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Abstract

Environmental pollutants, such as bisphenol A (BPA) have recently been implicated in the development of
adverse birth outcomes. However, the underlying teratogenic mechanisms remain unclear. We investigated the
effects of BPA on the migration and invasion of human primary extravillous trophoblast HTR-8/SVneo cells. Our
results indicated that BPA reduced cell migration and invasion. Moreover, it altered the ratio of matrix
metalloproteinases (MMPs) and tissue inhibitors of MMPs (TIMPs) by downregulating MMP-2 and MMP-9, and
upregulating TIMP-1 and TIMP-2. Furthermore, BPA suppressed integrin B1, integrin a5, and vimentin.
Interestingly, BPA-induced invasion was partially restored by G15, a membrane G-protein-coupled estrogen
receptor 30 antagonist. We further revealed that 42 proteins were differentially expressed by mass spectrometry
analysis, which could be divided into three categories based on gene ontology including biological process,
cellular component, and molecular function. These results suggest that BPA reduces HTR-8/SVneo cell migration
and invasion by downregulating MMP-2 and MMP-9, up-regulating TIMP-1 and TIMP-2, and suppressing
adhesion molecules.
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Introduction

Bisphenol A (BPA) is an environmental pollutant

and an endocrine system modulator commonly used in
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the synthesis of polycarbonate plastics. It competitively
binds to estrogen receptors (ERs) and G protein-
coupled estrogen receptor 30 (GPR30) to induce
estrogen-like effects!!]. Studies on BPA in body fluids,
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such as urinel?, serumfB], and amniotic fluid#l, have
reported that it is harmful to multiple systems, including
the neuroendocrine system!s}, liver!®), and cardiovascular
systeml7]. Furthermore, BPA reportedly exerts cytotoxic
effects on human placental cells!®!, impairs embryonic
implantation, increases the risk of spontaneous
abortion in both humans and animals®-19, and inhibits
migration and invasion of HTR8/SVneo cells!!!l.
However, the mechanisms underlying BPA-induced
toxicity during embryo implantation remain unclear.

Embryo implantation, wherein blastocysts adhere to
the endometrium, occurs during the early stages of
pregnancy and involves various changes in the
endocrine and immune systems. The invasive and
secretory properties of trophoblasts allow the
blastocyst to anchor onto the endometrial surface and
invade the uterine wall, allowing the embryo to be
embedded in the decidua and generate the placenta,
the fetal side of the maternal —fetal interface. Failed
embryonic invasion can lead to an unsuccessful
pregnancy or other complications, including placental
hyperplasia, repeated miscarriage, pre-eclampsia, and
preterm birth(!2,

In a process similar to the epithelial-mesenchymal
transition, first trimester placental cytotrophoblasts
with epithelial characteristics differentiate into
mesenchyme-like extravillous trophoblasts with
invasive and migratory phenotypes that help them
form the maternal-fetal interfacel!3l. As they penetrate
the uterine wall, these differentiated trophoblasts
differentially express numerous genes, including
matrix metalloproteinases (MMPs), tissue inhibitors
of matrix metalloproteinases (TIMPs), and integrins,
all of which are important regulators of trophoblast
invasiveness!'4151. Both the MMP and TIMP families
include extracellular matrix-degrading proteinases. In
particular, MMP-2 and MMP-9 degrade the
extracellular matrix enabling trophoblasts to invade
the uterine wall, while TIMP-1 and TIMP-2 inhibit
MMP-9 and MMP-2, respectively, and therefore
inhibit MMP activity to prevent excessive invasion!!6],
Successful embryo implantation depends on the
balance between MMP and TIMP activities, while
disturbances caused by abnormal trophoblast invasion
can result in abortion or other complications!!7].
Integrins are a group of transmembrane glycoproteins
that form heterodimeric receptors comprised of a- and
B-subunits that are upregulated on the trophoblast
surface where they facilitate trophoblast invasionl's.
Indeed, the inactivation of integrins a5 and B3 reduces
the number of embryo implantation sites in micel!?l.
However, the effects of BPA on trophoblast invasion
and subsequent embryo implantation remain unclear.

This study aims to investigate the mechanism
underlying the effect of BPA on embryo implantation.

Our results suggest a potential mechanism by which
BPA plays a role in the regulation of cell migration
and invasion in human primary extravillous
trophoblast HTR-8/SVneo cells.

Materials and methods

Reagents

BPA and ICI 182780 were purchased from Tokyo
Chemical Industry (USA). G15 was purchased from
Sigma-Aldrich (USA). Geneticin (G418) was
purchased from InvivoGen (USA). Antibodies against
integrin B1, integrin a5, MMP-2, MMP-9, TIMP-1,
TIMP-2, CD97, N-cadherin, E-cadherin, vimentin,
occludin, and B-actin were purchased from Abcam
Biotechnology (USA). The cell counting kit-8 (CCK-
8) was purchased from Dojindo Laboratories (Japan).
The pcDNA3.1(+)-integrin 1 overexpression vector
was cloned by Keygen Biotech (China).

Cell culture and drug administration

The human primary extravillous trophoblast cell
line, HTR-8/SVneo, was generous gift from Fuheng
Biology Company (China). HTR-8/SVneo cells were
cultured in Roswell Park Memorial Institute (RPMI)-
1640 medium supplemented with 10% fetal bovine
serum (FBS; Life Technologies, USA) at 37 °C in a
5% CO, incubator. After 10 hours of incubation, the
medium was replaced with fresh medium containing
0.4% FBS. After overnight culture, cells were treated
with 109, 10-8, 107, or 10-6 mol/L of BPA dissolved
in dimethyl sulfoxide (DMSO) for 48 hours.

RNA isolation and the quantitative reverse
transcription PCR analysis

Total RNA was extracted from HTR-8/SVneo cells
using TRIzol reagent (Thermo Fisher Scientific, USA)
following the manufacturer's instructions. 1 mg of
total RNA was reverse transcribed into cDNA using
First Strand cDNA Synthesis SuperMix (Yeasen
Biotech, China). SYBR green-based qRT-PCR was
performed using StepOnePlus (Thermo Fisher
Scientific) following the manufacturer's protocol.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as internal control. Quantitative reverse
transcription PCR (qRT-PCR) assays were conducted
in triplicate for each sample and data analyzed using
the comparative Ct method. Gene-specific qRT-PCR
primers were listed in Supplementary Table 1
(available online).

Transwell assay

To determine the effects of BPA on cell invasion,
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HTR-8/SVneo cells were treated with or without
various concentrations of BPA (109, 108, 107, and
10-6¢ mol/L) for 48 hours before seeding in a transwell
chamber (8 um pore size) pre-coated with 50 pL of
Matrigel (diluted 1:8 in serum-free RPMI-1640), and
incubated at 37 °C for 4 hours to facilitate gelling.
Pretreated cells were seeded in the upper chamber at
3x104 cells/well in 200 pL. of RPMI-1640 containing
1% FBS. The lower chamber was filled with 800 pL
of RPMI-1640 containing 10% FBS as the
chemoattractant. After incubation for 24 hours, cells
in the upper chamber were scraped off, and invading
cells attached to the bottom of the transwell chamber
were fixed with methanol for 20 minutes, stained with
0.1% crystal violet for 20 minutes, and washed three
times in pure water. Cells in the bottom chamber were
counted using an Olympus IX 71 inverted microscope
(Olympus Corporation, Japan). Cell invasiveness was
determined by enumerating stained cells in five
random fields per well and was assessed using
duplicate cultures in three independent experiments.

Wound healing assay

HTR-8/SVneo cells were seeded in 6-well plates
and incubated to 80% confluence. The cell monolayer
was scraped using a sterile pipette tip to create a
wound, washed with phosphate-buffered saline (PBS)
thrice to eliminate debris, and incubated with different
concentrations of BPA for 48 hours. The control
group was incubated with DMSO. Images of cells
from each wound were acquired 0 and 48 hours after
BPA treatment.

CCK-8 assay

Cell viability was determined using the CCK-8
assay following the manufacturer's instructions.
Briefly, HTR-8/SVneo cells were seeded in a 96-well
plate, treated with BPA (10-10-¢ mol/L) for 48
hours, and incubated with 10 uL of CCK-8 reagent per
well for an additional 2 hours at 37 °C. Absorbance
was determined at 450 nm using a microplate reader
(Bio-Tek, USA).

Transfection with pcDNA3.1(+)-integrin f1 and
G418 selection

HTR-8/SVneo cells cultured up to 80% confluence
in 60-mm culture dishes containing RPMI-1640 with
10% FBS were incubated for 16-18 hours, washed
twice with PBS, and then incubated in Opti-MEM
reduced serum medium (Life Technologies) at 37°C in
a 5% CO, incubator. The pcDNA3.1(+)-integrin 1
plasmid (I pg) was mixed with 3 pL of PolyJet
(SL100688; SignaGen, USA), added dropwise to the
medium in the culture dishes, and then incubated for 6

hours. After transfection, fresh culture medium with
10% FBS was added and the cells were cultured for an
additional 36 hours. Cells were selected at day 2 post-
transfection using 600 pg/mL of G418 to obtain a pure
population of transfected cells.

Mass spectrometry analysis

HTR-8/SVneo cells with or without BPA
pretreatment were harvested, washed three times with
cold PBS, and analyzed by mass spectrometry (MS) as
described previously?0l. Peptides were subjected to
reverse-phase separation using buffer A (2%
acetonitrile, 0.5% acetic acid) and buffer B (80%
acetonitrile, 0.5% acetic acid) with the following
gradient: 4-9% buffer B for 3 minutes, 9-33% buffer
B for 170 minutes, 33—50% buffer B for 10 minutes,
50-100% buffer B for 1 minute, 100% buffer B for 8
minutes, and 100—4% buffer B for 1 minute. Samples
were analyzed using a TripleTOF 5600+ mass
spectrometer (AB Sciex, USA), configured to collect
high resolution (R= 60 000 at m/z 400) broadband
mass spectra (m/z 375—1 800) of the eluted peptides.
Samples were electrosprayed into the spectrometer at
1.8 kV wusing the lock mass feature for the
polydimethylcyclosiloxane ions generated (m/z
445.120 02). The most abundant peptides in the MS
spectra were subjected to tandem MS with 35%
relative collision-induced dissociation energy. Higher
energy collision-induced dissociation-MS3
fragmentation was used to maximize efficiency.

Western blotting analysis

HTR-8/SVneo cells were lysed in 60 pL of
radioimmunoprecipitation  assay  lysis  buffer
supplemented with 1 mmol/L of phenylmethylsulfonyl
fluoride and 1 mmol/L of protein phosphatase
inhibitors. Cell extracts were incubated for 30 minutes
on ice and centrifuged at 13 800 g for 15 minutes at
4 °C. The supernatant was diluted in 5% sodium
dodecyl sulfate polyacrylamide gel electrophoresis
loading buffer, boiled at 100 °C for 5 minutes, and
loaded into each well of a 10% polyacrylamide-
sodium dodecyl sulfate gel. The separated proteins
were transferred to  polyvinylidene  fluoride
membranes (Millipore Sigma, USA) and probed with
primary, then horseradish peroxidase-conjugated
secondary antibodies. Signals were detected using an
enhanced chemiluminescence reaction kit (Perkin
Elmer, USA). Band intensities were quantified using
Image J software (National Institutes of Health, USA).

Statistical analysis

Statistical analyses were performed using Prism 5
software (GraphPad Software, USA). All data were
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analyzed using unpaired two-tailed Student's z-tests or
a one-way analysis of variance followed by
Bonferroni's post-hoc multiple comparison test, as
required. P-values <0.05 were considered statistically
significant.

Results

Effects of BPA on spontaneous HTR-8/SVneo cell
invasion and migration

To investigate the effect of BPA on the

BPA (mol/L)

invasiveness and migration of HTR-8/SVneo cells, we
performed transwell and scratch assays. BPA
(108-10"¢  mol/L) reduced the
spontaneous invasion and migration (P<0.05) of HTR-
8/SVneo cells compared to DMSO (Fig. 14-C). The
CCK-8 assay revealed that BPA (10-9—10-¢ mol/L) did
not significantly reduce cell viability (Fig. 1D).

significantly

Effects of BPA on MMP and TIMP protein levels
in HTR-8/SVneo cells

BPA (10¢ mol/L) significantly reduced MMP-2
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Fig. 1 Effects of bisphenol A (BPA) on HTR-8/SVneo trophoblast invasiveness and migration. A: HTR-8/SVneo cell invasiveness was
evaluated using transwell assays. BPA-treated cells seeded into the upper chamber that invaded through to the bottom face of the transwell
insert were quantified. The left panel shows representative images and the right panel denotes the quantitative findings. Scale bar: 100 um.
B: The migration of HTR-8/SVneo cells treated with various concentrations of BPA was analyzed via wound healing assays. Scale bar: 500
um. C: The rate of wound closure was quantified following BPA treatment. D: The viability of HTR-8/SVneo cells treated with various
concentrations of BPA was assessed using CCK-8 assays. Data represent means+SEM of at least three independent experiments. *P<0.05,

*P<0.01, ***P<0.001, and ***P<0.0001.
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(P<0.05) and MMP-9 (P<0.01) protein levels
(Fig. 24— C), but elevated TIMP-1 (P<0.01) and
TIMP-2 (P<0.05) protein levels at concentrations of
107-10" mol/L (Fig. 24, D, and E), suggesting that
BPA treatment may disrupt the balance between
MMPs and TIMPs.

Effects of BPA on the expression of adhesion
molecules in HTR-8/SVneo cells

Our results showed that BPA (107 mol/L)
downregulated integrin a5/p1 and vimentin protein
levels, but upregulated CD97. N-Cadherin, E-
cadherin, and occludin protein levels remained
unchanged upon BPA treatment (Fig. 34). Upon
treatment of HTR-8/SVneo cells with BPA (107
mol/L) or an equivalent volume of DMSO for 48
hours, mRNA expression levels were consistent with
those of the proteins (Fig. 3B and C). The decrease in
the integrin f1 mRNA level due to BPA treatment was
highly statistically significant compared to that in the
control group (P<0.01). Furthermore, overexpression
of integrin Bl in HTR-8/SVneo cells reversed the
reduction in invasiveness induced by BPA treatment
(Fig. 3D). These results indicate that BPA reduces the
migratory capabilities of HTR-8/SVneo cells by

affecting integrin B1 expression.

ERs and GPR30 are involved in the inhibitory
effects of BPA

We then aimed to determine whether ERs or
GPR30 were involved in the inhibitory effects of BPA
on HTR-8/SVneo cell migration, we pretreated cells
with the nuclear ER antagonist, ICI-182780, or
membrane ER GPR30 antagonist, G15. Remarkably,
G15 exposure partially restored HTR-8/SVneo
trophoblast migration (Fig. 44 and B), suggesting that
BPA exerts its effects via GPR30 receptors (Fig. 4C).

Proteomic and bioinformatic analyses

In the present study, we identified 4258 proteins, of
which 42 were differentially expressed with a fold
change >1.5 (P<0.05). Gene ontology enrichment
analysis was performed to functionally categorize
these proteins according to cellular components,
molecular functions, and biological processes using
the UniProt database (Fig. 54). The heatmap of the 42
differentially expressed proteins is shown in Fig. 5B.
According to previous reports, CD97, ankyrin repeat
domain 13A (ANKRDI13A), human beta-type platelet-
derived growth factor receptor (PDGFRB), ADP-
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Fig. 2 Effects of bisphenol A on matrix metalloproteinase (MMP)-2/9 and tissue inhibitors of MMPs (TIMP)-1/2 protein levels. A:
Western blotting was used to detect MMP-2, MMP-9, TIMP-1, and TIMP-2 protein levels in HTR-8/SVneo cells treated with BPA
(109—10-¢ mol/L) or an equivalent volume of dimethyl sulfoxide (control group) for 48 hours. f-Actin was used as the loading control. B-E:
Relative abundances of MMP-2, MMP-9, TIMP-1, and TIMP-2 proteins were analyzed using Image J software. Data represent means=SEM

of at least three independent experiments. *P<0.05,

*P<0.01, **P<0.001, and ***P<0.0001.
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Fig. 3 Effects of bisphenol A (BPA) on adhesion molecule expression. HTR-8/SVneo cells were treated with BPA (10-°-10-6¢ mol/L) or
an equivalent volume of dimethyl sulfoxide (DMSO) (control group) for 48 hours. A: Western blotting was used to detect integrin a5,
integrin B1, CD97, vimentin, N-cadherin, E-cadherin, and occludin protein levels. B-Actin was used as the loading control. B and C:
Quantitative reverse transcription PCR was used to measure integrin a5, integrin f1, CD97, vimentin, N-cadherin, E-cadherin, and occludin
mRNA levels in control group and BPA (107 mol/L) group (n=3 per group). D: Invasiveness of HTR-8/SVneo cells pre-transfected with in-
tegrin $1 and then treated with BPA (107 mol/L) (middle panel), or BPA (107 mol/L) alone (right panel) for 48 hours was determined using
transwell assays. The control group (left panel) was treated with DMSO. Scale bar: 50 um. Data represent means+tSEM of at least three inde-
pendent experiments. *P<0.05, **P<0.01, ***P<0.001, and ***P<0.0001.

ribosylation factor guanine nucleotide-exchange factor (KIF16B) are all related to cell migration and
2 (ARFGEF2), and kinesin family member 16B invasivenessi2'-25l,  BPA  treatment altered the
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three independent experiments. EGFR: epidermal growth factor receptor; ANKRD13A: ankyrin repeatdomain 13A. *P<0.05, **P<0.01,

**P<0.001, and ***P<0.0001.

expression of proteins involved in several canonical
signaling pathways that regulate cell migration, the
top of which were: sulfate activation for sulfonation,
s-methyl-5-thio-a-D-ribose 1-phosphate degradation,
PAK signaling, glioma signaling, assembly of the
RNA polymerase complex, fatty acid activation,
vitamin C transport, signaling at the adherens
junction, y-linolenate biosynthesis (animals), and the
mitochondrial L-carnitine shuttle pathway (Fig. 5C).

Discussion

BPA has been implicated recently in birth defects.
However, its precise mechanisms of action have
remained unclear. BPA was also reported to suppress
CXCLS expression to regulate trophoblast invasion in
decidual stromal cellsi26l. Moreover, BPA induced the
differentiation of HTR-8/SVneo cells toward
polyploidy  through  endoreduplication!'!],  and
interfered with testis maturation by causing germ cell

apoptosis and disrupting spermatogenesis!?’). The
present study showed that BPA at 108-10-°¢ mol/L
inhibited the invasiveness and migration of HTR-
8/SVneo cells without affecting cell viability. BPA
attenuated trophoblast function by altering the
MMP:TIMP ratio and suppressing the expression of
adhesion molecules, thereby directly and indirectly
affecting trophoblast migration.

Adhesion proteins, chemokine receptors, MMPs,
and TIMPs are essential for trophoblast migration and
invasion(28-30], Herein, our MS analysis revealed that
BPA (10°-10¢ mol/L) downregulated adhesion
molecules including integrin a5 and CD97, while
affecting ANKRD13A, PDGFRB, ARFGEF2, and
KIF16B protein levels. The G-protein-coupled
receptor, CD97, is involved in cell adhesion,
transmembrane signaling, inflammatory responses,
and cell migration(2!l, Although CD97 is not directly
involved in trophoblast invasion, it reportedly
regulates the invasiveness and adhesion of cancer
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cellst3'-32], Indeed, another study reported that CD97
stimulated tumor migration via G-protein-coupled
receptor-mediated  signaling in  hepatocellular
carcinomal33l.  Furthermore, CD97 synergistically
initiated endothelial cell invasion by co-engaging
aSP1 integrin and chondroitin sulfate proteoglycan
(CSPG)44. Concurrently, CSPG4 is important for
trophoblast function in humans; its depletion

significantly affects the invasion of HTR-8/SVneo
cellsBs]. These results indicate that CD97, CSPG4, and
their associated signaling pathways cooperatively
regulate HTR-8/SVneo cell invasiveness.

In the present study, BPA downregulated integrin
a5 and B1 expression levels and influenced sulfate
activation, thereby affecting the activities of these
molecules and suppressing the invasiveness of HTR-
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8/SVneo cells. Notably, Western blotting revealed that
BPA altered MMP-2/9 and TIMP-1/2 protein levels.
However, MMP-2/9 activity remained unchanged
(unpublished data). Therefore, MMP-2/9 downregul-
ation did not decrease the invasiveness of HTR-
8/SVneo cells caused by BPA.

In conclusion, this study shows that BPA inhibits
the invasiveness of trophoblast HTR-8/SVneo cells by
downregulating integrin B1 expression. These results
indicate that BPA inhibits the expression of adhesion
proteins, alters the ratio between MMPs and TIMPs,
and directly or indirectly influences the activity and
expression of growth factor receptors. Our findings
suggest a novel mechanism by which BPA interferes
with trophoblast migration, thereby affecting the
development of the maternal-fetal interface. This may,
in turn, enhance our understanding of how BPA
impairs embryonic development. Further study of the
mechanisms involved may lead to therapeutic
strategies that mitigate the negative effects of BPA
exposure or policy recommendations to regulate
acceptable BPA levels in the environment.
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