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Abstract: Intrauterine adhesion (IUA) is a common disease among women after uterus operation. BMSCs are com-
monly used as a therapeutic agent for IlUA treatment, but the underlying mechanism is not fully delineated. Here we
showed that BMSCs co-cultured with EPCs promotes proliferative ability and decreases apoptosis ratio of BMSCs
and EPCs. In addition, BMSCs promote the differentiation of EPCs into vascular endothelial cells, and BMSCs de-
rived epithelial cells are also induced by EPCs. We also found that the levels of Collagen Type I, vascular endothelial
growth factor (VEGF), granulocyte-macrophage colony stimulating factor (GM-CSF) and bone morphogenetic protein
(BMP-2) are significantly increased in the co-culturing system comparing to those of the BMSCs or EPCs alone
group. Of note, PI3K/Akt/Cox2 axis is activated in the co-culturing system and LY294002 abrogates the co-cultur-
ing system’s effects on cell proliferation, apoptosis and cytokines secretion, which are reversed by synergistically
overexpressing Cox2. In conclusion, our in vitro experiments proved that the interaction of BMSCs and EPCs might
promote angiogenesis and alleviate IUA pathogenesis by regulating PI3K/Akt/Cox2 axis mediated modulation of cell

apoptosis, proliferation, differentiation and angiogenesis-associated cytokines secretion.
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Introduction

Intrauterine adhesion (IUA) is a major problem
causing infertility, menstrual irregularities and
recurrent pregnancy losses in women, which
seriously endangers women’s health and life
quality [1]. It has been reported that approxi-
mately 90% of IUA patients are caused by the
damage to the uterine due to the intrauterine
surgery. Besides, IUA recurrence is at a high
level after intrauterine surgery especially for
patients with severe IUA [2]. However, there are
still no effective treatments for IUA. Angio-
genesis has been reported to be pivotal for I[UA
recovery, and the treatments targeted angio-
genesis therapy were proved to be efficacious
for IUA [3].

Bone mesenchymal stem cells (BMSCs) have
been used to treat various diseases such as
chronic kidney disease [4], osteoarthritis [5]
and liver fibrosis [6] as a result of its differentia-

tion and cytokines secretion abilities. BMSCs
therapy has also been used for IUA treatments
and proved to be efficacious for IUA recovery by
promoting endometrium angiogenesis [3, 7, 8],
but the mechanisms of BMSCs-mediated an-
giogenesis are still not fully depicted. Previous
studies have proved that BMSCs promote
angiogenesis and osteogenesis by interacting
with endothelial progenitor cells (EPCs) [9],
which further differentiate into vascular endo-
thelial cells [10] and facilitate angiogenesis by
secreting different angiogenesis associated
cytokines [11, 12]. EPCs are also reported to
regulate the proliferation and differentiation of
BMSCs by secreting EPCs derived extracellular
vesicles [13]. Based on the above studies, we
hypothesize that BMSCs and EPCs interaction
might be critical for BMSCs mediated angiogen-
esis and IUA alleviation.

Cyclooxygenase 2 (COX2) is an inducible form
of cyclooxygenase which is crucial for cell
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growth, proliferation and apoptosis [14, 15].
Cox2 plays an important role in angiogenesis
and EPCs mobilization [16], and certain stimu-
lis such as cytokines and growth factors
increase Cox2 expression levels [17]. COX2
overexpression has also been shown to pro-
mote BMSCs proliferation and differentiation
[18, 19], it plays an important role in regulating
EPCs’ functions [20, 21]. Cox2 is regulated by
many factors and signal pathways [22, 23], but
it is still unclear which regulators participate
in the regulation of BMSCs and EPCs inte-
raction mediated angiogenesis. Among all the
upstream regulators, PI3K/Akt pathway activa-
tion was found to be important for Cox2 upreg-
ulation [24], which further participates in tumor
angiogenesis [25].

In this study, we aim at investigating whether
BMSCs and EPCs interaction alleviate IUA
pathogenesis by modulating PI3K/Akt/Cox2
axis. This study might provide new targets
and strategies for IUA treatment in clinical
practices.

Materials and methods
Cells separation and culture

EPCs were isolated from patient peripheral
blood by Ficoll-Paque PLUS (GE, USA) and cul-
tured in endothelial cell medium according to
the previous study [26], cells adhering to the
flask were collected after 6 days’ culture and
stained with anti-CD34 (Abcam, CA, UK), anti-
CD133 (Santa Cruz, USA) and anti-CD29 (Santa
Cruz, USA) antibodies, Flow cytometry was con-
ducted to identify and separate CD34* CD133*
CD29* cells, which were identified as the typi-
cal markers of EPCs. BMSCs were purchased
from ATCC (#PCS-500-012™, USA) and culti-
vated in DMEM medium with 5% CO, and a con-
stant temperature of 37°C for incubation.

Establishment of the co-culturing systems

Transwell chambers were purchased from
Corning (USA), EPCs and BMSCs were cultured
in the upper and lower chambers respectively
at the ratio of 1:1, 1:2 and 2:1 respectively,
cells were cultured with 5% CO, and a constant
temperature of 37°C for 24 h, 48 h, 72 h and
96 h. The experiments were divided into the
five groups including BMSCs alone group, EPCs
alone group, B:E (1:1) group, B:E (1:2) group
and B:E (2:1) group.
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CCK-8 cell proliferation assay

BMSCs and EPCs in the co-culturing systems in
different time points were separated and col-
lected in different 96-well plates respectively,
and all the cells were cultured in 37°C and 5%
CO, conditions for 12 h. Cell Counting Kit-8
(Beyotime, China) and SpectraMax Paradigm
(Molecular Devices, USA) were used to detect
cells’ proliferative abilities following the manu-
facture’s instruction.

Western blot

EPCs and BMSCs in the co-culturing system
were collected separately. Cell samples were
lysed by incubating with RIPA lysis buffer con-
taining 150 mM NaCl, 1% NP-40, 0.5% deoxy-
cholate and 1% SDS on ice for 1 hour. The
supernatant was collected and protein was
diluted to 50 ug/10 ul according to the total
protein content quantified by Bradford’s meth-
od (Bio-Rad). SDS-PAGE was used to separate
proteins and HMGB1 was transferred from the
gel to PVDF membranes (Immun-blot, Bio-Rad)
using a Bio-Rad Mini PROTEAN Il apparatus.
The PVDF membranes were incubated with the
first antibodies (#sc-56698, Santa, USA) for the
whole night at 4°C. Then the anti-mouse IgG-
peroxidase-conjugate secondary antibodies
(Sigma, USA) were incubated with the mem-
branes for 1 hour. The bands were visualized by
Enhanced Chemiluminescence kit (Bio-Rad)
and ChemiDoc (Bio-Rad). Each experiment has
at three repetitions.

Flow cytometry

EPCs and BMSCs in the co-culturing system
were collected separately and cell suspensions
were prepared by GE Ficoll-Paque PLUS (GE,
USA), cells were then treated with 10% DMSO
and stored in -80°C. Ex vivo cellular staining for
Annexin-V and Pl was implemented by incubat-
ing cells with specific dyes (ThermoFisher, USA).
Attune NXT Flow Cytometer (ThermoFisher,
USA) was employed detect cell apoptosis.

ELISA

The cell culture medium from different groups
in different time points were collected, and
ELISA kits (Abcam, USA) were employed to
detect VEGF, GM-CSF, Collagen type Il and
BMP-2 levels according to the manufacture’s
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Figure 1. BMSCs and EPCs proliferations in the co-culturing system. A, B: The proliferative abilities of BMSCs and
EPCs were detected by CCK-8 assay, the experiments were divided into five groups including BMSCs alone, EPCs
alone, co-culturing BMSCs with EPCs at the ratio of 1:1, 1:2 and 2:1 respectively. The OD values were used to quan-
tify cell proliferation. C, D: Western blot was performed to detect cell cycle associated proteins including cyclin D1,
cyclin E2, CDK2, CDK4 and CDK®, the intensity of the protein bands were employed to evaluate protein levels. E-H:
Image J software was used to quantify proteins according to the gray values. (*, P<0.05 VS B(alone) or E(alone)
control groups).

instruction. SpectraMax Paradigm (Molecular measure OD values to quantify expression lev-
Devices, USA) microplate reader was used to els of the cytokines.
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Figure 2. Cell apoptosis was affected by co-culturing BMSCs with EPCs at the ratio of 1:1, 1:2 and 2:1 respectively.
A, B: Western Blot was employed to investigate apoptosis associated proteins including Bcl-2, Bax and Caspase3 in
BMSCs and EPCs after culturing the two cells alone or co-culturing the BMSCs with EPCs at the ratios of 1:1, 1:2 or
2:1 respectively for 4 hours, the intensity of the protein bands were employed to evaluate protein levels. C, D: Image
J software was used to analyze the grey values of the protein bands, the proteins were normalized by B-actin. E: Flow
cytometry (FCM) was performed to detect cell apoptosis rates in the BMSCs or EPCs alone groups and co-culturing
the two cells at the ratio of 2:1 for 4 hours, BMSCs and EPCs were separated and stained with Annexin V-FITC and

PI. (*, P<0.05 VS B(alone) or E(alone) control groups).

Statistical analysis

The data were shown as the mean + standard
deviation (SD). SPSS 21.0 software (SPSS Inc.,
Chicago, IL, USA) was used to analyze all the
data, one-way analysis variance (ANOVA) was
used for multiple groups comparison and the
Student’s t-test was employed for two groups
comparison. P<0.05 was considered statisti-
cally significance.

Results

The effects of BMSCs and EPCs interaction on
cell proliferation

To investigate the impacts of BMSCs and EPCs
interaction on cell proliferation, CCK-8 assay
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was performed to detect BMSCs and EPCs pro-
liferation by co-culturing the two cells for 24 h,
48 h, 72 h and 96 h respectively. Comparing to
the BMSCs or EPCs alone groups, the prolifera-
tive ability of both BMSCs and EPCs are signifi-
cantly improved by the co-culturing system
(Figure 1A, 1B). Western Blot results also sug-
gested that cell cycle associated proteins
including Cyclin D1, Cyclin E2, CDK2, CDK4 and
CDKG6 in the two cells are significantly upregu-
lated by the co-culturing system comparing to
the BMSCs and EPCs alone groups, specifically,
the ratio of BMSCs and EPCs at 2:1 reaches the
best effects on cell proliferation in contrast
with 1:1 or 1:2 (Figure 1C-H). The results indi-
cated that co-culturing BMSCs with EPCs sig-
nificantly improves the proliferative ability of
both cells.

Am J Transl Res 2018;10(12):4280-4289
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Figure 3. Detection of the markers of epithelial cells and vascular endothelial cells in BMSCs and EPCs. A: Western
Blot was used to detect the markers of epithelial cells (CK18, VIM and ESR1) in BMSCs in control group (BMSCs
alone) and the groups of co-culturing BMSCs with EPCs at the ratio of 1:1, 1:2 and 2:1 respectively for 4 hours. B:
Western Blot was used to detect the markers of vascular endothelial cells (VEGFA, VEGFR2 and VEGFR3) in EPCs
in control group (EPCs alone) and the groups of co-culturing BMSCs with EPCs at the ratio of 1:1, 1:2 and 2:1 re-
spectively for 4 hours. C, D: Image J software was performed to analyze the grey values of the protein bands in A,
and B respectively, the protein levels were normalized by B-actin. (*, P<0.05 VS B(alone) or E(alone) control groups).

Co-culturing BMSCs with EPCs affects cell
apoptosis

Based on the proliferation results, we hypothe-
sized that the co-culturing system might have
inhibiting effects on cell apoptosis. Western
Blot results showed that the co-culturing sys-
tem increases the anti-apoptotic protein Bcl-2
and downregulates the pro-apoptotic proteins
Bax as well as Caspase3 levels comparing to
the BMSCs or EPCs alone groups, specifically,
co-culturing BMSCs with EPCs at the ratio of
2:1 has better inhibiting effects on cell apopto-
sis than the 1:1 and 1:2 groups (Figure 2A-D).
Flow cytometry results also showed that the co-
culturing system (BMSCs:EPCs = 2:1) decreas-
es both BMSCs and EPCs apoptosis rates after
the two cells were co-cultured for 4 hours
(Figure 2E), which was in accordance with the
Western Blot results.

The effects of BMSCs and EPCs interaction on
cell differentiation

Since BMSCs are potential to differentiate into

epithelial cells and EPCs are the progenitor of
vascular endothelial cells, we next investigated
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cell differentiation in the co-culturing system.
BMSCs and EPCs were separated and Western
Blot was used to detect the markers of epithe-
lial cell (CK18, VIM and ESR1) in BMSCs and
markers of vascular endothelial cell (VEGFA,
VEGFR2 and VEGFR3) in EPCs respectively. The
results showed that CK18, VIM and ESR1 in
BMSCs are significantly increased by the co-
culturing system comparing to the control group
(BMSCs alone), and co-culturing BMSCs with
EPCs at the ratio of 2:1 most significantly
increases CK18, VIM and ESR1 comparing to
the 1:1 and 1:2 groups (Figure 3A, 3C). In addi-
tion, VEGFA, VEGF2 and VEGFR3 in EPCs are
also significantly increased by the co-culturing
system comparing to the control group (EPCs
alone), of note, the ratio of BMSCs and EPCs at
2:1 merely increases VEGFA and VEGFR3
except for VEGFR2 comparing to the 1:1 and
1:2 groups (Figure 3B, 3D).

Angiogenesis associated cytokines secretion in
the culture medium of the co-culturing system

Angiogenesis associated cytokines including
VEGF, GM-CSF, Collagen type | and BMP-2 in
the culture medium were also detected by

Am J Transl Res 2018;10(12):4280-4289
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Figure 4. Detection of angiogenesis associated cytokines in the culture me-
dium by ELISA. A: Detection of VEGF in BMSCs (alone), EPCs (alone), B:E (1:1),
B:E (1:2) and B:E (2:1) groups respectively. B: Detection of GM-CSF in BMSCs
(alone), EPCs (alone), B:E (1:1), B:E (1:2) and B:E (2:1) groups respectively.
C: Detection of Collagen type | in BMSCs (alone), EPCs (alone), B:E (1:1),
B:E (1:2) and B:E (2:1) groups respectively. D: Detection of BMP-2 in BMSCs
(alone), EPCs (alone), B:E (1:1), B:E (1:2) and B:E (2:1) groups respectively.
The OD value was employed to quantify cytokines in the culture medium. (*,

P<0.05 VS B(alone) or E(alone) control groups).

ELISA to investigate whether BMSCs and EPCs
co-culturing system influences their levels. The
results showed that VEGF, GM-CSF, Collagen
type | and BMP-2 are significantly increased in
the co-culturing system comparing to the
BMSCs or EPCs alone groups, specifically, co-
culturing BMSCs and EPCs at the ratio of 2:1
significantly increases VEGF, GM-CSF and
BMP-2 instead of Collagen type | in contrast
with the 1:1 or 1:2 groups (Figure 4A-D). Our
results were in line with the previous study,
which reported that BMSCs and EPCs interac-
tion promotes angiogenesis associated cyto-
kines secretion [9].

Involvement of PI3K/Akt/Cox2 signal pathway
in BMSCs and EPCs interaction mediated
modulation of cell proliferation, apoptosis and
cytokines secretion

We next explored the mechanism of the effects
of BMSCs and EPCs co-culturing system for
cell proliferation, apoptosis and angiogenesis
cytokines secretion. Our results showed that
co-culturing BMSCs with EPCs significant-
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BMP-2

GM.CSF ly increases phosphorylated

Akt and Cox2 in both cells.
x Of note, Cox 2 in BMSCs and
x EPCs from the co-culturing
system is significantly de-
creased by treating cells with
PI3K/Akt inhibitor LY29400-
D 2, which are recovered by
' transfecting BMSCs and EP-
Cs with Cox2 overexpression
lentiviral vectors (Figure 5A-
D). CCK-8 results showed
that LY294002 abrogates
_ BMSCs and EPCs interaction
mediated promotion of cell
proliferation in both the two
cells, and the inhibiting effe-
. &fb\ &-"\ cts of LY294002 on EPCs
e ¥ instead of BMSCs are re-
versed by Cox-2 overexpres-
sion (Figure 5E, 5F). LY29-
4002 also abrogates the
inhibiting effects of the co-
culturing system on BMSCs
and EPCs apoptosis rate,
which are reversed by syner-
gistically overexpressing Cox-
2 (Figure 5G). In addition,
LY294002 decreases VEGF,
GM-CSF, Collagen type | and BMP-2 in the cul-
ture medium of the co-culturing system, which
are also reversed by synergistically overex-
pressing Cox-2 (Figure 5H-K).

Discussion

BMSCs therapy is an efficacious treatment for
IUA recovery and prognosis by regulating angio-
genesis [3, 7, 8], recent studies found that
BMSCs and EPCs interaction plays an impor-
tant role in IUA angiogenesis [9, 13], and PI3K/
Akt/Cox2 axis might be critical for BMSCs and
EPCs interaction mediated angiogenesis [25].
Therefore, we speculated that BMSCs and
EPCs interaction might alleviate IUA pathogen-
esis by modulating PI3BK/Akt/Cox2 axis medi-
ated angiogenesis, but the detailed mechanism
is still unclear.

It has been reported that BMSCs promotes
EPCs proliferation [9] and differentiation [10],
EPCs also have the similar impacts on BMSCs
in the BMSCs and EPCs co-culturing system
[13]. Besides, increased angiogenesis associ-
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Figure 5. Involvement of PI3K/Akt/Cox-2 axis in BMSCs and EPCs interaction mediated modulation of cell prolifera-
tion, apoptosis and angiogenesis associated cytokines secretion. A, B: Western Blot was used to detect p-Akt, Akt
and Cox2 in different groups including BMSCs alone, EPCs alone, BMSCs and EPCs co-culturing system at the ratio
of 1:1, 1:2 and 2:1, treating the co-culturing system (BMSCs:EPCs = 2:1) with LY294002 and synergistically treating
the co-culturing system (BMSCs:EPCs = 2:1) with LY294002 and Cox-2 overexpression lentiviral vectors. The protein
bands were used to quantify proteins. C, D: Image J software was performed to quantify proteins according to the
grey values, the proteins were normalized by B-actin. E, F: Cell proliferation was evaluated by CCK-8 assay after treat-
ing the co-culturing system with LY294002 alone or synergistically treating the co-culturing system with LY294002
and Cox2 overexpression lentiviral vectors. The OD value was used to evaluate cell proliferative abilities. G: Flow
cytometry (FCM) was employed to detect cell apoptosis rates of BMSCs and EPCs in the co-culturing system treated
with LY294002 alone or synergistically treated with LY294002 and Cox2 overexpression lentiviral vectors. H-K:
Detection of angiogenesis associated cytokines including VEGF, GM-CSF, Collagen type | and BMP-2 by ELISA in the
culture medium of the co-culturing system treated with LY294002 alone or synergistically treated with LY294002
and Cox2 overexpression lentiviral vectors. The OD value was used to quantify the cytokines secretion. (*, P<0.05

VS B(alone) or E(alone) control groups).

ated cytokines secretion was also observed in
the system [11, 12]. In this study, we confirmed
that co-culturing BMSCs with EPCs significantly
increases proliferative ability of both cells and
cell cycle associated proteins including Cyclin
D1, Cyclin E2, CDK2, CDK4 and CDK6 are
upregulated in the co-culturing system compar-
ing to BMSCs or EPCs alone groups. Intrugingly,
the ratio of BMSCs and EPCs is crucial for cell
proliferation, which indicated that BMSCs and
EPCs interaction promotes cell proliferation in
a ratio dependent manner. In addition, we
proved that the co-culturing system protects
both BMSCs and EPCs from cell apoptosis.

Since both BMSCs and EPCs are potential to
differentiate and previous study reported that
BMSCs and EPCs differentiation participates in
angiogenesis [9], we speculated that the co-
culturing system might influence cell differenti-
ation. To verify our hypothesis, BMSCs and
EPCs were separated and purified in the tran-
swell system, FCM results showed that the co-
culturing system increases epithelial cell mark-
ersincluding CK18, VIM and ESR1 in BMSCs, in
addition, the markers of vascular endothelial
cell containing VEGFA, VEGFR2 and VEGFR3
are increased in EPCs in the co-culturing sys-
tem. We also observed that the angiogenesis
associated cytokines including VEGF, GM-CSF,
Collagen type | and BMP-2 are upregulated in
the medium of the co-culturing system. These
results suggested that the co-culturing system
induces BMSCs and EPCs into epithelial cell
and vascular endothelial cell respectively, pro-
motes angiogenesis associated cytokines se-
cretion, which synergistically promotes angjo-
genesis and alleviates IUA pathogenesis.

We next investigated the possible mechanism
of BMSCs and EPCs interaction mediated
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modulation of cell proliferation, apoptosis and
angiogenesis associated cytokines secretion.
The results showed that BMSCs and EPCs inter-
action activates PI3K/Akt signal pathway in
both cells, and Cox2 is verified as the down-
stream target of this signal pathway, which indi-
cated that the co-culturing system activates
PI3K/Akt/Cox2 axis in both BMSCs and EPCs.
Our further results showed that the prolifera-
tive ability of both cells in the co-culturing sys-
tem is significantly inhibited by PI3K/Akt path-
way inhibitor LY294002, which are reversed by
synergistically overexpressing Cox2, which indi-
cated that BMSCs and EPCs interaction pro-
motes cell proliferation by activating PI3K/Akt/
Cox2 axis. Besides, we also found that
LY294002 promotes both BMSCs as well as
EPCs apoptosis, and inhibits angiogenesis
associated cytokines in the culture medium of
the co-culturing system. These results indicat-
ed that BMSCs and EPCs interaction regulates
cell proliferation, apoptosis and angiogenesis
secretion by activating PI3K/Akt/Cox2 axis in
both BMSCs and EPCs.

Although we have proved that PI3K/Akt/Cox
axis is crucial for BMSCs and EPCs interaction,
the communication methods of the two cells in
the co-culturing system are still unclear. In our
study, we cultured BMSCs and EPCs in the tran-
swell system separately, which verified that
BMSCs interacts with EPCs in a cell-cell con-
tact independent manner. Previous study has
reported that EPCs interacts with BMSCs by
secreting EPCs derived extracellular vesicles in
the co-culturing system [13], which is in line
with our results. However, whether the two cells
interacts with each other in a cell-cell contact
dependent manner is still need to be elucida-
ted.
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Taken together, our results proved that BMSCs
and EPCs interaction might promote angiogen-
esis and alleviate IUA pathogenesis by regulat-
ing PI3K/Akt/Cox2 axis mediated modulation
of cell proliferation, apoptosis, differentiation
and angiogenesis associated cytokines secre-
tion.
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