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BMP9 maintains the phenotype of HTR-8/ 2
Svneo trophoblast cells by activating the
SDF1/CXCR4 pathway

Xue Yang'", Lingling Ren'"", Xiang Chen', Ying Pang', Baoxia Jia', Jing Sun' and Xiaofang Quan'

Abstract

Background Bone morphogenetic protein 9 (BMP9) has been shown to regulate processes such as angiogenesis,
endothelial dysfunction, and tumorigenesis. However, the role of BMP9 in preeclampsia (PE) is unclear. The purpose of
this study was to investigate the role and mechanism of BMP9 in PE.

Methods The effects of BMP9 on the viability, migration and invasion of HTR-8/Svneo cells were investigated by
CCK-8 assay, wound healing assay and Transwell invasion assay. The effect of BMP9 on apoptosis of HTR-8/Svneo cells
was detected by flow cytometry. Plasma levels of BMP9, SDF1 and CXCR4 were detected by ELISA kit. gRT-PCR and
Western blot were used to detect the expression levels of each gene in the cells.

Results Overexpression of BMP9 promoted the proliferation and migration of trophoblast cells and inhibited
apoptosis. Knockdown of BMP9 had the opposite effect. The levels of BMP9, SDF1 and CXCR4 in the plasma of PE
patients were down-regulated, and BMP9 was positively correlated with the levels of SDF1 and CXCR4. BMP9 also
significantly upregulated the mRNA and protein levels of SDF1 and CXCR4 in HTR-8/SVneo cells. Further mechanistic
studies found that BMP9 promoted the migration and invasion of HTR-8/SVneo cells and inhibited apoptosis by
activating the SDF1/CXCR4 pathway.

Conclusion We demonstrate for the first time that BMP9 promoted the migration and invasion of HTR-8/SVneo cells
and inhibits apoptosis by activating the SDF1/CXCR4 pathway. This suggests that BMP9 may be a biomarker molecule
for PE.
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Background

Preeclampsia (PE) is a pregnancy-specific disorder that
usually occurs after 20 weeks of gestation and is char-
acterized by hypertension and endothelial dysfunction
[1]. The pathogenesis of PE involves two stages, includ-
ing impaired spiral artery remodeling due to insufficient
placental trophoblast invasion and endothelial dysfunc-
tion due to the release of anti-angiogenic factors in the
ischemic placenta [2]. Its morbidity involves multiple
end-organ damage and increases the risk of maternal
and neonatal death [3]. In addition, a history of PE was
considered a risk factor for future cardiovascular events.
Women with a history of PE have a significantly increased
risk of cardiovascular disease later in life [4]. Therefore,
seeking new targets is crucial for the diagnosis and treat-
ment of PE. This study was based on human trophoblast
cells HTR-8/Svneo to explore the potential role of BMP9
in PE.

Bone morphogenetic protein 9 (BMP9), a member of
the TGF-p family, has shown unique roles in bone forma-
tion, angiogenesis, glucose metabolism and tumorigen-
esis [5]. BMP9 is a vascular quiescence and endothelial
protective factor, which is important in cardiovascular
disease [6]. Studies have shown that circulating BMP9
is associated with the prevalence of cardiovascular dis-
ease, and the level of circulating BMP9 in patients with
essential hypertension is lower than in healthy individu-
als [7]. Decreased levels of BMP9 are independently
and significantly associated with essential hypertension,
and BMP9 is considered a serum biomarker for essen-
tial hypertension [8]. In pulmonary hypertension, BMP9
acts directly on the endothelium to reverse the patho-
logical state of pulmonary hypertension by preventing
apoptosis and enhancing vascular stability [9]. Admin-
istration of recombinant human bone morphogenetic
protein 9 (rhBMP9) can effectively attenuate bleomycin-
induced pulmonary hypertension [10]. It is well known
that hypertension is one of the distinguishing features of
PE. The antihypertensive effect of BMP9 may be equally
effective in gestational hypertension and benefit the
development of PE. In the existing studies, the role and
mechanism of BMP9 in PE is still unclear.

Stromal cell-derived factor 1 (SDF1) is a member of the
chemokine subfamily, also known as CXCL12 [11]. SDF1
plays a key role in a variety of diseases, such as transport-
ing hematopoietic stem cells, guiding cell migration, and
promoting angiogenesis [12]. SDF1 has been identified
to induce neovascularization in the motor system. Over-
expression of SDF1 significantly enhanced the prolifera-
tion and migration of primary nucleus pulposus cells, as
well as the invasion and angiogenesis of vascular endo-
thelial cells, and accelerated angiogenesis [13]. Further-
more, SDF1 can enhance crosstalk between trophoblast
and decidual cells, regulating trophoblast function and
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uterine spiral artery remodeling [14]. This has important
implications for a variety of pregnancy-related diseases.
The investigation found that the serum level of SDF1 was
differentially expressed between PE patients and healthy
subjects, thus it was considered as a potential marker for
PE diagnosis [15]. CXCR4 is a G protein-coupled recep-
tor and acts as a receptor for SDF1 [11]. CXCR4 also
showed an important role in PE. The mRNA and protein
expression levels of CXCR4 in trophoblast cells from
patients with severe preeclampsia were lower than those
in normal patients, and CXCR4 was associated with tro-
phoblast apoptosis [16]. SDF1 and its receptor CXCR4
together regulate the function of trophoblast cells, decid-
ual stromal cells, and endometrial epithelial cells, delay-
ing the progression of pregnancy complications [17, 18].
Therefore, it is instructive to explore the role of SDF1/
CXCR4 in PE.

In the present study, we examined the serum levels of
BMPY, SDF1 and CXCR4 in the serum of PE patients
with healthy subjects as controls. Next, we explored the
effect of BMP9 on the proliferation, migration, invasion
and apoptosis of HTR-8/Svneo trophoblast cells. In addi-
tion, this study also explored the mechanism by which
BMP9 regulates HTR-8/Svneo cells. The purpose of this
study is to provide theoretical basis and new directions
for the diagnosis and treatment of PE.

Materials and methods

Cell culture

Human trophoblast cells HTR-8/SVneo were purchased
from the American Type Culture Collection (ATCC,
USA). Cells were cultured in RPMI 1640 medium (Pro-
cell, Wuhan, China) containing 10% fetal bovine serum
(FBS; Gibco, MD), 1% penicillin and streptomycin. Cells
were incubated at 37 °C and 5% CO2 and routinely pas-
saged every 3 days.

Cell transfection

pcDNA3.1-NC (empty vector), pcDNA3.1-BMP9, si-NC
(empty vector), si-BMP9 and si-SDF1 were purchased
from GeneChem (Shanghai, China). Cells were trans-
fected with plasmids using Lipofectamine 2000 (Invitro-
gen, Carlsbad, USA). After 24 h of transfection, the cells
were tested for transfection efficiency and subsequent
experiments were performed.

Collection of tissues

This study selected pregnant women who underwent
antenatal care and delivery in the obstetrics depart-
ment of Weapon Industry 521 Hospital from January
2020 to December 2021, including 20 PE patients and 20
healthy pregnant women. All patients were primigravida
with a gestational age of 34-39 weeks. In addition to
PE, patients with PE had no other medical and surgical
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complications. Healthy pregnant women selected as con-
trols had gestational age and body mass index similar to
PE patients. Pregnant blood was collected for centrifu-
gation, and plasma was retained for subsequent stud-
ies. All subjects signed informed consent. The study was
approved by the Weapon Industry 521 Hospital Ethics
Committee.

Enzyme-linked immunosorbent assay (ELISA)

Plasma levels of BMP9, SDF1 and CXCR4 were deter-
mined using ELISA Kkits. The kit details are as follows:
Human BMP9 ELISA Kit (ab267648, abcam, UK),
Human CXCL12/SDF-1 ELISA Kit (PC205, Beyotime,
China), Human CXCR4 ELISA Kit (TW14529, Tongwei
Industry, China). All operating steps in the experiment
were carried out in accordance with the reagent manu-
facturer’s instructions.

CCK-8 assay

In this experiment, Cell Counting Kit-8 (C0038, Beyo-
time, China) was used to detect the viability of HTR-8/
Svneo cells. HTR-8/Svneo (1x10% cells were seeded in
96-well with culture plates, and CCK-8 assays were per-
formed at 0, 12 h, 24 h, 48 h after seeding. Add 20 pl of
CCK-8 solution to each well and incubate for 2 h. Use a
microplate reader to measure the absorbance of each well
at 450 nm.

Wound healing test

Select cells (1x10° at 90% growth density and use a
200 uL micropipette to scrape the cells to make an even
scratch. The damaged cells were washed with PBS and
cultured in the incubator for 24 h. Cells were observed
for wound healing at 0 and 24 h using a microscope.

Transwell invasion assay

First, Transwell chambers (Corning, USA) were coated
with Matrigel (BD Biosciences, Germany). Approxi-
mately 1x10° transfected HTR- 8/Svneo cells in 200 pl
serum- free medium were seeded into the top compart-
ment of transwell chambers with- out or with Matrigel.
After 24 h of incubation, cells in the lower chamber were
fixed with 4% paraformaldehyde and stained with crystal
violet (C0121, Beyotime, China) for 15 min. Cell invasion
was observed and recorded under a microscope.

Apoptosis

In this experiment, Annexin V-FITC/PI apoptosis
detection kit (40302ES20, Qcbio, China) was used to
determine the apoptosis level of cells. After cells were
trypsinized without EDTA, they were centrifuged and
collected. After the cell pellet was washed twice with
PBS, the cells were resuspended in 100 pL of 1xBinding
Buffer. Add 5 pl Annexin V-FITC and 10 pl PI to each
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5x105 cells, and react at room temperature for 15 min.
Add 400 pL of 1xBinding Buffer to the cells again to pre-
pare the test sample. The rate of apoptosis was assessed
using a FACS flow cytometry system (BD FACS Canto II
USA).

qRT-PCR
Total RNA was extracted from HTR-8/SVneo cells using
TRIzol reagent (Invitrogen). Next, RNA was reverse
transcribed into ¢cDNA using a reverse transcription
kit (RR047A, Takara Bio Inc, Otsu). Quantitative PCR
was performed using the DNA Engine Opticon™ Real-
Time PCR System (M] Research, MA). Gene expres-
sion levels were quantified using the 2722°T method.
The primer sequences were as follows: BMP9: Forward:
5- CCTGGGCACAACAAGGAC -3’ Reverse: 5'-
CCTTCCCTGGCAGTTGAG -3!

SDF1: Forward: 5'-FCTCCGCTGTCACCTTCCC-3;

Reverse: 5’-RTIGTGCCCTTCAGATTGTAGCC-3.

CXCR4: Forward: 5’- CCG AGG CCC TAG CTT TCT
TC -3

Reverse: 5-GAG GAT CTT GAG GCT GGA CC-3!

GAPDH: Forward: 5- CGCTCTCTGCTCCTCCT-
GTTC-3;

Reverse: 5’-ATCCGTTGACTCCGACCTTCAC-3.

Western blot

In this experiment, lysis buffer (P0013], Beyotime, China)
was used to extract the protein in the cells, and the
concentration of the extracted protein was quantified.
Protein samples were separated using 10% SDS-poly-
acrylamide gel electrophoresis and transferred to polyvi-
nylidene fluoride (PVDF) membranes. Membranes were
blocked with 5% nonfat milk. Membranes were incubated
overnight at 4 °C with diluted primary antibodies. Then,
the membrane was incubated with the diluted secondary
antibody for 2 h at room temperature. Protein expression
levels were detected using Enlight TM-PLUS kit (17,100,
Engreen Biosystem, China).

Statistical analysis

Data are presented as the mean of three independent bio-
logical replicates. Data were processed by GraphPad soft-
ware, and differences between 2 groups were explored
using unpaired ¢-test, and differences between more than
two groups were analyzed by one-way ANOVA com-
bined with Tukey’s test. P<0.05 was considered statisti-
cally significant.

Results

BMP9 promoted HTR-8/SVneo cell proliferation, migration
and invasion

First, we examined the role of BMP9 in HTR-8/SVneo
cells. The transfection results showed that BMP9 was
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successfully overexpressed or knocked down in HTR-8/
SVneo cells (Fig. 1A). Overexpression of BMP9 resulted
in significantly enhanced proliferation of HTR-8/SVneo
cells, whereas knockdown of BMP9 resulted in decreased
proliferation of HTR-8/SVneo cells (Fig. 1B). Overexpres-
sion of BMP9 significantly increased cell migration and
invasion ability, while inhibition of BMP9 decreased cell
migration distance and invasion rate (Fig. 1C and D). In
addition, BMP9 significantly up-regulated the protein
levels of MMP-2, MMP-9, and N-cadherin, and down-
regulated the protein levels of E-cadherin. However, the
effect of knockdown of BMP9 on HTR-8/SVneo cells
showed the opposite trend (Fig. 1E and G).

BMP9 inhibited apoptosis of HTR-8/SVneo cells

Next, we examined the effect of BMP9 on apoptosis in
HTR-8/SVneo cells. Flow cytometry results showed
that overexpression of BMP9 significantly decreased
the apoptosis ratio of cells, and knockdown of BMP9
increased HTR-8/SVneo cell apoptosis (Fig. 2A). In addi-
tion, the detection results of apoptosis-related proteins
showed that overexpression of BMP9 down-regulated
the expression of caspase-3, caspase-9 and Bax, and
increased the protein expression level of Bcl-2 (Fig. 2B).
Knockdown of BMP9 had the opposite effect.
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BMP9 positively regulated the expression of SDF1 and
CXCR4

To verify the potential mechanism of BMP9 in PE, we
initially detected the levels of BMP9, SDF1 and CXCR4
in the serum of clinical patients. Serum levels of BMP9,
SDF1 and CXCR4 were significantly reduced in PE
patients compared with healthy subjects (Fig. 3A). The
results of correlation analysis showed that BMP9 was
positively correlated with the levels of SDFI and CXCR4
(Fig. 3B C). Cell experiments showed that overexpression
of BMP9 up-regulated the mRNA and protein levels of
SDFI and CXCR4 in HTR-8/SVneo cells, and inhibition
of BMP9 down-regulated the mRNA and protein levels of
SDF1 and CXCR4 (Fig. 3D and E). As expected, overex-
pression of SDF1 upregulated the mRNA and protein lev-
els of BMP9 in HTR-8/SVneo cells, while knocking down
SDF1 downregulated the mRNA and protein expression
of BMP9 (Fig. 3F and G). The above results showed that
BMP9 positively regulates the expression of SDF1 and
CXCRA4.

BMP9 promoted HTR-8/SVneo cell proliferation, migration
and invasion by activating the SDF1/CXCR4 pathway

Next, we verified the mechanism by which BMP9 regu-
lates the proliferation, migration and invasion of HTR-8/
SVneo cells by overexpressing BMP9 and knocking down
SDF1I. The transfection results showed good efficiency of
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Fig. 1 BMP9 promoted proliferation, migration and invasion of HTR-8/SVneo cells. After transfection of pcDNA3.1-BMP9 and si-BMP9 plasmids for 24 h,
the following indexes were measured. (A) The expression of of BMP9 in HTR-8/SVneo cells. (B) The proliferation of HTR- 8/SVneo cells was evaluated by
CCK8 assay. (C) The migratory capacity of cells was determined by wound healing assay. (D) The invasive ability of cells was detected by transwell assay.
(E) Western blot was used to detect the expression levels of migration and invasion-related proteins (MMP-2, MMP-9, E-cadherin and N-cadherin). (F) The
expression of MMP-2 and MMP-9 in HTR-8/SVneo cells. (G) The expression of E-cadherin and N-cadherin in HTR-8/SVneo cells.” means P < 0.05 compared

to ov-NC, * means P<0.05 compared to si-NC.
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Fig. 2 BMP9 inhibited apoptosis of HTR-8/SVneo cells. After transfection of pcDNA3.1-BMP9 and si-BMP9 plasmids for 24 h, the level of apoptosis was
measured. (A) Apoptosis ratio was detected by flow cytometry. (B) The levels of apoptosis-related proteins (caspase-3, caspase-9, Bax and Bcl-2) were
detected by western blot. " means P < 0.05 compared to ov-NC, * means P < 0.05 compared to si-NC.
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cell overexpression and knockdown (Fig. 4A). Overex-
pression of BMP9 significantly increased the proliferation
of HTR-8/SVneo cells, and knockdown of SDF1 reversed
the promotion of BMP9 overexpression on HTR8/SVneo
cell proliferation (Fig. 4B). In addition, BMP9 enhanced
cell migration and invasion ability, and knockdown of
SDF1 reversed the promoting effect of overexpression of
BMP9 on cell phenotype (Fig. 4C and D). Overexpression
of BMP9 also up-regulated the protein levels of MMP-2,
MMP-9 and N-cadherin, and down-regulated the protein
level of E-cadherin. While knockdown of SDF1 decreased
the expression of CXCR4, MMP-2, MMP-9 and N-cad-
herin, as well as increased the expression of E-cadherin
(Fig. 4E). Inhibition of SDF1 reversed the effects of over-
expression of BMP9. The above results showed that
BMP9 promotes the proliferation, migration and invasion
of HTR-8/SVneo cells by activating the SDF1/CXCR4
pathway.

BMP9 inhibited apoptosis of HTR-8/SVneo cells by
activating the SDF1/CXCR4 pathway

Flow cytometry results showed that overexpression
of BMP9 significantly reduced the apoptotic ratio of
HTR-8/SVneo cells, and knockdown of SDF1 reversed
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the decrease in apoptotic ratio caused by overexpres-
sion of BMP9 (Fig. 5A). The detection results of apop-
tosis-related proteins showed that overexpression of
BMP9 down-regulated the expression of caspase-3, cas-
pase-9 and Bax, and increased the protein expression
level of Bcl-2. Knockdown of SDF1 reversed the effects
of overexpression of BMP9. The protein levels of cas-
pase-3, caspase-9 and Bax were up-regulated in the ov-
BMP9+s5i-SDF1 group relative to the ov-BMP9 group
(Fig. 5B and D).

Discusssion

During placentation, trophoblast cells invade the decidua
and myometrium, further remodeling the uterine spiral
arteries. When trophoblast invasion is insufficient, pla-
cental function is impaired, triggering various obstetric
syndromes including PE [19]. Although extravillous tro-
phoblasts are regulated by different parental cell types
during invasion, trophoblasts are still the predominant
cell type regulating PE. Because these cells are more or
less interacting with extravillous trophoblasts [20]. The
occurrence of PE is attributed to insufficient invasion of
trophoblast cells. Therefore, exploring the metastatic and
invasive properties of trophoblast cells is crucial for the
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Fig. 4 BMP9 regulates the proliferation, migration and invasion of HTR-8/SVneo cells by regulating the SDF1/CXCR4 pathway. After transfection of
pcDNA3.1-BMP9 and si-SDF 1 plasmids for 24 h, the following indexes were measured. (A) RT-PCR was used to detect the transfection efficiency of cells. (B)
The proliferation of HTR- 8/SVneo cells was evaluated by CCK8 assay. (C) Wound healing assay was used to measure cell migration ability. (D) The invasive
ability of cells was detected by transwell assay. (E) Western blot was used to detect the expression levels of migration and invasion-related proteins (MMP-
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Fig. 5 BMP9 regulates HTR-8/SVneo cell apoptosis by regulating the SDF1/CXCR4 pathway. After transfection of pcDNA3.1-BMP9 and si-SDF1 plasmids
for 24 h, the level of apoptosis was measured. (A) Apoptosis ratio was tested by flow cytometry. (B-D) The levels of apoptosis-related proteins (caspase-3,
caspase-9, Bax and Bcl-2) were detected by western blot. ” means P < 0.05 compared to control, * means P < 0.05 compared to ov-BMP9.

progression of PE. Studies have shown that promoting
the migration and invasion of rat placental trophoblast
cells helps control gestational hypertension [21]. Inva-
sive deficiency of trophoblast cells and impaired spiral
arterial remodeling underlie fetal growth restriction and
preeclampsia-like symptoms in hypertensive rats [22]. In
addition, trophoblast apoptosis also regulates the pro-
gression of PE. In preeclampsia and intrauterine growth
restriction pregnancies, trophoblast apoptosis is elevated
[23]. In the present study, we identified a possible ben-
eficial role of BMP9 in PE by investigating the migra-
tory, invasive and apoptotic properties of HTR-8/Svneo
trophoblasts.

An important function of BMP9 is to regulate angio-
genesis. In vascular development, BMP9 induces the
expansion and sprouting of human embryonic stem cell-
derived vascular cells, which in turn promotes angiogen-
esis [24]. The specificity of BMP9 in angiogenesis confers
a unique role in regulating hypertension and endothelial
dysfunction. BMP9 can inhibit pulmonary hypertension
by directly or indirectly affecting the function of endo-
thelial cells [9]. In addition, existing reports have also
shown that BMP9 has a role in regulating tumor pro-
gression. In bladder cancer, upregulation of BMP9 pro-
motes the proliferation and migration of bladder cancer
cells [25]. BMP9 also induces epithelial-to-mesenchymal
transition in hepatoma cells [26]. During pregnancy, the
migratory and invasive abilities of trophoblast cells are
important for the normal development of the placenta.

Given that the biological behavior of trophoblast cells is
similar to that of cancer cells, we speculate that BMP9
may play a role in suppressing the trophoblast phenotype.
In this study, we confirmed that BMP9 levels were down-
regulated in the serum of PE patients. Overexpression of
BMP?9 significantly promoted the proliferation, migration
and invasion of HTR-8/SVneo cells, as well as inhibited
cell apoptosis. Silencing of BMP9 inhibited the prolifera-
tion, migration and invasion of HTR-8/SVneo cells, and
promoted cell apoptosis. BMP9 may be an important reg-
ulator of PE.

MMP2 and MMP9 are important factors leading to the
invasion of trophoblasts into the maternal vasculature
and are involved in the remodeling of the placenta and
uterine arteries [27]. Decreased MMP-2 and MMP-9 can
decrease angiogenesis, reduce trophoblast invasion of
spiral arteries and aggravate placental ischemia, which
will promote the occurrence of PE [28]. Therefore, MMP2
and MMP9 have also been considered as biomarkers for
predicting PE[29]. Studies have shown that activation
of MMP9 transcription can promote the invasion and
migration of HTR-8/SVneo cells [30]. Down-regulation
of MMPs expression and (epithelial-mesenchymal tran-
sition) EMT process inhibits trophoblast invasion and
migration [31]. In the current study, we found that over-
expression of BMP9 up-regulated the protein levels of
MMP-2, MMP-9 and N-cadherin, as well as decreased
the protein level of E-cadherin. Inhibition of BMP9 has
the opposite effect. This result suggests that BMP9 may
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have the properties of promoting the invasion and migra-
tion of trophoblast cells and regulate the occurrence of
PE.

SDF1-mediated activation of CXCR4 is involved in
hematopoiesis, immune response and organ develop-
ment, but also in vascular remodeling or neovascular-
ization, thereby regulating the occurrence of various
diseases [32]. It has been reported that SDF-1a/CXCR4
and VEGF expression is significantly reduced in the pla-
cental bed of PE patients in the third trimester, which
may be related to the pathogenesis of PE [33]. Studies
have shown that overexpression of SDF1 and CXCR4 pro-
motes cell migration and invasion of HTR-8/SVneo [34].
Coincidentally, the trophoblast-derived chemokine SDF1
promoted the invasion of human decidual stromal cells in
early pregnancy by interacting with CXCR4 [35]. SDF1/
CXCR4 signaling enhances crosstalk at the maternal-fetal
interface by regulating invasion and placental angiogenic
processes, affecting multiple pregnancy-related diseases
including PE [36]. Furthermore, the SDF1/CXCR4 axis is
involved in the regulation of vascular homeostasis. In the
mode of interaction between endothelial progenitor cells
and smooth muscle cells, SDF1/CXCR4 is involved in the
proliferation and migration of mature endothelial cells,
and affects focal smooth muscle cell accumulation and
phenotypic transition [37]. Activation of SDF1/CXCR4
signaling promotes angiogenesis [38]. It is well known
that insufficient trophoblast invasion and impaired endo-
thelial function are hallmarks of PE. Therefore, targeting
the SDF1/CXCR4 pathway to modulate trophoblast phe-
notype and endothelial cell function will help alleviate
the progression of PE. In this study, we confirmed that
the expression of SDF1 and CXCR4 was decreased in PE
patient serum. Overexpression of BMP9 up-regulated
the levels of SDF1 and CXCR4 in HTR-8/SVneo cells.
Further mechanisms revealed that BMP9 promoted the
migration and invasion of HTR-8/SVneo cells and inhib-
ited apoptosis by activating the SDF1/CXCR4 pathway.

In conclusion, this study shows that BMP9 is down-
regulated in PE patient serum. Overexpression of BMP9
promoted the proliferation and migration of trophoblast
cells, and knockdown of BMP9 inhibited the proliferation
and migration of trophoblast cells. It suggests that BMP9
may be a biomarker molecule for PE and contribute to
the diagnosis and treatment of PE. Mechanistic results
showed that BMP9 up-regulated the levels of SDF1 and
CXCRA4. Overexpression of BMP9 promoted the migra-
tion and invasion of HTR-8/SVneo cells and inhibited
apoptosis by activating the SDF1/CXCR4 pathway. How-
ever, the study of BMP9 in PE is still insufficient. In the
future, we will focus on in vivo animal experiments to
continue to verify the role of BMP9.

Page 8 of 9

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512860-023-00487-0.

Supplementary Material 1: Research Hightlights.

Supplementary Material 2: Figure S1. Inhibiting CXCR4 reverses the effect
of BMP9 on the proliferation, migration, and invasion of HTR-8/SVneo cells.

Supplementary Material 3: Figure S1.

Acknowledgements
Not applicable.

Authors’ contributions

Xue Yang involved in Methodology, Formal analysis and Writing - original draft,
Lingling Ren involved in Conceptualization and Writing - review & editing.
Xiang Chen, Ying Pang and Baoxia Jia involved in Software and Validation. Jing
Sun and Xiaofang Quan involved in Data curation.

Funding
Not applicable.

Data Availability
The datasets supporting the conclusions of this article are included within the
article.

Declarations

Ethics approval and consent to participate

This study was approved by the ethics committee of Weapon Industry 521
Hospital. For research in humans, each participant gave written informed
consent and the research was conducted in accordance with the principles of
the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 14 February 2023 / Accepted: 28 July 2023
Published online: 07 August 2023

References

1. MacDonald TM, Walker SP, Hannan NJ, Tong S. Kaitu'u-Lino TuJ. Clinical tools
and biomarkers to predict preeclampsia. EBioMedicine. 2022;75:103780-.
https://doi.org/10.1016/j.ebiom.2021.103780.

2. HongK, Kim SH, Cha DH, Park HJ. Defective Uteroplacental Vascular
Remodeling in Preeclampsia: key molecular factors leading to Long Term
Cardiovascular Disease. Int J Mol Sci. 2021;22:11202. https://doi.org/10.3390/
ijms222011202.

3. Maayeh M, Costantine MM. Prevention of preeclampsia. Semin Fetal Neona-
tal Med. 2020;25:101123-. https://doi.org/10.1016/j.siny.2020.101123.

4. Lisowska M, Pietrucha T, Sakowicz A. Preeclampsia and Related Cardiovas-
cular Risk: common genetic background. Curr Hypertens Rep. 2018,20:71-.
https://doi.org/10.1007/511906-018-0869-8.

5. Mostafa S, Pakvasa M, Coalson E, Zhu A, Alverdy A, Castillo H, et al. The
wonders of BMP9: from mesenchymal stem cell differentiation, angiogenesis,
neurogenesis, tumorigenesis, and metabolism to regenerative medicine.
Genes Dis. 2019,6:201-23. https://doi.org/10.1016/j.gendis.2019.07.003.

6. Wood JH, Guo J, Morrell NW, Li W. Advances in the molecular regulation of
endothelial BMP9 signalling complexes and implications for cardiovascu-
lar disease. Biochem Soc Trans. 2019;47:779-91. https://doi.org/10.1042/
BST20180137.


https://doi.org/10.1186/s12860-023-00487-0
https://doi.org/10.1186/s12860-023-00487-0
https://doi.org/10.1016/j.ebiom.2021.103780
https://doi.org/10.3390/ijms222011202
https://doi.org/10.3390/ijms222011202
https://doi.org/10.1016/j.siny.2020.101123
https://doi.org/10.1007/s11906-018-0869-8
https://doi.org/10.1016/j.gendis.2019.07.003
https://doi.org/10.1042/BST20180137
https://doi.org/10.1042/BST20180137

Yang et al. BMIC Molecular and Cell Biology

20.

22.

23.

(2023) 24:24

Liu R, HuW, Li X, Pu D, Yang G, Liu H, et al. Association of circulating BMP9
with coronary heart disease and hypertension in chinese populations. BMC
Cardiovasc Disord. 2019;19:131-. https://doi.org/10.1186/512872-019-1095-2.
Huang H, Wang W, Yang G, Zhang Y, Li X, Liu H, et al. Circulating bone
morphogenetic protein-9 levels are associated with hypertension and insulin
resistance in humans. J Am Soc Hypertens. 2018;12:372-80. https://doi.
0rg/10.1016/}jash.2018.02.007.

Long L, Ormiston ML, Yang X, Southwood M, Gréf S, Machado RD, et al. Selec-
tive enhancement of endothelial BMPR-Il with BMP9 reverses pulmonary
arterial hypertension. Nat Med. 2015;21:777-85. https://doi.org/10.1038/
nm.3877.

Jiang Q Liu G, Liu S, LuW, Li Y, Luo X, et al. Dysregulation of BMP9/BMPR2/
SMAD signalling pathway contributes to pulmonary fibrosis and pulmonary
hypertension induced by bleomycin in rats. Br J Pharmacol. 2021;178:203-16.
https://doi.org/10.1111/bph.15285.

Bobadilla M, Sainz N, Abizanda G, Orbe J, Rodriguez JA, Paramo JA, et al. The
CXCR4/SDF1 axis improves muscle regeneration through MIMP-10 activity.
Stem Cells Dev. 2014;23:1417-27. https://doi.org/10.1089/5cd.2013.0491.
Wang J, Knaut H. Chemokine signaling in development and disease. Devel-
opment. 2014;141:4199-205. https://doi.org/10.1242/dev.101071.

Zhang H, Wang P, Zhang X, Zhao W, Ren H, Hu Z. SDF1/CXCR4 axis facilitates
the angiogenesis via activating the PI3K/AKT pathway in degenerated discs.
Mol Med Rep. 2020,22:4163-72. https://doi.org/10.3892/mmr.2020.11498.
Wang L, Li X, Zhao Y, Fang C, Lian Y, Gou W, et al. Insights into the mechanism
of CXCL12-mediated signaling in trophoblast functions and placental angio-
genesis. Acta Biochim Biophys Sin. 2015;47:663-72. https://doi.org/10.1093/
abbs/gmv064.

Shemies RS, Gaber TZ, Baiomy A, Aladle DA, Mosbah A, Abdel-hady E-S,

et al. Angiogenic markers predict kidney injury and obstetric complica-
tions in women with preeclampsia and pregnancy-related acute kidney
injury. Therapeutic Apheresis and Dialysis. 2022,26:306-15. https://doi.
org/10.1111/1744-9987.13633.

Lu J, Zhou W-H, Ren L, Zhang Y-Z. CXCR4, CXCR7, and CXCL12 are associated
with trophoblastic cells apoptosis and linked to pathophysiology of severe
preeclampsia. Exp Mol Pathol. 2016;100:184-91. https://doi.org/10.1016/j.
yexmp.2015.12.013.

Zheng J, Qu D, Wang C, Ding L, Zhou W. Involvement of CXCL12/CXCR4 in
the motility of human first-trimester endometrial epithelial cells through

an autocrine mechanism by activating PI3K/AKT signaling. BMC Pregnancy
Childbirth. 2020;20:87-. https://doi.org/10.1186/512884-020-2788-3.

Du MR, Zhou WH, Piao HL, Li MQ, Tang CL, Li DJ. Cyclosporin A promotes
crosstalk between human cytotrophoblast and decidual stromal cell through
up-regulating CXCL12/CXCR4 interaction. Hum Reprod. 2012;27:1955-65.
https://doi.org/10.1093/humrep/des111.

Abbas Y, Turco MY, Burton GJ, Moffett A. Investigation of human tropho-
blast invasion in vitro. Hum Reprod Update. 2020,26:501-13. https://doi.
0rg/10.1093/humupd/dmaa017.

Pollheimer J, Vondra S, Baltayeva J, Beristain AG, Knofler M. Regulation of
placental extravillous trophoblasts by the maternal uterine environment.
Front Immunol. 2018;9:2597-. https://doi.org/10.3389/fimmu.2018.02597.
Ma X-P, Liu C-D, Cao G-M, Zhang Z-Y. Transthyretin increases migration and
invasion of rat placental trophoblast cells. FEBS Open Bio. 2020;10:1568-76.
https://doi.org/10.1002/2211-5463.12911.

Barrientos G, Pussetto M, Rose M, Staff AC, Blois SM, Toblli JE. Defective
trophoblast invasion underlies fetal growth restriction and preeclampsia-like
symptoms in the stroke-prone spontaneously hypertensive rat. Mol Hum
Reprod. 2017;23:509-19. https://doi.org/10.1093/molehr/gax024.

Longtine MS, Chen B, Odibo AO, Zhong Y, Nelson DM. Villous trophoblast
apoptosis is elevated and restricted to cytotrophoblasts in pregnancies
complicated by preeclampsia, IUGR, or preeclampsia with [UGR. Placenta.
2012;33:352-9. https://doi.org/10.1016/j.placenta.2012.01.017.

24.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

38.

Page 9 of 9

Richter A, Alexdottir MS, Magnus SH, Richter TR, Morikawa M, Zwijsen A, et al.
EGFL7 mediates BMP9-Induced sprouting angiogenesis of endothelial cells
derived from human embryonic stem cells. Stem Cell Reports. 2019;12:1250-
9. https://doi.org/10.1016/j.stemcr.2019.04.022.

Gou L, Liu M, Xia J,Wan Q, Jiang Y, Sun S, et al. BMP9 promotes the Prolifera-
tion and Migration of bladder Cancer cells through Up-Regulating IncRNA
UCAT1. Int J Mol Sci. 2018;19:1116. https://doi.org/10.3390/jjms19041116.

Li Q Gu X, Weng H, Ghafoory S, Liu Y, Feng T, et al. Bone morphogenetic
protein-9 induces epithelial to mesenchymal transition in hepatocellular
carcinoma cells. Cancer Sci. 2013;104:398-408. https://doi.org/10.1111/
cas.12093.

Nikolov A, Popovski N. Role of Gelatinases MMP-2 and MMP-9 in healthy

and complicated pregnancy and their future potential as preeclampsia
biomarkers. Diagnostics (Basel). 2021;11:480. https://doi.org/10.3390/
diagnostics11030480.

Lin C, He H, Cui N, Ren Z, Zhu M, Khalil RA. Decreased uterine vascularization
and uterine arterial expansive remodeling with reduced matrix metallopro-
teinase-2 and - 9 in hypertensive pregnancy. Am J Physiol Heart Circ Physiol.
2020;318H165. https://doi.org/10.1152/ajpheart.00602.2019.

Timokhina E, Zinin V, Ignatko |, Ibragimova S, Belotserkovtseva L, Strizhakov A.
Matrix metalloproteinases MMP-2 and MMP-9 as markers for the prediction
of preeclampsia in the first trimester. Ceska Gynekol. 2021;86:228-35. https.//
doi.org/10.48095/cccg2021228.

Wu L, Zhao K-Q Wang W, Cui L-N, Hu L-L, Jiang X-X, et al. Nuclear receptor
coactivator 6 promotes HTR-8/SVneo cell invasion and migration by activat-
ing NF-kB-mediated MMP9 transcription. Cell Prolif. 2020;53:212876-. https://
doi.org/10.1111/cpr.12876.

Cheng D, Jiang S, Chen J, Li J, Ao L, Zhang Y. The increased INcRNA MIRS03HG
in Preeclampsia Modulated Trophoblast Cell Proliferation, Invasion, and
Migration via regulating Matrix Metalloproteinases and NF-kB signaling. Dis
Markers. 2019;2019:4976845-. https://doi.org/10.1155/2019/4976845.

Zhang H, He B. SDF1/CXCR4 axis plays a role in angiogenesis during the
degeneration of intervertebral discs. Mol Med Rep. 2019,20:1203-11. https://
doi.org/10.3892/mmr.2019.10346.

Kim S-C, Moon SH, Lee D-H, Park MJ, Joo B-S, Lee K-S. Differential expressions
of stromal cell-derived factor-1a and vascular endothelial growth factor in
the placental bed of pregnancies complicated by preeclampsia. Hypertens
Pregnancy. 2014;33:31-40. https://doi.org/10.3109/10641955.2013.828068.
Long Y, Jiang Y, Zeng J, Dang Y, Chen Y, Lin J, et al. The expression and biologi-
cal function of chemokine CXCL12 and receptor CXCR4/CXCR7 in placenta
accreta spectrum disorders. J Cell Mol Med. 2020;24:3167-82. https://doi.
0org/10.1111/jcmm.14990.

Ren L, Liu Y-Q Zhou W-H, Zhang Y-Z. Trophoblast-derived chemokine CXCL12
promotes CXCR4 expression and invasion of human first-trimester decidual
stromal cells. Hum Reprod. 2012,27:366-74. https://doi.org/10.1093/humrep/
der395.

Ao D, Li D-J, Li M-Q. CXCL12 in normal and pathological pregnancies: a
review. Am J Reprod Immunol. 2020;84:e13280. https://doi.org/10.1111/
aji.13280.

Mause SF, Ritzel E, Deck A, Vogt F, Liehn EA. Engagement of the CXCL12-
CXCR4 Axis in the Interaction of endothelial progenitor cell and smooth
muscle cell to promote phenotype control and guard vascular homeostasis.
Int J Mol Sci. 2022;23:867. https://doi.org/10.3390/ijms23020867.

Ziegler ME, Hatch MMS, Wu N, Muawad SA, Hughes CCW. mTORC2 mediates
CXCL12-induced angiogenesis. Angiogenesis. 2016;19:359-71. https://doi.
0rg/10.1007/510456-016-9509-6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1186/s12872-019-1095-2
https://doi.org/10.1016/j.jash.2018.02.007
https://doi.org/10.1016/j.jash.2018.02.007
https://doi.org/10.1038/nm.3877
https://doi.org/10.1038/nm.3877
https://doi.org/10.1111/bph.15285
https://doi.org/10.1089/scd.2013.0491
https://doi.org/10.1242/dev.101071
https://doi.org/10.3892/mmr.2020.11498
https://doi.org/10.1093/abbs/gmv064
https://doi.org/10.1093/abbs/gmv064
https://doi.org/10.1111/1744-9987.13633
https://doi.org/10.1111/1744-9987.13633
https://doi.org/10.1016/j.yexmp.2015.12.013
https://doi.org/10.1016/j.yexmp.2015.12.013
https://doi.org/10.1186/s12884-020-2788-3
https://doi.org/10.1093/humrep/des111
https://doi.org/10.1093/humupd/dmaa017
https://doi.org/10.1093/humupd/dmaa017
https://doi.org/10.3389/fimmu.2018.02597
https://doi.org/10.1002/2211-5463.12911
https://doi.org/10.1093/molehr/gax024
https://doi.org/10.1016/j.placenta.2012.01.017
https://doi.org/10.1016/j.stemcr.2019.04.022
https://doi.org/10.3390/ijms19041116
https://doi.org/10.1111/cas.12093
https://doi.org/10.1111/cas.12093
https://doi.org/10.3390/diagnostics11030480
https://doi.org/10.3390/diagnostics11030480
https://doi.org/10.1152/ajpheart.00602.2019
https://doi.org/10.48095/cccg2021228
https://doi.org/10.48095/cccg2021228
https://doi.org/10.1111/cpr.12876
https://doi.org/10.1111/cpr.12876
https://doi.org/10.1155/2019/4976845
https://doi.org/10.3892/mmr.2019.10346
https://doi.org/10.3892/mmr.2019.10346
https://doi.org/10.3109/10641955.2013.828068
https://doi.org/10.1111/jcmm.14990
https://doi.org/10.1111/jcmm.14990
https://doi.org/10.1093/humrep/der395
https://doi.org/10.1093/humrep/der395
https://doi.org/10.1111/aji.13280
https://doi.org/10.1111/aji.13280
https://doi.org/10.3390/ijms23020867
https://doi.org/10.1007/s10456-016-9509-6
https://doi.org/10.1007/s10456-016-9509-6

	﻿BMP9 maintains the phenotype of HTR-8/Svneo trophoblast cells by activating the SDF1/CXCR4 pathway
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Cell culture
	﻿Cell transfection
	﻿Collection of tissues
	﻿Enzyme-linked immunosorbent assay (ELISA)
	﻿CCK-8 assay
	﻿Wound healing test
	﻿Transwell invasion assay
	﻿Apoptosis
	﻿qRT-PCR
	﻿Western blot
	﻿Statistical analysis

	﻿Results
	﻿BMP9 promoted HTR-8/SVneo cell proliferation, migration and invasion
	﻿BMP9 inhibited apoptosis of HTR-8/SVneo cells
	﻿BMP9 positively regulated the expression of SDF1 and CXCR4
	﻿BMP9 promoted HTR-8/SVneo cell proliferation, migration and invasion by activating the SDF1/CXCR4 pathway
	﻿BMP9 inhibited apoptosis of HTR-8/SVneo cells by activating the SDF1/CXCR4 pathway

	﻿Discusssion
	﻿References


