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Abstract
Background The invasion of trophoblast cells into the maternal uterine decidua is crucial for the formation of the placenta 
and establishment of pregnancy. Stromal cell-derived factor-1 (SDF-1) regulates cellular functions such as migration, adhe-
sion, and proliferation. During pregnancy, both SDF-1 and its receptor CXCR4 are expressed in the placenta. Abnormal 
expression of the SDF-1 system has been linked to pregnancy disorders such as pre-eclampsia.
Objective The purpose of this study was to investigate the effect of SDF-1/CXCR4 signaling on trophoblast cells and the 
related molecular mechanism(s).
Results The invasiveness of HTR8/SVneo human trophoblast cells was stimulated by extracellular SDF-1. SDF-1 activated 
the phosphatidylinositol 3-kinase (PI3K)/AKT and mitogen-activated protein kinase (MAPK) signaling pathways. The 
ability of SDF-1 to stimulate HTR8/SVneo cell invasion was blocked in the presence of a PI3K inhibitor (wortmannin), an 
ERK1/2 MAPK inhibitor (U0126), or a P38 MAPK inhibitor (SB203580). The expression of the matrix metalloproteinase 
(MMP)-2 and MMP-9 genes increased in SDF-1-treated HTR8/SVneo cells, and the up-regulation of MMPs expression 
was inhibited by blocking the SDF-1 receptor. Additionally, SDF-1 treatment increased MMP-2 and MMP-9 protein levels 
in HTR8/SVneo cells, and the increase of MMP-2 and MMP-9 was reduced by inhibiting the PI3K and/or MAPK intracel-
lular signaling pathway.
Conclusion These findings provide evidence that appropriate SDF-1-mediated signaling pathways contribute to the regula-
tion of trophoblast invasiveness into the endometrium.

Keywords SDF-1 · CXCR4 · Extravillous trophoblast · Cell invasion · Placental development

Introduction

Normal placental development is characterized by extravil-
lous cytotrophoblasts (EVTs) displaying unique capabilities 
of invasion into decidual tissue and migration into decidual 

spiral arteries so as to alter the vasculature inside the uterus 
(Timeva et al. 2014; Chen et al. 2012). These activities of 
trophoblast cells are critical events during pregnancy; how-
ever, they stringently controlled for the establishment of a 
normal placenta (Hunkapiller and Fisher 2008; Knofler and 
Pollheimer 2012). Inappropriate trophoblast cell invasion 
has been demonstrated to be associated with many preg-
nancy-related diseases and miscarriage. For example, insuf-
ficient invasion of EVTs is believed to be associated with 
poor remodeling of the uterine spiral arteries, which is a 
key feature of preeclampsia (Chaddha et al. 2004; Lim et al. 
1997; Kaufmann et al. 2003; Shah 2001).

The process of trophoblast invasion is precisely regulated 
by a collection of multiple factors including growth factors, 
cytokines, and chemokines, which are produced locally or 
distally in the trophoblast microenvironment (Paiva et al. 
2011; Oreshkova et al. 2012). Chemokines, a superfam-
ily of structurally-associated chemotactic proteins, play a 
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crucial role in orchestrating the immune response as media-
tors of cell recruitment (Zlotnik and Yoshie 2012). Several 
chemokines produced either by trophoblasts themselves or 
other component cells have been found at the maternal–fetal 
interface, and increased and/or decreased levels of these 
chemokines in serum or placental tissue have been demon-
strated in association with abnormal placental development 
(Makrigiannakis et al. 2006; He et al. 2012; Wallace et al. 
2013).

A member of the CXC chemokine family, stromal cell-
derived factor-1 (SDF-1, systematic name C-X-C motif 
chemokine 12; CXCL12), functions as a potent chemotactic 
factor for many kinds of cells (Kantele et al. 2000; D'Apuzzo 
et al. 1997; Sozzani et al. 1997; Kawabata et al. 1999; Naiyer 
et al. 1999). It has been shown that first-trimester human 
placental trophoblasts secrete SDF-1, which not only recruits 
immune cells into the decidua, but also regulates trophoblast 
cell survival and the cross-talk between trophoblasts and 
decidual stromal cells (Wu et al. 2005; Carlino et al. 2008; 
Jaleel et al. 2004). Levels of SDF-1 in maternal serum and 
placental tissue were observed to be increased in patients 
with preeclampsia compared with normal control patients 
(Boij et al. 2012; Schanz et al. 2011), which suggests that 
SDF-1 might play a role in the invasive capacity of human 
trophoblast cells and normal placentation. Therefore, the 
aims of this study were to (1) investigate the ability of SDF-1 
to induce trophoblast invasiveness; and (2) determine the 
intracellular signaling pathways and molecular mechanisms 
underlying SDF-1-induced trophoblast invasion.

Materials and methods

Cell culture

Human trophoblast HTR8/SVneo cell line was maintained 
in RPMI 1640 (Cat No: A10491, Thermo Fisher Scientific 
Inc., Waltham, MA) containing 5% fetal bovine serum (FBS) 
at 37 °C. For assays, monolayer cultures of HTR8/SVneo 
cells were serum-starved for 24 h prior to treatment and then 
incubated in the presence of various treatments.

Transwell cell invasion assay

The serum-starved HTR8/SVneo cells (1 ×  105 cells per 
100 μl serum-free RPMI 1640) were seeded on Matrigel-
coated transwell inserts (Cat No: 354480, Corning, Inc., 
Corning, NY) and treatments were added to each bottom 
well (n = 3 wells per treatment). After 20 h of incubation, 
the insert membranes and non-invading cells were removed 
from the chamber. Transwell membranes were fixed in meth-
anol for 10 min and placed on a glass slide. The number of 
invading cells was counted in five non-overlapping locations 

of triplicate membranes under a DM3000 (Leica) micro-
scope. Data are expressed as the percent invasion through 
matrigel matrix-coated membrane relative to the migration 
through the non-coated membrane.

BrdU cell proliferation assay

Proliferation assays were conducted using a Cell Prolif-
eration ELISA BrdU Kit (Cat No. 11647229001, Roche 
Molecular Systems, Inc., Basel, Switzerland), according to 
the manufacturer’s recommendations. Briefly, after 48 h of 
cell incubation with recombinant SDF-1, 10 μM BrdU was 
added to the cell culture and the cells were incubated for 
an additional 2 h at 37 °C. The relative level of the reaction 
product was quantified by measuring the absorbance at 370 
and 492 nm (reference wavelength).

Western blot analyses

Proteins were denatured, separated using SDS-PAGE, and 
transferred to nitrocellulose membranes. Blots were devel-
oped using enhanced chemiluminescence detection (Super-
Signal West Pico, Pierce, Rockford, IL, USA) and quantified 
by measuring the intensity of light emitted from correctly 
sized bands under ultraviolet light using a ChemiDoc EQ 
system and Quantity One software (Bio-Rad, Hercules, 
CA, USA). As a loading control, total proteins or α-tubulin 
(TUBA) were used to normalize the results from the detec-
tion of target proteins. Multiple exposures of each western 
blot were performed to ensure linearity of the chemilumi-
nescent signals.

Reverse transcriptase PCR and quantitative RT‑PCR 
analysis

Complementary DNA was synthesized from HTR8/SVneo 
cellular RNA using  AccuPower® RT PreMix (Bioneer, 
Daejeon, Republic of Korea), random hexamer (Invitrogen, 
Carlsbad, CA) and oligo (dT) primers. All primers were 
synthesized by Bioneer Inc. (Daejeon, Korea). After RT-
PCR using SDF-1 and CXCR4 primers, equal amounts of 
reaction products were analyzed using a 1% agarose gel, 
and PCR products were visualized using a Gel Doc sys-
tem (Bio-Rad, Hercules, CA, USA). Specific primers for 
individual human MMP-2 (Forward: 5′- TTC CCC TTC ATC 
TTC CTT GG-3′; Reverse: 5′- ATC TGG ACA AAA GCC CCA 
CT-3′) and MMP-9 (Forward: 5′-CAC TGT CCA CCC CTC 
AGA GC-3′; Reverse: 5′-GCC ACT TGT CGG CGA TAA 
GG-3′) were designed using the on-line Primer 3 software. 
The expression levels of MMP-2 and MMP-9 genes were 
measured using  SYBR® Green (Sigma, St. Louis, MO) and 
a  StepOnePlus™ Real-Time PCR System (Applied Biosys-
tems, Foster City, CA). Sequence-specific products were 
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identified by generating a melting curve, and relative gene 
expression was quantified using the  2–ΔΔCT method. The 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 
β-actin genes were used as endogenous controls to standard-
ize the amount of RNA in each reaction.

Reagents

Recombinant human SDF-1 (catalog number: 350-NS) was 
purchased from R&D Systems, Inc. (Minneapolis, MN, 
USA). The following were purchased from Cell Signal-
ing Technology (Beverly, MA, USA): antibodies against 
phospho-AKT (catalog number: 4060), phospho-ERK1/2 
(catalog number: 9101), phospho-P70S6K (catalog num-
ber: 9204), phospho-S6 (catalog number: 2211), total AKT 
(catalog number: 9272), ERK1/2 (catalog number: 4695), 
P70S6K (catalog number: 9202), S6 (catalog number: 2217), 
and inhibitor for PI3K/AKT (Wortmannin, catalog number: 
9951). Enzo Life Sciences, Inc. (Farmingdale, NY) supplied 
inhibitors for ERK1/2 (U0126, catalog number: EI282) and 
P38 MAPK (SB203580, catalog number: BML-EI286). 
Antibodies against MMP-2 (catalog number: sc-13594) and 
MMP-9 (catalog number: sc-27133) were purchased from 
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). AMD3100 
(catalog number: 239820-5MGCN) was purchased from 
Merck Millipore (Darmstadt, Germany).

Statistical analyses

All quantitative data were subjected to least squares analy-
sis of variance (ANOVA) using the General Linear Model 
procedures of the Statistical Analysis System (SAS Institute 
Inc., Cary, NC, USA). Pooled data from three independent 

experiments performed in triplicate are presented as mean 
(LSMs) ± standard errors (SEs).

Results

SDF‑1 shows dose‑dependent stimulating effect 
on HTR8/SVneo cell invasion

To investigate the functional role of SDF-1 in trophoblastic 
cells, we first performed invasion assays using the HTR8/
SVneo cell line established from first trimester human cyto-
trophoblasts (Graham et al. 1993). As illustrated in Fig. 1A, 
SDF-1-induced cell invasion gradually increased as the dose 
of SDF-1 treatment increased, and reached 213% increase 
(P < 0.05) in the HTR8/SVneo cells treated with 50 ng/ml 
of SDF-1, compared to non-treated (0 ng/ml) cells. To rule 
out the possibility that the observed invasion changes were 
due to the effects of SDF-1 on cell proliferation, we further 
investigated the effects of SDF-1 on trophoblast cell prolif-
eration. The results showed that SDF-1 had no significant 
effect (P > 0.05) on cell proliferation compared with the con-
trol group (Fig. 1B). Also, the cultured HTR8/SVneo cells 
expressed SDF-1 and CXCR4 genes (Fig. 1C).

SDF‑1 induces activation of PI3K/AKT and MAPK 
signaling pathways in HTR8/SVneo cells

Because treatment in vitro cultured HTR8/SVneo cells with 
SDF-1 induced cell invasion, we hypothesized that SDF-1 
transduces its pro-invasiveness signal into HTR8/SVneo 
cells through activation of intracellular signaling cascades. 
We revealed that the abundance of phosphorylated (p)-status 

Fig. 1  Pro-invasive effect of SDF-1 on HTR8/SVneo cells. A Dose-
dependent (0, 1, 10, 50, 100, and 200  ng/ml) effects of SDF-1 on 
HTR8/SVneo cell invasion was determined by using in  vitro tran-
swell cell invasion assay. B Dose-dependent (0, 1, 10, 50, 100, and 
200 ng/ml) effects of SDF-1 on HTR8/SVneo cell proliferation was 
determined by using BrdU cell proliferation assay. SDF-1-induced 
cell invasion and proliferation rates are presented as relative percent-

age changes relative to control (0 ng/ml) HTR8/SVneo cells (100%). 
The asterisks indicate significant effect of treatment (*P < 0.05). C 
Expression of SDF-1 and CXCR4 genes in HTR8/SVneo cells. RT-
PCR analysis was performed to detect SDF-1 and CXCR4 transcripts 
in HTR8/SVneo cells. The GAPDH gene was used as the endogenous 
control to standardize the amount of RNA in each reaction
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signaling molecules (AKT, ERK1/2, P38, P70S6K, and 
S6) increased as the SDF-1-treatment dose increases (0 to 
100 ng/ml). In the HTR8/SVneo cells treated with 50 ng/
ml SDF-1, the levels of phospho-AKT (Fig. 2A), phospho-
ERK1/2 (Fig. 2B), phospho-P38 (Fig. 2C), phospho-P70S6K 
(Fig. 2D) and phospho-S6 (Fig. 2E) reached 2.9- (P < 0.01), 
4.9- (P < 0.001), 4.5- (P < 0.01), 2.1- (P < 0.05), and 5.0- 
(P < 0.01) fold increases, respectively, compared to those in 
non-treated cells.

SDF‑1‑induced PI3K/AKT and MAPK signaling 
proteins cross‑talk each other and activate their 
co‑downstream targets

To clarify the activation sequences of SDF-1-induced sign-
aling molecules and interrelations among them, HTR8/
SVneo cells were pre-incubated with 1 μM wortmannin 
(PI3K inhibitor), 20 μM U0126 (MEK1/2 inhibitor) or 
20 μM SB203580 (P38 inhibitor) prior to SDF-1 treatment. 
The results show that SDF-1-mediated AKT phosphoryla-
tion was completely blocked by PI3K inhibition and par-
tially reduced by ERK1/2 inhibition, while SDF-1-induced 
AKT activation was maintained in the presence of the P38 
inhibitor (Fig. 3A). SDF-1-induced ERK1/2 activation was 
significantly inhibited in cells pre-treated with wortmannin 
or SB203580, or U0126 (Fig. 3B). Only the P38 inhibitor 
completely inhibited SDF-induced P38 phosphorylation, and 

the presence or absence of PI3K or ERK1/2 inhibitor did not 
significantly affect it (Fig. 3C). The increase in phospho-
P70S6K and phospho-S6 proteins in response to SDF-1 was 
returned to near-basal levels by blocking the PI3K, ERK1/2, 
or P38 pathway (Fig. 3D, E).

SDF‑1 receptor‑conjugated intracellular signaling 
pathways are associated with up‑regulation 
of MMP‑2 and MMP‑9

Next, we investigated whether there is a close correlation 
between SDF-1-induced pathways and the ability of SDF-1 
to stimulate HTR8/SVneo cell invasion (Fig. 4). Consistent 
with the findings shown in Fig. 1, 50 ng/ml SDF-1 alone 
increased HTR8/SVneo cell invasion by 237% (P < 0.01); 
however, the stimulatory effect of SDF-1 on HTR8/SVneo 
cell invasion was partially or completely blocked in the 
presence of wortmannin, U0126, or SB203580 (P < 0.01) 
despite the existence of SDF-1 stimulation, when compared 
against cells treated with SDF-1 alone. In addition, SDF-1 
alone significantly increased the abundance of MMP-2 and 
MMP-9 transcripts by approximately 6.2-fold (P < 0.01) and 
5.2- (P < 0.01), respectively, compared to the control cells 
(Fig. 5A). These increased levels of MMP-2 and MMP-9 
transcripts by SDF-1 stimulation were reduced by an SDF-1 
antagonist (AMD3100), despite the existence of SDF-1 stim-
ulation. SDF-1 stimulation was positively correlated with the 

Fig. 2  Inducible effect of SDF-1 on activation of PI3K and MAPK 
signaling pathways in HTR8/SVneo cells. Dose-dependent (0, 10, 25, 
50, and 100 ng/ml) effects of SDF-1 on phosphorylation of A AKT, 
B ERK1/2, C P38, D P70S6K and E S6 were determined by using 
western blot analyses. Serum-starved HTR8/SVneo cells were treated 

with SDF-1 for 30 min. Bar graphs show the abundance of phospho-
proteins normalized with abundance of total-proteins, which values 
are presented as fold changes relative to non-treated (0 ng/ml) HTR8/
SVneo cells. The asterisks indicate significant differences compared 
to non-treated cells (***P < 0.001, **P < 0.01, and *P < 0.05)
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abundance of MMP-2 and MMP-9 proteins in HTR8/SVneo 
cells. The effect of SDF-1 in up-regulating MMP-2 protein 

expression was reduced by PI3K-, ERK1/2, or P38 pathway 
blockage (Fig. 5B), and the increase in MMP-9 protein in 

Fig. 3  Cross-talk between intracellular signaling pathways induced 
by SDF-1 in HTR/SVneo cells. The abundance of phospho-status of 
A AKT, B ERK1/2, C P38, D P70S6K and E S6 were determined 
in HTR8/SVneo cells treated with SDF-1 alone or SDF-1 plus each 
pharmacological inhibitor by using western blot analyses. Serum-
starved HTR8/SVneo cells were pre-treated with inhibitors for 30 min 

before SDF-1 treatment and then incubated with SDF-1 for an addi-
tional 30  min. The abundance of phospho-proteins normalized with 
abundance of total-proteins are presented as fold changes relative 
to control (non-SDF-1 and -inhibitors) cells. The asterisks indicate 
significant differences compared to cells treated with only SDF-1 
(***P < 0.001, **P < 0.01, and *P < 0.05)

Fig. 4  Effect of SDF-1-mediated signaling pathways on HTR8/SVneo 
cell invasiveness. Effects of SDF-1 alone (50 ng/ml) or SDF-1 plus 
each pharmacological inhibitor on HTR8/SVneo cell invasion were 
analyzed by using in vitro transwell cell invasion assay. Cell invasion 

rates are presented as relative percentage changes relative to control 
(non-SDF-1 and -inhibitors) cells (100%). The asterisks indicate sig-
nificant differences compared to control cells (**P < 0.01)
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response to SDF-1 stimulation was inhibited in the presence 
of ERK1/2 or P38 inhibitor, but not PI3K inhibitor (Fig. 5C).

Discussion

A better understanding of the molecular mechanisms under-
lying the association between chemoattractants and tropho-
blast invasion will help to explain in detail the establishment 
of pregnancy and the progression of many pregnancy-
related diseases, such as preeclampsia. Several cytokines 
and chemokines have been implicated in trophoblast migra-
tion and/or invasion; for example, epidermal growth factor 
(EGF), tumor necrosis factor-alpha (TNFα), interleukin-
1-beta (IL-1β), transforming growth factor-beta 1 (TGF-β1), 
and chemokine CCL24 (Han et al. 2010; Huber et al. 2006; 
Karmakar and Das 2002; Li et al. 2015; Qiu et al. 2004; 
Gleeson et al. 2001; McKinnon et al. 2001; Cartwright et al. 
2002). SDF-1 (also known as CCL12) has been identified 
as a potential contributor to controlling the migration and/
or invasion of a variety of immune and non-immune cells 
including T cells (Kantele et al. 2000), B cells (D’Apuzzo 
et al. 1997), hematopoietic stem cells (Kawabata et al. 1999; 
Naiyer et al. 1999), endothelial cells (Feil and Augustin 
1998) and neuronal cells (Bajetto et al. 1999; Ji et al. 2004). 
Elevated levels of SDF-1 have been observed in the maternal 
serum and placenta in women with preeclampsia (Boij et al. 
2012; Schanz et al. 2011).

We report here that extracellular SDF-1 acts as a chemoat-
tractant to increase the invasiveness of HTR-8/SVneo cells. 
Inappropriate placentation and several pregnancy-related 
diseases are associated with deficiencies in trophoblast inva-
sion and increased trophoblast apoptosis (Hunkapiller and 

Fisher 2008; Knofler and Pollheimer 2012; Lim et al. 1997; 
Kaufmann et al. 2003; Norwitz 2006). Although a previous 
study by Jaleel et al. described that SDF-1 suppressed apop-
tosis and enhanced trophoblast cell survival via the MAPK 
pathway (Jaleel et al. 2004), we did not observe a significant 
increase in trophoblast cell proliferation by SDF-1 stimula-
tion. Several molecules are known to stimulate migration 
and/or invasion of cells through MAPK activation and PI3K 
activation (Li et al. 2015; Qiu et al. 2004; Gleeson et al. 
2001; Cartwright et al. 2002; Cheng et al. 2021). Recently, 
Li et al. reported that chemokine CCL24 promotes the inva-
siveness of trophoblasts through PI3K and ERK1/2 sign-
aling pathways (Li et al. 2015). Our findings indicate that 
SDF-1-induced HTR8/SVneo cell invasion depends on the 
activation of PI3K/AKT, ERK1/2 and P38 MAPK signaling 
pathways, and that these pathways appear to cross-talk with 
each other and transduce signals to their co-downstream tar-
gets, P70S6K and S6.

SDF-1-induced invasiveness and activation of intracel-
lular signaling cascades are suggested to be dependent on 
SDF-1 binding to its receptor at the cell surface (Koch and 
Engele 2020). Here, both SDF-1 and CXCR4 genes were 
observed to be expressed in HTR8/SVneo cells. Although 
most chemokines activate multiple receptors and CXCR7 
was identified as a further receptor for SDF-1 (Balaban-
ian et al. 2005; Liu et al. 2015), evidence suggests that 
SDF-1 binds exclusively to CXCR4, a G protein-coupled 
receptor in the heptahelical family (Loetscher et al. 1994; 
Zlotnik and Yoshie 2000). We determined that treatment 
with SDF-1 up-regulated MMP-2 and MMP-9 expression 
in HTR-8/SVneo cells and that blockage of CXCR4 by 
its antagonist AMD3100 inhibited the SDF-1-mediated 
MMP increase. Proteolysis plays a crucial role in the 

Fig. 5  Effect of SDF-1 receptor-conjugated signaling pathways on 
the expression of pro-invasive genes. A The abundance of MMP-2 
and MMP-9 transcripts in HTR8/SVneo cells treated with SDF-1 (0, 
25, or 50 ng/ml) alone or SDF-1 (50 ng/ml) plus AMD3100 (SDF-1 
antagonist; 10 or 30  ng/ml) were analyzed by quantitative RT-PCR 
analyses. Data are presented as fold changes relative to control (non-
SDF-1 and AMD3100) cells. The asterisks indicate significant differ-
ences compared to control cells (*P < 0.05) and the sharps indicate 

significant differences compared to cells treated with only 50 ng/ml 
SDF-1 (###P < 0.001, ##P < 0.01, and #P < 0.05). The abundance of B 
MMP-2 and C MMP-9 proteins were determined in HTR8/SVneo 
cells treated with SDF-1 alone or SDF-1 plus each pharmacological 
inhibitor by using western blot analyses. The asterisks indicate signif-
icant differences compare to SDF-1 only treated cells (***P < 0.001, 
**P < 0.01, and *P < 0.05)
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regulation of cell motility. MMP-2 and MMP-9 have been 
implicated in remodeling of the extracellular matrix dur-
ing trophoblast invasion by acting as key enzymes that 
degrade components of the basement membrane, such as 
collagen (Staun-Ram et al. 2004). Upregulation and secre-
tion of MMPs by trophoblast cells may lead to increased 
capacity to degrade the extracellular matrix and invade 
the base membrane (Singh et al. 2011; Zhu et al. 2012). 
The current results also show reducible effects of inhibi-
tors of PI3K/AKT and MAPKs on SDF-1-mediated MMP 
increase. These findings indicate that SDF-1/CXCR4-
conjugated PI3K/AKT and MAPK activation is required 
for the upregulation of MMP expression and trophoblast 
invasion in response to SDF-1 (Fig. 6). However, further 
research is needed to determine whether SDF-1 secreted 
by trophoblasts actually stimulates trophoblasts to increase 
invasiveness in an autocrine manner and whether activa-
tion of the SDF-1/CXCR4 axis is central to trophoblast 
invasion.

In conclusion, the present study demonstrates that SDF-1 
regulates the invasiveness of trophoblasts in human first-tri-
mester pregnancy by activating the PI3K/AKT and MAPKs 
pathways and by altering the expression of MMPs, which 
suggests that the SDF-1/CXCR4 axis regulates the appro-
priate invasion of trophoblasts and abnormal SDF-1 expres-
sion may be associated with the abnormal placentation and 
pathogenesis of pregnancy-related diseases.
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