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Successful placentation depends on the proper invasion of extravillous trophoblast (EVT) cells into maternal tissues.
Previous reports demonstrated that S1P receptors are expressed in the EVT cells and S1P could regulate migration and
function of trophoblast cells via S1P receptors. However, little is known about roles of S1P in the invasion of EVT cells. Our
study was performed to investigate S1P effect on the invasion of EVT cells. We used the extravillous trophoblast cell line
HTR8/SVneo cells to evaluate the effect. In vitro invasion assay was employed to determine the invasion of HTR8/SVneo cells
induced by S1P. MMP-2 enzyme activity and relative level in the supernatants of HTR8/SVneo was assessed by gelatin
zymography and western blot. Based on the above, siRNA and specific inhibitors were used for the intervention and study
of potential signal pathways, and Real-time qPCR and western blot were used to test the mRNA and protein level of
potential signal targets. We found that STP could promote HTR8/SVneo cell invasion and upregulates activity and level of
MMP-2. The promotion requires activation of MEK-ERK and is dependent on the axis of STP/S1PR1. Our investigation of S1P
may provide new insights into the molecular mechanisms of EVT invasion.
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Introduction

Invasion of maternal tissues at the maternal-fetal interface by
extravillous trophoblast cells (EVT) plays important roles during
the normal placentation and successful maintainment of human
pregnancy [1,2]. EVT cells originate from the cytotrophoblast
(CTB) cells and then invade into decidual and upper third of
myometrium along with remodeling of the associated spiral
arteries [3]. The invasive capability of EVT cells is tightly
regulated throughout pregnancy by various growth and regulatory
factors within the uterine endometrium microenvironment,
primarily the decidual [4]. The regulation was performed in the
tight spatial and temporal pattern and disruption in this regulation
could lead to adverse outcomes [1,5]. Studies have shown that
factors involved in trophoblast invasion regulation are associated
with many gestation complications such as early pregnancy loss
[6,7,8], preeclampsia [9,10] and fetal growth restriction [11].
Although it plays pivotal roles for successful gestation, the
mechanisms underlying the regulation of EVT invasion are not
clear, however, it is reported that the invasive capacities of EVT
cells are regulated by several factors [12,13,14,15].

Sphingosine-1-phosphate (S1P) is a signaling molecule phos-
phorylated from spingosine by sphingosine kinases (SPHKSs) in
most cells [16,17], and it binds to one of five specific G protein-
coupled receptors (SIPR1-5) to activate diverse downstream
signaling pathways such as extracellular signal-regulated kinase
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(ERK), phosphoinositide 3-kinase (PI3K) and phospholipase C
(PLC) [18,19]. Distinct receptor combinations are expressed in
different cells and tissues, thus initiating differential activation of
distinct signaling pathways and regulation of a broad range of
fundamental biological processes including proliferation [20,21],
migration/invasion [22,23] and apoptosis [24,25,26]. S1P has
been reported to play roles in migration and invasion in many
cancer cell lines. For example, SIP induced cell migration and
mvasion in OVCAR3 and MCF10A cell lines via SIPRI1 or
S1PR3 [22,27], but inhibited migration and invasion in B16
melanoma via SIPR2 receptor [28].

Recent reports lead to the speculation that S1P is involved in
reproduction [29] and may regulate invasion of EVT cells.
Yamamoto et al. reported that there was an increased expression
of decidual SPHKI1 that could produce S1P in cells and may cause
an elevation in deicdual S1P levels in human pregnancy [30]. The
results of K. Al-Saghir et al and Goyal el al demonstrated that
there are expressions of SI1P receptors (SIPR1-5) in human EVT
cells [31,32], suggesting that S1P may play roles in the regulation
of EVT cells. Furthermore, it was reported that migration of EV'T
cells is inhibited by S1P via SIPR2 [33].

Based on the above evidences, we hypothesized that SIP might
regulate EVT invasion. In our study, we focused on the effect of
invasion by S1P in human EVT cells. We found that SIP
stimulated invasion and MMP-2 expression of HTR8/SVneo
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cells. Activation of MEK-ERK pathways by SIP is required for
S1P-stimulated invasion, and it is dependent of SIP/S1PR1 axis
activation.

Materials and Methods

Cell Culture and Treatment

The immortalized human EVT cell line, HT'R8/SVneo, was a
kind gift from Dr. CH Graham at Queen’s University, Canada
[34]. Cells were cultured in RPMI1640 medium (Invitrogen,
Carlsbad, CA) containing 10% fetal bovine serum (FBS), 100 U/
ml penicillin and 100 pg/ml streptomycin, and incubated under
5% COy at 37 °C. For gelatin zymography assay, cells were
cultured in serum-free media. All medium, FBS and enzymes were
obtained from Invitrogen unless otherwise noted.

S1P (Sigma-Aldrich, USA) was reconstituted in methanol at
10 pmol/L and stored at —20°C. Cells were trypsinized and then
plated in 48-well plates (50,000 cells/well). 24 hours prior to cell
stimulation, growth medium was replaced with factors-reduced
medium (cell basal medium containing 5% charcoal-stripped
FCS). Cells were stimulated with S1P or different inhibitors in
serum-starved medium (basal medium with 0.5% charcoal-
stripped FCS). Specific siRNAs for MMP-2 and S1PR1 were
purchased from Santa Cruz (Sant Cruz, CA, USA) and transfected
into the cells using Lipofectamine 2000 reagent according to the
manufacturer’s instruction (Invitrogen, Carlsbad, CA).

RNA Extraction and Real-time qPCR

Total RNA was extracted using TRIzol reagent (Invitrogen) and
1 ug of total RNA was reverse-transcribed using reverse
transcriptase enzyme (TaKaRa, Dalian, China). Real-time gPCR
was conducted using the ABI PRISM 7500 sequence detection
system (Applied Biosystems, Carlsbad, CA, USA). The primer
sequences were presented in Table 1. Real-time qPCR Reaction
conditions were as follows: 5 min at 95°C followed by 40 cycles
with 5 s at 95°C and 31 s at 60°C. All reactions were triplicate
repeated, and the relative mRNA expression levels for target genes
were determined using the 2—AACT method with normalization

by GAPDH [35].

Protein Extraction and Western Blotting Analysis
Whole-cell lysates were prepared as described previously [36].
Protein samples were subjected to 10% SDS-PAGE and trans-
ferred to nitrocellulose membrane. The membranes were incu-
bated with 5% defatted milk in PBST for 2 hours, and were then
incubated with primary antibodies (according to the manufacture’s
instruction, typically 1:1000~1:4000 diluted with PBST) overnight
at 4°C. Being washed in PBST, the membranes were subsequently
incubated with horseradish peroxidase-conjugated secondary
antibody (Jackson, PA, USA) for 2 hours. The antibodies used
included mouse anti-human SIPR1 (Santa Cruz, USA), rabbit
anti-human MMP-2, MMP-9, ERK1/2, phosphorylated-ERK1/

Table 1. Primer sequences for Real-time qPCR.
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2 (Abcam, Cambridge, UK), mouse anti-human MEK1/2 and
phosphorylated-MEK1/2 (Cell Signaling Technology, Beverly,
MA, USA), and mouse anti-human GAPDH (Ambion, Austin,
Texas, USA). Signals were detected using an Enhanced Chemi-
luminescence Plus kit (Thermo Scientific, Rockford, USA) and
visualized after exposure to a Kodak film. The films were scanned
and band intensities were analyzed by Image J (NIH, USA).

In Vitro Invasion Assay

In vitro invasion of HTR8/SVneo cells was measured in
Matrigel-coated (Becton Dickinson; Franklin Lakes, NJ) transwell
inserts (Costar, Cambridge, MA) containing polycarbonate filters
with 8-um pores as previously described [37]. The inserts were
precoated with 50 pg Matrigel matrix in accordance with the
manufacturer’s recommendations. Briefly, The cells were pre-
treated with a proliferation inhibitor, mitomycin C (Sigma-Aldrich
Corp.), 10 pg/ml, for 2 hours. 1x10° cells per well were plated
into the upper chamber in 200 ul RPMI 1640 medium without
FBS. 800 ul of medium with 10% FBS was placed into the lower
well of the chamber. After 24 hr, the remaining cells on top of the
transwell were removed with a cotton swab. The filters with
invaded cells attached were washed with PBS, fixed in methanol
for 10 min, and stained with hematoxylin. Finally, the number of
mvaded cells was counted under a light microscope in 15 random-
selected non-overlapping fields from each chamber at a magni-
fication of 200 x. Average cell numbers in each field were used for
statistical analyses. Each experiment was performed in triplicate.
All experiments were conducted in triplicate and the invasion
index was expressed as the percentage of invaded cell number
compared with the corresponding control.

Gelatin Zymography

Enzyme activities of MMP-2 andMMP-9 in the media were
tested using gelatin zymography as previous reported [36]. Briefly,
cell culture media were standardized according to the protein
contents and subjected to 10% SDS-PAGE containing 1 mg/ml
gelatin. After electrophoresis, the gel was washed at room
temperature for 1 h in 2.5% triton X-100 (v:v), 50 mM Tris-
HCI (pH7.5) to remove SDS, and then incubated at 37°C
overnight in a buffer containing 150 mMNaCl, 5 mM CaCl2 and
50 mM Tris-HCI (pH7.6). The gel was subsequently stained with
0.1%(w/v) Coomassie Brilliant Blue R- 250, and destained in
10%(v/v) methanol and 5% (v/v) glacial acetic acid to reveal zones
with gelatinase activity. The results were analyzed using Image J
version 1.47 software (NIH). All zymography experiments were
repeated in triplicate.

Statistical analyses

All statistical analyses were performed by using SPSS 20
statistical software (SPSS). Results were presented as mean =SEM
from at least three separate repeated experiments; each experi-

Forward(5'-3’)

Reverse(5'-3')

MMP-2 CAGGGAATGAGTACTGGGTCTATT
MMP-9 AATCTCTTCTAGAGACTGGGAAGGAG
S1PR1 CGAGAGCACTACGCAGTCAG

GAPDH AACTTTGGCATTGTGGAAGG

ACTCCAGTTAAAGGCAGCATCTAC
AGCTGATTGACTAAAGTAGCTGGA
GAGAGCCTTCACTGGCTTCA
GTCTTCTGGGTGGCAGTGAT

doi:10.1371/journal.pone.0106725.t001
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ment was conducted in three-parallel replicates, unless otherwise
noted. Comparisons were performed with a one-way ANOVA
unless otherwise noted, and differences were considered significant
at <<0.05.

Results

S1P stimulates HTR8/SVneo invasion

To determine the effect of SIP on trophoblast cell behaviors, we
examined cell proliferation and invasion in HTR8/SVneo cells
that were treated with various concentrations of S1P.

Preliminary study found that SIP had no detectable effect on
HTR8/SVneo cell viability as measured by MTT assay (data not
shown). To get rid of the possibility that the increase in the
number of invaded cells under S1P treatment is due to the increase
in cell proliferation, mitomycin C was employed to rule out the
possible influence of cell growth on the result of cell invasion
during transwell insert invasion assay. As shown in Figure 1,
invasion was significantly enhanced by S1P treatment in a dose-
dependent manner. These results revealed that S1P evidently
stimulated cell invasiveness.

Enhanced invasion of S1P is mediated by MMP-2

Trophoblast cell invasion is often mediated by increased
synthesis and activity of MMP-2 and MMP-9; An elevation of
MMP-2 was observed in S1P-treated HI'R8/SVneo cells using a
gelatin zymography (Figure 2A) and western blot (Figure 2B). The
mRNA level of MMP-2 was increased by S1P, as evidenced by
Real-time PCR, indicating that S1P induces MMP-2 transcrip-
tional expression (Figure 2C). However, we found no detectable
effect on MMP-9 expression (Figure 2A, 2B, 2D), suggesting that
S1P selectively increases MMP-2, but not MMP-9, in HTRS8/
SVneo cells.

To further assess the role of MMP-2 in the SIP-induced
invasive changes, we knocked-down MMP-2 expression by siRNA
technique. Decreased expression of MMP2 was confirmed by
gelatin zymography (Figure 2E). Invasion of HTR8/SVneo cells
treated with SIP was significantly inhibited by MMP-2 siRNA
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Figure 1. S1P promotes invasion in HTR8/SVneo Cells. The
transwell insert invasion assay was performed on HTR8/SVneo cells
treated with the indicated concentrations of S1P for 24 hours. Invasion
index was expressed as the percentage of invaded cell number
compared with the corresponding control. N =4 performed in triplicate,
values were presented as mean *SEM with p<0.05 considered as
significant.

doi:10.1371/journal.pone.0106725.g001
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knock-down (Figure 2F), demonstrating the crucial role of MMP-2
in S1P-induced invasion of HI'R8/SVneo cells.

S1P activates MEK1/2 - ERK1/2 signaling pathways that
involves in the invasion of HTR8/SVneo

To identify the potential signaling pathways, we investigated the
signaling molecules involved in S1P-induced invasion. The levels
of the phosphorylated forms of MAPK kinase 1 and 2 (MEK1/2)
were markedly increased 10 minutes after SIP treatment and
decreased after 30 minutes; The level of the phosphorylated forms
of extracellular signal-regulated kinases 1 and 2 (ERK1/2) were
increased 10 minutes after SIP treatment and maintained until 30
minutes, then decreased after 60 minutes (Figure 3A). The data
indicated that SIP induced activation of MEK1/2, ERK1/2 at
different time points in HTR8/SVneo cells.

To address the functional roles of these signaling molecules in
S1P-induced MMP-2 upregulation and induction of invasion,
Real-time PCR and transwell insert invasion assays were
conducted. Treatment with U0126 (an inhibitor of MEK1/2)
effectively inhibited the activation of ERK1/2 (Figure 3B). As
shown in Figure 3C, zymography and Real-time PCR revealed
that U0126 reduced the level of MMP-2. Transwell insert invasion
assay indicated that the S1P-induced invasion of HTR8/SVneo
cells was also significantly inhibited by U0126 (Figure 3D). These
data revealed that ERK1/2 phosphorylation induced by SIP
depends on the upstream phosphorylation of MEK1/2; and
activation of MEK1/2-ERK1/2 signaling pathways play impor-
tant roles in S1P-induced upregulation of MMP-2 and invasion of
HTR8/SVneo cells.

Upregulation of MMP-2 and induction of HTR8/SVneo

invasion by S1P was mediated by S1PR1

We tested the effects of SIP receptor specific inhibitor on
invasion of HTR8/SVneo cells to identify the involved S1P
receptor subtype. The inhibitor of SIPR1 and SI1PR3 receptors
(VPC23019) inhibited the invasion of HI'/R8/SVneo induced by
S1P (Figure 4A). However, the selective SIPR3 receptor antag-
onist (CAY10444) did not inhibit S1P-induced invasion (Fig-
ure 4B). Furthermore, the selective S1PRI1 receptor agonist
(SEW2871) stimulated HT'R8/SVneo invasion and was inhibited
by VPC23019 (Figure 4C). These results suggested that SI1P-
induced invasion of HTR8/SVneo cells was mediated predomi-
nantly via SIPR1 receptor subtype.

To further address the role of SIPR1 in SIP-induced cell
response, siRNA targeting SIPR1 gene transcript was employed.
The siRNA transfection effectively decreased the level of the
S1PR1 mRNA, as confirmed by Real-time PCR (Figure 4D). The
S1P-induced upregulation of MMP-2 was significantly inhibited
by the siRNA targeting SIPR1 (Figure 4E, 4F). The activation of
MEKI1/2, ERKI1/2 was reduced by knockdown of S1PRI
(Figure 4F). These data demonstrate that SIPR1 is essential for
the S1P-induced MMP-2 upregulation and signaling pathways.

Discussion

Regulation of EVT invasion is pivotal for normal placentation
and successful normal gestation. In the present study, we found
that S1P stimulated MMP-2 expression and thus promoted
invasion of trophoblast cells. Further studies revealed that
activation of MEK-ERK signaling pathways is essential for the
induction of invasion by SIP, and it is S1P/SIPRI axis
dependent.

Early studies have evidenced that S1P and its signaling pathway
were regulated throughout the gestation [38]. Reports have
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Figure 2. S1P induces MMP-2 expression. Gelatin zymography (A) and western blot (B) that performed on cells treated with S1P for 48 hours
demonstrated that MMP-2 expression was induced by S1P. Real-time PCR revealed that expression of MMP-2 (C), but not MMP-9 (D), was induced by
S1P treatment for 48 hours in HTR8/SVneo cells. Cells were transfected with control siRNA or siRNA targeting MMP-2. Knockdown expression of MMP-
2 was confirmed by Real-time PCR (E). Invasion index was expressed as the percentage of invaded cell number compared with the corresponding
control (F). N=3 performed in triplicate and values were presented as mean =SEM with p<<0.05 considered as significant.

doi:10.1371/journal.pone.0106725.9002

demonstrated that SI1P regulates behavior and function in
trophoblast cells. Guilbert et al reported the first investigation on
the effects of SIP on trophoblast function that SI1P inhibits
placental trophoblast differentiation through Gj-coupled S1P
receptor interactions and reduced production of intracellular
cAMP [39]. Ambika et al further demonstrated that sphingosine-
S1P pathway is involved in the regulation of trophoblast invasion
[40]. Goyal suggested that S1P regulates cytokine IL-6 secretion
via SIPR2, and further elucidated the underlying mechanism that
IL-6 secretion of trophoblast cells induced by S1P is involving Rho
and Racl signaling pathways [31].

Few evidences have been reported to investigate the effects of
S1P on EVT invasion. Previous studies indicated that SIP inhibits
EVT migration via SIPR2 [33]. Interestingly, our studies

PLOS ONE | www.plosone.org

demonstrated that stimulation of SIP results in increased EVT
invasion. Besides the distinct inner mechanisms between migration
and invasion, the different observations may also be due to
different drugs and cell models employed. FTY720 was utilized as
the S1P signal treatment factor in Zhang et al ‘s studies. FTY720
has been shown to function as an antagonist of S1P receptors,
while the phosphorylated form of the compound is a potent
agonist [41,42]. Al-Saghir published their works in the form of
meeting abstracts, we had no idea of details. However, Al-saghir
reported S1P receptors exression in Swan 71 and SGHPL-4 cell
lines in 2010, which thus may be the cell model they employed to
investigate migration. Also, as we mentioned previously in the
Introduction section, S1P could activates distinct signal pathways
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Figure 3. MEK1/2-ERK1/2 signaling pathway is essential for S1P-induced MMP-2 upregulation and invasion of HTR8/SVneo cells. (A)
Cells were treated with 10 nM S1P for the indicated time. The level of phosphorylated MEK1/2, ERK1/2 were determined by western blot using
phospho-specific antibodies (p-MEK1/2, pERK1/2 respectively). (B), Pretreatment of cells with 10 uM U0126, an inhibitor of MEK1/2, for 60 minutes
resulted in significantly less of ERK1/2 phosphorylation (B), which downregulated level of MMP-2 (C). The invasion of MEK1/2 induced by S1P was also

inhibited(D). N=3 performed in triplicate and values were expressed as mean *=SEM with p<<0.05 considered as significant.

doi:10.1371/journal.pone.0106725.9003

via different receptors patterns to induce distinct biological
responses.

A key process of cell invasion is the breakdown of ECM by
proteases with movement of the invading cell into the cleared
space. EVT cells upregulate the expression of proteins that favor
uterine wall invasion, including MMPs, VE-cadherin, and HLA-
G. The activation of protease activity, especially the gelatinases
MMP-2 and MMP-9 is essential to trophoblast invasion and
movement through the ECM. Previous reports demonstrated that
S1P induced MMP-9 expression in breast cancer cells [27] and
MMP-2 expression in endothelial cells [43]. In the present study,
we detected no significant altered gelatinases activity and
expression of MMP-9. Protein and mRNA levels of MMP-2
produced by HTR8/SVneo cells were increased in response to
S1P treatment. The stimulation of S1P to the gelatinases activity of
MMP-2 observed with zymography is clearly significant.

In order to fully elucidate the mechanisms involved in S1P-
induced EVT invasion, we further investigated the signaling

A

w

pathways of SI1P associated with cellular invasion. Typically,
stimulation of SIP could triggers diverse downstream signal
pathways [19,23]. We focus on the ERK, Akt and PLC pathways
based on previous studies which shown that these pathways is
involved in induced invasion [27,44]. Our data demonstrated that
only phosphorylation of MEK1/2 and ERK1/2 were detected in
the induced invasion of HT'R8/SVneo cells by SIP. Additionally,
pretreatment with U0126, inhibitor of MEK1/2, abrogated the
activation of ERK1/2, and thus reverses the S1P-induced MMP-2
expression and invasion of HTR8/SVneo cells. The results
suggested that activation of MEKI/2 — ERKI1/2 signaling
pathway 1s essential for the induced invasion of S1P in HTR8/
SVneo cells.

S1P receptors subtypes differentially regulate cell migratory and
invasive response upon drug treatment. SIPR1 and S1PR3 are
shown to be involved in migration and invasion of cancer cells
[22,45,46,47], whereas SIPR2 plays inhibitory roles in migration
and invasion of cancer cell lines [28,48] and trophoblast cells [33].
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Figure 4. S1P-induced MMP-2 upregulation and signaling pathways is mediated through S1PR1 receptor. (A) HTR8/SVneo cells were
pretreated for 30 minutes with the STPR1 and S1PR3 receptor antagonist VPC23019 (1 uM) before stimulation with S1P (10 nM). (B) HTR8/SVneo were
pretreated for 30 minutes with the selective STPR3 receptor antagonist CAY10444 (1 uM) before stimulation with S1P. (C) HTR8/SVneo were
pretreated for 30 minutes with VPC23019 (1 uM) before stimulation with the selective S1PR1 receptor agonist SEW2871 (1 uM). (D) Cells were
transfected with control siRNA or siRNAs targeting S1PR1 (50 pmol). Knockdown of S1P1 was confirmed by Real-time PCR. (E) Induction of MMP-2 by
S1P was disrupted in siRNA transfected cells. (F) The levels of activated MEK1/2, ERK1/2 were determined by western blot using phospho-specific
antibodies (p-MEK1/2, p-ERK1/2, respectively). N=3 performed in triplicate and values were expressed as mean *SEM with p<<0.05 considered as
significant.

doi:10.1371/journal.pone.0106725.g004
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Our results demonstrated that upregulation of invasion and MMP-
2 expression by SIP is mediated by SIPRI1. Given that SIP
receptor patterns may be complicated by the presence of multiple
isoforms with opposing actions on cell surface, and thus specificity
of receptor affinity is a key element in successful S1P receptor-
based therapeutic interventions [49], our results implicate the
receptor SIPR1 as a potentially valuable therapeutic target for
designing new drugs for intervention on invasion of trophoblast.

On the basis of the observations obtained from this study, we
propose a working model of signaling networks that lead to MMP-
2 gene expression responsible for the S1P-induced invasion of
HTR8/SVneo cells (Figure 5). However, It should be considered
when interpreting our results that MMP-2 may not be the sole
contributor to the S1P-mediated invasion changes of the cells,
because trophoblast invasion involves diverse signaling pathways,
such as MMP-9. Recent studies have shown that SIP promotes
cell invasion through MMP-9, uPA and MT1-MMP. As we didn’t
found significant effect on MMP-9 expression in HTR8/SVneo
cells, possible contributors would be MT1-MMP and uPA.

Our study was the first to show that SIP promotes invasion of
EVT cells via SIPR1 involving activation of MEK-ERK signaling
pathway and elevated expression of MMP-2. However, our results
must be interpreted under its limitations. We did not exclude the
possibility that synthesis of SIP takes place in EVT cells. Many
reports indicated that activation of SPHK increases S1P levels,
which in turn can function in an autocrine and/or paracrine
manners [18]. EVT cells had the potential to synthesis S1P as they
show expression of SPHK in trophoblast cells. Given the
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significant effect of S1P on invasion under relative low doses of
S1P, production of local SIP may not be high. In addition, all our
experiments were performed in vitro, little is known about actions
or level of local produced S1P, especially given SIP was produced
locally in the decidual tissues [30]. Further study using animal
models should be conducted to explore in vivo effect of SIP and
validate the therapeutic value of potential targets.

In summary, our data demonstrated that SIP could induce
EVT invasive phenotypic changes in vitro. Induced invasion was
correlated with an increase in MMP-2 activity and secretion.
Further study characterized the mechanisms by which SIP
regulates MMP-2 expression and invasion in the HTR8/SVneo
cells. These findings will enhance our understanding of the
complex molecular network underlying normal pregnancy and
pregnancy-associated disorders.
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