF promoter region were determined by RT-qPCR. Mean ±
S.E.M., n = 5. SiRNA: c-Myc SiRNA. The P value was calculated using One-way ANOVA and Independent
Samples t-test. *P < 0.05, **P < 0.01 vs control.

Figure 3

The interaction between P300 and c-Myc mediated the increased expression of VEGF in HUVECs induced
by WJ-MSCs ECM. A: Protein expression of P300 in HUVECs was determined by western blotting. Mean ±
S.E.M. n = 3. B: Analysis of the interaction between c-Myc and P300 by co-Immunoprecipitation (Co-IP). C-
G: Matrigel tube formation assay images of cumulative tube length. Bar = 50 μm. Mean ± S.E.M., n = 3. H-
L: Transwell for HUVECs migration assay and quantitative analysis of migrated HUVEC numbers. Bar =
50 μm. Mean ± S.E.M., n = 3. M-Q: Immunofluorescently stained for VEGF of HUVECs (magnification:
×400). Bar = 50 μm. Mean ± S.E.M., n = 3. SiRNA: P300 SiRNA. The P value was calculated using One-
way ANOVA and Independent Samples t-test. *P < 0.05, **P < 0.01 vs control.

Figure 4
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Focal adhesion kinase (FAK) /P38 signaling pathway mediated the effect of WJ-MSCs ECM on HUVECs.
A-B, O-Q: Protein expression of FAK, p-FAK, P38, p-P38, c-Myc in HUVECs was determined by western
blotting. Mean ± S.E.M. n = 3.C-F, R: Matrigel tube formation assay images of cumulative tube length. Bar
= 50 μm. Mean ± S.E.M., n = 3. G-J, S: Transwell for HUVECs migration assay and quantitative analysis of
migrated HUVECs numbers. Bar = 50 μm. Mean ± S.E.M., n = 3. K-N, T: Immunofluorescently stained for
vascular endothelial growth factor (VEGF) of HUVECs (magnification: ×200). Bar = 50 μm. Mean ± S.E.M.,
n = 3. PF-573228: FAK inhibitors. The P value was calculated using One-way ANOVA and Independent
Samples t-test. *P < 0.05, **P < 0.01 vs control.

Figure 5

Integrin αVβ3 mediated the effect of WJ-MSCs ECM on HUVECs. A-E: mRNA expressions of integrin α5,
αV, β1, β3, and β5 in HUVECs were determined by RT-qPCR. Mean ± S.E.M., n = 5. F, O-S: Protein
expressions of FAK, p-FAK, P38, p-P38 and VEGF in HUVECs were determined by western blotting. Mean ±
S.E.M. n = 3. G-N: Matrigel tube formation assay images of cumulative tube length. Bar = 50 μm. HY-
100563: integrin αVβ3 speci�c antagonist. HY-13535A: integrin α5β1 speci�c antagonist. The P value
was calculated using One-way ANOVA and Independent Samples t-test. *P < 0.05, **P < 0.01 vs control.
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Figure 6

Integrin αVβ3 mediated the activation of FAK/P38 signaling pathway induced by WJ-MSCs ECM in
HUVECs. A-E: Transwell for HUVECs migration assay and quantitative analysis of migrated HUVECs
numbers. Bar = 50 μm. Mean ± S.E.M., n = 3. F-J: Immunofluorescently stained for VEGF of HUVECs
(magnification: ×200). Mean ± S.E.M., n = 3. HY-100563: Integrin αVβ3 speci�c antagonist. K-M: Protein
expressions of FAK, p-FAK, P38 and p-P38 in HUVECs were determined by western blotting. Mean ± S.E.M.
n = 3. The P value was calculated using One-way ANOVA and Independent Samples t-test. *P < 0.05, **P <
0.01 vs control.
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Figure 7

ECM derived from WJ-MSCs promoted angiogenesis via integrin αVβ3/c-Myc/P300/VEGF. ECM:
Extracellular matrix. αVβ3: integrin αVβ3. HUVEC: human umbilical vein endothelial cell. c-Myc: cellular-
Myc. VEGF: vascular endothelial growth factor.


