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A B S T R A C T

Aims: The aim of our study is to illustrate the role of amphiregulin in trophoblast invasiveness and underlying
signal cascades.
Main methods: An immortalized human early extravillous cell line, HTR-8/SVneo, was used for this investiga-
tion. Matrigel-transwell invasion assay was used for testing the effects of amphiregulin on cell invasiveness.
MMP9 and MMP2 mRNA expression level and activity were measured using Rt-qPCR and zymographic analysis.
Cell signals involved in the invasion process were verified using western blot and specific inhibitors.
Key findings: Our results showed that amphiregulin could promote HTR-8/SVneo cell invasiveness without in-
terfering cell proliferation, and significantly upregulate the expression of MMP9 and TIMP-1 mRNAs as well as
the ratio of MMP9/TIMP-1. Using specific inhibitors for MEK and PI3K signaling further indicated that, both
ERK1/2 and Akt signal pathways were required for amphiregulin-induced cell invasiveness. The co-ordination
between ERK1/2 and Akt signaling pathway was needed for the upregulation of MMP9 mRNA, while ERK1/2
was more essential for the upregulation of TIMP-1 mRNA. Meanwhile, we first put forward that the deficiency of
amphiregulin expression in trophoblast might be compensated by the upregulation of epidermal growth factor
receptor (EGFR) and heparin-binding EGF (HB-EGF) mRNA.
Significance: ERK1/2 and Akt signaling pathways mediate amphiregulin-induced upregulation of MMP9 mRNA
and the MMP9/TIMP-1 ratio, which subsequently contribute to amphiregulin-promotion of HTR-8/SVneo cell
invasion.

1. Introduction

After implantation, extravillous trophoblasts (EVTs) penetrate
through the epithelium into the decidualized uterus. Normal tropho-
blast invasion is confined spatially to the inner third of the myometrium
and temporally to early pregnancy [1]. Insufficient invasion could lead
to higher circulation resistance and cause miscarriages, pre-eclampsia
and intrauterine growth retardation(IUGR) [2]. Unlimited invasiveness
is involved in the pathogenesis of placenta accrete/increta/percreta [3]
and gestational trophoblast disease(GTD) [4]. The invasiveness of EVTs
requires the regulation of multiple factors mediated through different
signal pathways [5].

The expression and localization of epidermal growth factor (EGF)
family members change dynamically in trophoblasts over the course of
pregnancy [6–11]. The dysregulation of EGF signaling system is cor-
related with pre-eclampsia and IUGR [12,13]. Among all the eight EGF-
like ligands, amphiregulin and heparin-binding EGF (HB-EGF) are the
most abundantly expressed ones in placenta during the first trimester,
localized in both trophoblasts and decidua [7,9]. Apart from promoting
the production of progesterone [14] and human chorionic gonado-
tropins [7], promoting the proliferation of trophoblast cells [15,16] and
regulating embryo implantation [17], amphiregulin is also a pro-on-
cogene that could promote the survival, proliferation, epithelial-me-
senchymal transition(EMT) as well as invasion in multiple neoplasms
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[18–20].
Matrix metalloproteinases (MMPs) is a family of zinc-dependent

endopeptidases and can be divided into six subgroups based on the
specificity of their substrates, sequence homology, and domain orga-
nizations [21]. MMP-2 and MMP-9 belong to the gelatinase group,
mainly degrading collagen IV and denatured collagens, the main com-
ponent of the basement membrane, [22]. MMP2 and MMP9 have been
demonstrated as factors that related to the invasive process EVTs [23].
Tissue inhibitors of matrix metalloproteinases (TIMPs) is a group of
small secreted glycoprotein that could inhibit the activation of MMPs in
a 1:1 ratio by forming stoichiometric complexes [24]. TIMP-1 pre-
ferentially inhibits MMP-9, while TIMP-2 has a higher affinity for MMP-
2 [25]. The homeostatic balance between MMPs and TIMPs is im-
portant for the precise regulation of invasion processes [26,27]. It has
been shown that amphiregulin promotes the invasion of different ma-
lignant cells through altering the MMPs/TIMPs balance [8,26,28–30].
The proliferation, invasion and EMT of EVTs show great similarities
with malignant cells [31,32]. In the present study, we examined the
role amphiregulin played on trophoblasts invasiveness and underlying
mechanisms.

2. Materials and methods

2.1. Placenta tissue collection

Five normal pregnancies who underwent elective cesarean section
at 37–40 weeks were included in this study. The tissue at the center of
the placenta on the maternal side were collected (0.5–1 g). Informed
consents were obtained from all the patients. The protocol for collecting
tissue samples was approved by Human Subject Committees of First
Affiliated Hospital of Zhengzhou University.

2.2. Immunofluoresence

After washing thoroughly in cold PBS, tissue was fixed in 4% par-
aformaldehyde overnight at 4 °C. Paraffin-embedded tissues were sec-
tioned at 3.5 μm thickness, deparaffinized and rehydrated in graded
series of ethanol. After blocking with 10% normal goat serum, slides
were incubated with primary antibody (mouse anti-amphiregulin, santa
cruz, SC-74501; rabbit anti-E-Cadherin, protein tech., 20874-1-AP) at
4 °C overnight. Then sections were washed with PBS for 4 times and
incubated with secondary antibodies at room temperature for 2 h. After
4 times washing, slides were stained with DAPI (sigma, D9542). Images
were taken using a laser-scanning confocal microscope (Olympus
Fluoview FV1000, Japan) and processed with adobe photoshop CC
2017.

2.3. Cell culture

The HTR-8/SVneo cell line was purchased from ATCC (American
type culture collection, VA). These cells were derived from the out-
growth of human first trimester extravillous immortalized using the
simian virus 40 large T antigens. Cells were cultured in DMEM/nutrient
mixture F-12 (Gibco, Grand Island, NY, USA) supplemented with 10%
charcoal stripped fetal bovine serum (FBS, Sigma-Aldrich Inc. USA),
100U/ml penicillin and 100 μg/ml streptomycin (Gibco, Grand Island,
NY, USA) in an incubator at 37 °C with a humidified 5% CO2. Culture
medium was changed every two days. For experiments, cells were
seeded in six-well plates and serum free for 24 h after reaching 85%
confluent before applying indicated treatments.

2.4. Reagents and antibodies

Recombinant human amphiregulin protein (262-AR-100) was pur-
chased from R&D systems and reconstituted in sterile phosphate-buf-
fered saline (PBS, Gibco). Tyrphostin AG1478 (T4182), U0126

(19–147) and LY 294002 (L9908) were purchased from Sigma-Aldrich
(St. Louis, MO) and reconstituted in Dimethyl sulfoxide (DMSO, Sigma-
Aldrich Inc.). Phospho-p44/42 MAPK (Thr202/Tyr204, #9106s, mouse
monoclonal 1:1000), p44/42 MAPK (Erk1/2, #9102s, rabbit mono-
clonal, 1:2000), Phospho-Akt (Ser473, #9271, rabbit monoclonal,
1:1000), Akt Antibody (rabbit monoclonal, #9272, 1:2000) were pur-
chased from Cell Signaling Technology Inc. (Danver, CA), EGFR anti-
body (sc-373746, mouse monoclonal, 1:500) and GAPDH (sc-365062,
mouse monoclonal, 1:3000) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Peroxidase-conjugated secondary an-
tibodies, goat Anti-Mouse IgG (HRP, ab6789) and goat Anti-Rabbit IgG
(HRP, ab6721) were purchased from Abcam (MA, USA).

2.5. Cell proliferation assay

Cell proliferation was assessed using thiazolyl blue tetrazolium blue
(MTT, Sigma-Aldrich Inc.). MTT could be converted to water-insoluble
MTT formazan by mitochondrial dehydrogenases of living cells. The
MTT formazan is soluble in DMSO and produce a purple solution,
whose absorbance is proportional to the number of living cells. HTR-8/
SVneo cell (1× 104/well) were seeded in 96-well plates and cultured
overnight. The second day, cells were rinsed with PBS twice and then
treated with different concentrations of amphiregulin (0, 50, 100,
200 ng/ml) in serum-free medium for 24, 48, and 72 h. At indicated
time points, cells were washed with PBS twice and incubated with
200 μl MTT (500 μg/ml) for 4 h at 37 °C. Then, medium was removed
and replaced by 200 μl DMSO, shaking for 10min at room temperature
before measuring the optical density (OD) at 570 nm using a
SpectraMax M3 (VWR Corporate center, CA). The results of treatment
groups were normalized with the untreated control and shown as
mean ± SEM. Five replicates were used for each group and tests were
repeated for three times.

2.6. Transwell cell invasion assay

Cell invasiveness was assessed by the number of cells that migrated
into Matrigel. After serum free for 24 h, HTR-8/SVneo cells were
treated with amphiregulin for another 24 h and then Transwell invasion
assay was conducted. Transwell inserts with 8 μm pores of polyethylene
terephthalate membranes (Corning Incorporated, CA) were coated with
40 μl of growth factor-reduced Matrigel (1mg/ml, BD biosciences, CA)
and placed into 24-well permeable support companion plates (Corning
Incorporated, CA) for 4 h at 37 °C for gel formation. HTR-8/SVneo cells
(1× 105 cells suspended in 250 μl serum-free DMEM/F12) were seeded
in the insert with 750 μl 10%FBS DMEM/F12 in each receiver well.
After incubated at 37 °C for 24 h, the noninvaded cells were removed
with a cotton swab. Invaded cells were fixed using cold methanol for
20min, and then were stained with crystal violet staining solution
(Sigma-Aldrich Inc.) at room temperature for 30min. The wells were
then rinsed with water thoroughly before air drying. The number of
cells invaded was counted in five random fields under LEICA DM IRB
microscope (under 10×10 magnification) and the average cell number
was determined using Image J software. The folds changes of stained
cells in treatment groups relative to controls were used for analysis
(mean ± SEM). Each experiment was repeated three times.

2.7. Western blot

HTR-8/SVneo cell were rinsed with cold PBS and then lysed using
lysis buffer (C3228, Sigma-Aldrich Inc.), supplemented with a protein
inhibitor cocktail (P8340, Sigma-Aldrich Inc.). After centrifuged at
14000×g at 4 °C for 15min, protein concentration in the supernatant
was determined using pierce BCA protein assay kit (23225, Thermo
Fisher Scientific). Equal amounts of protein (30 μg/lane) were sepa-
rated by SDS-PAGE gel (Thermo Fisher Scientific) and transferred to
PVDF membranes. After blocking in Tris-buffered saline (TBS)
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containing 5% (wt/vol) nonfat milk at room temperature for 1 h, in-
dividual blots were incubated with primary antibodies at 4 °C over-
night. The membranes were washed with 0.1% (vol/vol) Tween-20 TBS
(TBST) for 3 times, 10min/time, followed by incubation with appro-
priate peroxidase-conjugated secondary antibodies for 1 h at room
temperature and then washed 3 times with 0.1% TBST. Bands were
visualized using pierce ECL western blotting substrate or Supersignal
west Femto maximum sensitivity substrate (Thermo Fisher Scientific).
When necessary, the membranes were stripped with stripping buffer
[62.5 mM Tris, 10mM dithiothreitol, 2% sodium dodecyl sulfate (pH
6.7)] at 50 °C for 25min and re-probed with antibodies against p44/42
MAPK, Akt or GAPDH.

2.8. Zymographic analysis

After treatment for 24 h, conditioned culture medium was harvested
for the detection of enzymatic activity. Culture media from 6-well
plates were concentrated using Centrifugal filters (Amicon, MA) with a
10 kDa nominal molecular weight limit. The protein concentration of
concentrated culture medium was determined using Pierce BCA protein
assay kit (23225, Thermo Fisher Scientific). Tris-glycine SDS sample
buffer (Invitrogen) were mixed with 15 μg total protein and incubated
at room temperature for 15min before loading on the 10% Novex zy-
mogram plus gel (Thermo fisher scientific). After electrophoresis, gels
were washed with renaturing buffer and developing buffer for 30min
separately, with gentle agitation. The gels were then incubated at 37 °C
overnight. After staining with colloidal blue kit (Cat. LC6025, Thermo
Fisher Scientific) for 4 h, the gels were washed with deionized water
overnight. The gel was scanned using Universal HOOD II (Bio-Rad la-
boratories, Italy). Intensity of each band was quantitated using Image J
software and normalized to controls. Results are shown as
(mean ± SEM) of at least three independent experiments.

2.9. Reverse Transcription-Quantitative Real-time PCR (RT-qPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen) fol-
lowing the manufacturer's instruction. Reverse transcription was per-
formed with 1 μg total RNA template using iScript RT Supermix fol-
lowing the manufacturer's instruction (Bio-Rad Laboratories, Hercules,
CA). The primers used for SYBR Green (Bio-Rad Laboratories) RT-qPCR
were shown in Table 1. The RT-qPCR was performed using the Ste-
pOnePlus™ Real-Time PCR System (Applied Biosystems) on 96-well
optical reaction plates (Applied Biosystems). The thermal cycling pro-
tocol is as follows: denaturation at 95 °C for 10s, annealing and exten-
sion at 60 °C for 30s, 40 cycles. The specificity of each assay was con-
firmed by dissociation curve analysis and agarose gel electrophoresis of
PCR products. Each sample was assayed in triplicates. A mean value
was used for the determination of mRNA levels by the comparative
method (2-△△Ct) with GAPDH as the reference gene.

2.10. SiRNA transfection

To knockdown the endogenous expression of amphiregulin, HTR-8/

SVneo cells were transfected with 20 nM Silencer Select siRNA tar-
geting at amphiregulin (s1547, Invitrogen) using the lipofectamine
RNAiMAX transfection reagent (Thermo fisher scientific) according to
manufacturer's instruction. The Silencer Select Negative Control siRNA
was used as control (Invitrogen). The knockdown efficiency was de-
termined using RT-qPCR analysis.

2.11. Statistical analysis

The results presented here are mean ± SEM of at least three in-
dependent experiments. Independent t-test was used to compare dif-
ferences between two groups, while one-way ANOVA followed by
Tukey's multiple comparison test was used for multiple comparisons.
Analyses were performed with Prism 6 (GraphPad Software, CA). A P
value < 0.05 was considered to be statistically significant.

3. Results

3.1. The localization of amphiregulin in term placenta

It has been well studied that amphiregulin is expressed in the cy-
toplasm of syncytiotrophoblast in first trimester [7,9]. However, in
third trimester and term pregnancy, results are still inconclusive for cell
types are indistinct based on immunohistochemistry. So we used the co-
staining of E-cadherin to distinguish between cytotrophoblast and
syncytiotrophoblast. As shown is Fig. 1, amphiregulin could be detected
in the cytoplasm of both cytotrophoblast (including villous and extra-
villous cytotrophoblast) and syncytiotrophoblast in term placenta.

3.2. Amphiregulin increases HTR-8/SVneo cell invasiveness

As a locally produced factor, the working concentration of am-
phiregulin is difficult to detect. The detected ∼20 ng/ml of amphir-
egulin in amniotic fluid is the part that has been released [7]. Hence, we
checked amphiregulin's function based on two doses (100 ng/ml and
200 ng/ml), referring to published paper [14]. Matrigel invasion assay
was performed to examine the effects of amphiregulin on HTR-8/SVneo
cell invasiveness. Treatment with amphiregulin for 24 h promoted the
invasiveness of HTR-8/SVneo cell in a dose-dependent manner (Fig. 2
A, B). To confirm that the stimulatory effects of amphiregulin on cell
invasiveness was not due to differences in cell growth, we used MTT
assay to examine the effects of amphiregulin treatment on cell viability
and proliferation in HTR-8/SVneo cells. As shown in Fig. 2C different
concentrations of amphiregulin (0, 50, 100, 200 ng/ml) had no effect
on cell viability and proliferation during 72 h of treatment, suggesting
the role of amphiregulin act as a promoter for human trophoblast in-
vasiveness.

3.3. Amphiregulin increases MMP9, TIMP-1 and EGFR expression in HTR-
8/SVneo cells

To examine cellular mechanism underlying amphiregulin actions on
human trophoblasts, we treated HTR-8/SVneo cells with amphiregulin
(100 ng/ml) for different time points and checked the expression level
of MMP2/9 and TIMP-1/2, proteins important for cell invasiveness. RT-
qPCR results showed that amphiregulin upregulated the expression of
MMP9 (Fig. 3A) and TIMP-1 (Fig. 3C) mRNAs starting at 3 h after
treatment, reaching the maximum level at 6 h and persisting until 9 h.
However, the expression level of MMP2 (Fig. 3B) and TIMP-2 mRNA
(Fig. 3D) did not change significantly during 48 h of treatment.

Studies have reported that the autocrine expression of ligands as
well as receptor overexpression could function as mechanisms of in-
creased signaling output from EGFR in the progression of carcinoma
[33]. To explore whether amphiregulin could promote invasiveness
through above mechanisms in HTR-8/SVneo, the expression levels of
amphiregulin and EGFR mRNA were examined. RT-qPCR results

Table 1
Primers used in this study.

Gene Forward primer(5′-3′) Reverse primer(5′-3′)

MMP9 CGCCAGTCCACCCTTGTG CAGCTGCCTGTCGGTGAGA
MMP2 CGTCTGTCCCAGGATGACATC ATGTCAGGAGAGGCCCCATA
TIMP-1 CATTGCTGGAAAACTGCAGGA TCCACAAGCAATGAGTGCCA
TIMP-2 GCTGCGAGTGCAAGATCACG TGGTGCCCGTTGATGTTCTT
HB-EGF TTGTGCTCAAGGAATCGGCT CAACTGGGGACGAAGGAGTC
EGF receptor GGTGCAGGAGAGGAGAACTGC GGTGGCACCAAAGCTGTATT
Amphiregulin GTGTCCCAGAGACCGAGTTG CCAGCAGCATAATGGCCTGA
GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG
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showed that, amphiregulin could upregulate the expression of EGFR
mRNA (Fig. 3F) in HTR-8/SVneo cells without interfering amphiregulin
expression (Fig. 3E).

3.4. The stimulatory effect of amphiregulin on MMP9 mRNA overrides
changes in TIMP-1 expression

To further investigate the dose-dependency of amphiregulin in
trophoblasts, HTR-8/SVneo cell was treated with different concentra-
tions of amphiregulin (0, 50, 100, 200 ng/ml) for 6 h. RT-qPCR results
showed that amphiregulin increased the expression of MMP9 and TIMP-
1 mRNA in a dose-dependent manner (Fig. 4 A, C) without affecting
MMP2 and TIMP-2 mRNA levels (Fig. 4 B, D). For MMP9 and MMP2
expression, transcript changes were confirmed by zymographic analysis
(Fig. 4E). Moreover, the ratio of RT-qPCR results showed that

amphiregulin could increase the MMP9/TIMP-1 ratios in a dose de-
pendent manner (Fig. 4C). These results suggested that amphiregulin
upregulated MMP9 and TIMP-1 mRNA expression in a similar dose-
dependent manner, while the effects of amphiregulin on MMP9 mRNAs
could override that on TIMP-1 mRNAs.

3.5. Amphiregulin could activate both ERK1/2 and Akt signal pathway in
HTR-8/SVneo cells

We have previously shown that amphiregulin could activate both
ERK1/2 and Akt signal pathways through activation of EGFR in human
primary granulosa cells [14]. However, the regulatory pathway of
amphiregulin in human trophoblasts is still unknown. As shown in
Fig. 5A, treatment with amphiregulin also dramatically activated
ERK1/2 and Akt signal pathways in HTR-8/SVneo cells. Next, we used

Fig. 1. Amphiregulin is localized in both cyto-
trophoblast and syncytiotrophoblast in term
placenta. Triple staining (merge) colocalizes am-
phiregulin(red) and E-cadherin(green) in cyto-
trophoblast (white arrow) and syncytiotrophoblasts
(white arrowheads). Dashed white circle: blood
vessel. Magnification:× 200. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 2. Amphiregulin promoted the in-
vasiveness of HTR-8/SVneo cells in a
dose-dependent manner. A: HTR-8/SVneo
cell were treated with different concentra-
tions of amphiregulin (0, 100, 200 ng/ml)
for 24 h, cell invasiveness was determined
using Matrigel assay. Representative images
are shown. B: Summarized quantitative re-
sults of cell invasiveness are shown. The
folds change of number of stained cells in
treatment groups relative to control were
used for analysis. C: Cells were seeded in
96-well plates, treated with different con-
centrations of amphiregulin (0, 50, 100,
200 ng/ml). Cell viability at 24, 48 and 72 h
after treatment were examined using MTT.
The average absorbance at 570 nm of
treatment group was normalized to un-
treated control group and five replicates
were set for each experiment. Results are
shown as (mean ± SEM) of three in-
dependent experiments. Values with dif-
ferent letters were significantly different
(P < 0.05). C: PBS as control; Areg: am-
phiregulin.
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the specific pharmacological inhibitors of EGFR (AG1478) to block the
function of EGFR. Pretreatment with 10 μM AG1478 could abolish the
phosphorylation of ERK1/2 and Akt signal pathway induced by am-
phiregulin. Meanwhile, the amphiregulin-induced phosphorylation of
ERK1/2 and Akt could be specifically abolished by U0126 and
LY294002 respectively (Fig. 5B).

3.6. EGFR, ERK1/2 and Akt signal pathways are required for
amphiregulin-promoted HTR-8/SVneo cell invasiveness

Pretreatment with 10 μM AG1478, could abolish amphiregulin-in-
duced upregulation of MMP9, TIMP-1 mRNA and MMP9/TIMP-1 ratios
(Fig. 6A, C, D). Zymographic analysis further confirmed changes of
MMP9 activity after AG1478 pre-treatment (Fig. 6B). Meanwhile, the
invasiveness of HTR-8/SVneo cell was also largely inhibited by
AG1478(Fig. 6E), indicating the activation of EGFR is required for
amphiregulin-promoted invasiveness.

To investigate the individual roles of ERK1/2 and Akt signal path-
ways in amphiregulin-promoted HTR-8/SVneo cell invasiveness, 10 μM

U0126 and 10 μM LY294002 were used to specifically block MEK and
PI3K, respectively. Western blotting results in Fig. 5B showed that
U0126 and LY294002 did not have off-target effects on PI3K and MEK
signal pathways, respectively. Amphiregulin-upregulated MMP9 ex-
pression and MMP9/TIMP-1 ratio could be abolished by both U0126
and LY294002 (Fig. 6 A, D). Zymographic analysis further confirmed
the change of MMP9 activity (Fig. 6B). In contrast, amphiregulin-up-
regulated TIMP-1 mRNA could be abolished by U0126, but not
LY294002 (Fig. 6C). These results indicate that the ERK1/2, but not
Akt, signal pathway mediates amphiregulin-upregulated TIMP-1
mRNA. Also, treatment with LY294002 or U0126 completely abolished
the effects of amphiregulin on HTR-8/SVneo cell invasiveness (Fig. 6E).

3.7. Upregulation of HB-EGF and EGFR mRNA may compensate for the
knockdown of amphiregulin

Amphiregulin siRNA was used to knockdown endogenous amphir-
egulin expression. As shown in Fig. 7A, transfection with amphiregulin
siRNA significantly down-regulated amphiregulin mRNA expression.

Fig. 3. Amphiregulin upregulates MMP9
and TIMP-1 expression in HTR-8/SVneo
cell in a similar temporal pattern. A, B:
HTR-8/SVneo cells were treated with am-
phiregulin (100 ng/ml), the expression level
of MMP9 and MMP2 mRNA was checked at
different time points using RT-qPCR. C, D:
HTR-8/SVneo cells were treated with am-
phiregulin (100 ng/ml), the expression le-
vels of TIMP-1 and TIMP-2 were checked at
different time points using RT-qPCR. E, F:
HTR-8/SVneo cells were treated with dif-
ferent concentrations of amphiregulin (0,
50, 100, 200 ng/ml) for 6 h, the expression
levels of amphiregulin and EGFR mRNA
were checked using RT-qPCR. Results are
shown as (mean ± SEM) of at least three
independent experiments. Values with dif-
ferent letters were significantly different
(P < 0.05). C: PBS as control; Areg: am-
phiregulin.
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Fig. 4. Amphiregulin-induced upregula-
tion of MMP9 mRNA overrides that of
TIMP-1 mRNA. A,B: HTR-8/SVneo cells
were treated with different concentrations
of amphiregulin (0, 50, 100, 200 ng/ml) for
6 h, the expression levels of MMP9 and
MMP2 were checked using RT-qPCR. C,D:
HTR-8/SVneo cells were treated with dif-
ferent concentrations of amphiregulin (0,
50, 100, 200 ng/ml) for 6 h, the expression
levels of TIMP-1 and TIMP-2 were checked
using RT-qPCR. The ratio of MMP9/TIMP-1
was calculated in each dose-group. E: HTR-
8/SVneo cells were treated with different
concentrations of amphiregulin (0, 100,
200 ng/ml) for 24 h and then zymographic
analysis was conducted. Left panel, re-
presentative result of zymographic analysis
is shown. Middle and right panels, sum-
marized quantitative results of MMP9 and
MMP2 band intensity. Results are shown as
(mean ± SEM) of at least three in-
dependent experiments. Values with dif-
ferent letters were significantly different
(P < 0.05). C: PBS as control; Areg: am-
phiregulin.

Fig. 5. Amphiregulin activates ERK1/2 and Akt signal pathway through binding EGFR. A: HTR-8/SVneo cells were treated with 100 ng/ml amphiregulin for 10,
30 and 60min. Levels of phosphorylated ERK1/2 (pERK1/2) and phosphorylated Akt (pAkt) were examined using western blot. Membranes were stripped and re-
probed with antibodies for total ERK1/2 (tERK1/2) and total Akt (tAkt1/2). B: HTR-8/SVneo cells were pretreated with vehicle control (DMSO) or 10 μM AG1478,
10 μM LY294002 or 10 μM U0126 for 1 h before treated with 100 ng/ml amphiregulin for 30min. Levels of phosphorylated and total ERK1/2, Akt were examined
using western blot. Representative images are shown. C: control; Areg: amphiregulin.
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However, the invasiveness of HTR-8/SVneo (Fig. 7B) as well as the
expression of MMP9 and TIMP-1 mRNA were not impaired (Fig. 7C).
Zymographic analysis further confirmed the change of MMP9 activity
after amphiregulin siRNA knockdown (Fig. 7D). Earlier data showed
that increase of amphiregulin expression could override HB-EGF defi-
ciency in embryo implantation [34]. Hence, we put forward the idea
that HB-EGF might have complementary effects for amphiregulin de-
ficiency during trophoblast invasion. As shown in Fig. 7E, the expres-
sion of HB-EGF and EGFR mRNA were upregulated significantly after
the knockdown of the endogenous amphiregulin, suggesting deficiency
of amphiregulin production might be compensated by the upregulation
of HB-EGF and EGFR mRNA.

4. Discussion

During trophoblast differentiation, some cytotrophoblasts fused to
form syncytiotrophoblast, involved in the process of hormone secretion
and nutriments exchange; some underwent the EMT to differentiate
into EVTs and acquired the invasive properties, implicated in the pro-
cess of chorionic villi anchor [35]. Amphiregulin has been shown to be
an implantation-specific and progesterone-regulated gene in mouse
uterus [17,34] and could promote the secretion of human chorionic
gonadotropin (hCG) in human syncytiotrophoblast [7]. We extended
amphiregulin's possible physiological role during pregnancies by de-
monstrating that amphiregulin could affect EVTs (HTR-8/SVneo cells)

Fig. 6. Amphiregulin-promoted cell invasiveness could be abolished by specific inhibitors of EGFR, PI3K and MEK. A, C: HTR-8/SVneo cells were pretreated
with a vehicle control (DMSO), 10 μM AG1478, 10 μM LY294002 or 10 μM U0126 for 1 h before treated with 100 ng/ml amphiregulin for 6 h. MMP9, TIMP-1mRNA
levels were examined using RT-qPCR. B: HTR-8/SVneo cells were pretreated with a vehicle control (DMSO), 10 μM AG1478, 10 μM LY294002 or 10 μM U0126 for 1 h
before treated with 100 ng/ml amphiregulin for 24 h. MMP9 and MMP2 activities were examined using zymographic analysis. Right panel, summarized quantitative
results of MMP9 band intensity. D: The ratio of MMP9/TIMP-1 was calculated based on Rt-qPCR results in each group. E: HTR-8/SVneo cells were pretreated with a
vehicle control (DMSO), 10 μM AG1478, 10 μM LY294002 or 10 μM U0126 for 1 h before treated with 100 ng/ml amphiregulin for 24 h. Matrigel transwell assay was
conducted for the invasiveness of HTR-8/SVneo cells. Representative images are shown. Right panel, summarized quantitative results of invasion. Results are shown
as (mean ± SEM) of at least three independent experiments. Values with different letters were significantly different (P < 0.05). C: control; Areg: amphiregulin.
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invasion through upregulating MMP9 and TIMP-1 mRNAs, and in-
creasing MMP9/TIMP-1 ratios. In addition, our inhibitor studies in-
dicated that, the co-ordination between ERK1/2 and Akt signal path-
ways are needed for amphiregulin-induced upregulation of MMP9 as
well as MMP9/TIMP-1 ratios; whereas, ERK1/2, but not Akt signal
pathway, is essential for the amphiregulin-induced upregulation of
TIMP-1 mRNA. Due to the compensatory effects of EGFR and HB-EGF,
the knockdown of endogenous amphiregulin do not significantly impair
the invasiveness of HTR-8/SVneo cells.

The precise regulation of transiently invasive behavior of tropho-
blasts is crucial for normal pregnancies. This process includes complex
molecular and genetic factors, intricate discourses between stimulatory
and inhibitory factors and different signal pathways [36,37]. EGF sig-
naling system has formed an intricate and complementary network for
the regulation of trophoblast proliferation, apoptosis, differentiation as
well as invasion [38]. The expression of several members of the EGF
family members (HB-EGF, TGF-α and EGF) were decreased in patients
with pre-eclampsia when comparing with non-preeclamptic pregnan-
cies [12]. To date, EGF has been proved to promote HTR-8/SVneo cell
invasiveness through the upregulation of MMP9/TIMP-1 ratios by ac-
tivating both PI3K/Akt and MAPK/ERK signal pathway [39]. As a lo-
cally produced factor, amphiregulin is much more abundantly

expressed in trophoblast than EGF [7], whether it plays a role in reg-
ulating trophoblast invasiveness remain unknown. In present study, our
results demonstrated that amphiregulin had similar invasiveness-pro-
motion effects on HTR-8/SVneo cell as EGF, but in different temporal
patterns. The effects of amphiregulin reached maximum at 6 h of
treatment and vanished at 24 h, the time when the effects of EGF were
obvious [39].

It has been shown that human stromal cells secreted more am-
phiregulin after embryo implantation [40]. Immunostaining of am-
phiregulin was reported to be restricted to the cytoplasm of syncytio-
trophoblast, but not in cytotrophoblast, during early gestation [7,9].
The co-localization of amphiregulin and E-cadherin using im-
munostaining in term placenta indicates that, amphiregulin is abun-
dantly expressed in both cytotrophoblast and syncytiotrophoblast. Ac-
cordingly, in trophoblasts, amphiregulin might work in autocrine,
paracrine and juxtacrine ways by binding and activation of EGFR. The
phosphorylation of EGFR is often accompanied by its degradation
[41,42]. The upregulation of EGFR mRNA after amphiregulin treatment
demonstrated that, amphiregulin might intensify signaling output from
EGF family ligands by receptor overexpression, similar to that found
during progression of carcinoma [33].

In HTR-8/SVneo cells, amphiregulin could activate both ERK1/2

Fig. 7. HB-EGF and EGFR mRNA are up-
regulated after knocking down en-
dogenous amphiregulin expression. A)
HTR-8/SVneo cell were transfected with
20 nM control siRNA (SiC) or amphiregulin
siRNA for 24 h and then transfect efficiency
was determined using RT-qPCR. B) HTR-8/
SVneo cell were transfected with 20 nM SiC
or amphiregulin siRNA for 24 h and then
cell invasiveness was examined using
Matrigel transwell assay. Left panel, re-
presentative images are shown; right panel,
summarized quantitative results of inva-
sion. C) The expression level of MMP9 and
TIMP-1 mRNA were examined using RT-
qPCR 24 h after amphiregulin siRNA trans-
fection. D) RT-qPCR results of MMP9 were
further confirmed by zymographic analysis.
Upper panel, representative images are
shown; Lower panel, summarized quantita-
tive results of MMP9 band intensity. E) The
expression level of HB-EGF (left panel) and
EGFR (right panel) mRNA after transfected
with amphiregulin siRNA for 24 h were ex-
amined using RT-qPCR. Results are shown
as (mean ± SEM) of at least three in-
dependent experiments. Values with dif-
ferent letters were significantly different
(P < 0.05).
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and Akt signal pathways, previously found to be important signaling
cascades mediating trophoblast proliferation, differentiation and inva-
sion [43]. In our study, we found that amphiregulin had no effect on the
proliferation of HTR-8/SVneo cells. However, amphiregulin had been
reported to promote the proliferation of trophoblast cells in porcine
embryo during preimplantation development [15]. Meanwhile, a re-
cently published study reported that amphiregulin could promote the
proliferation of BeWo cell, a syncytiotrophoblast cell line, through
ERK1/2 and Akt signaling pathway [16]. Whereas, EGF, which could
also activate the ERK1/2 signaling pathway in BeWo cell [44], has no
effect on BeWo cell proliferation [45]. The potential reason for the
contradictories among above studies might lie in the fact that the cell
components in each model are different (HTR-8/SVneo cells are a
mixture of both extravillous cytotrophoblast and stromal cell [46],
while BeWo is a combination of choriocarcinoma and decidual tissue
[47] and the trophoblasts on the outer layer of blastocysts have the
potential to differentiate into syncytio- and cyto-trophoblast during
culture). What is more, even as choriocarcinoma cell lines, JEG3 and
BeWo cells respond differently to inducers too [45].

MEK and PI3K signal pathways mediate cell motility [48]. Using of
specific inhibitors of EGFR, MEK and PI3K (AG1478, U0126 and
LY294002 respectively) could dramatically inhibit the invasiveness of
HTR-8/SVneo cells as well as amphiregulin-induced upregulation of
MMP9 mRNA and MMP9/TIMP-1 ratios. However, amphiregulin-in-
duced upregulation of TIMP-1 mRNA can be blocked by AG1478 and
U0126, but not by LY294002. Above results indicated that the tran-
scription of MMP9 requires EGFR-mediated activation of both MAPK/
ERK and PI3K/Akt signal pathway, whereas amphiregulin-induced
upregulation of TIMP-1 mRNA is regulated mainly through EGFR-
mediated activation of MAPK/ERK signal pathway. It can be explained
by the fact that, the promoters of MMP9 and TIMP-1 share the same AP-
1 binding site [49,50], and both MAPK/ERK and PI3K/Akt could acti-
vate AP-1, whereas MAPK/ERK mediates the PI3K/Akt-induced AP-1
activation [51]. Meanwhile, the transcription of MMP9 gene also need
the recruitment of nuclear factor-κB (NF-κB) to the promoter region,
which is mediated by PI3K/Akt signal pathway [52].

The effects of amphiregulin on MMP9 and TIMP-1 mRNA expression
are specific since the MMP2 and TIMP-2 levels are not changed. Of
particular interest is TIMP-1, due to its complex functions [53]. In ad-
dition to its inhibition of MMP-9 [54], TIMP-1 is also recognized as a
cancer promoting factor [55], due to its anti-apoptotic effects [55],
mitogenic activity [56] as well as angiogenesis enhancement function
[57]. TIMP-1 are abundantly expressed in trophoblasts, and participate
in the precise regulation of trophoblast invasion depth [58]. We de-
monstrated that amphiregulin could increase the MMP9/TIMP-1 ratio
in a dose-dependent manner. It can be interpreted as, amphiregulin
increases HTR-8/SVneo invasiveness by increasing net MMP9 produc-
tion; when invasion depth is excessive, amphiregulin restrict invasive-
ness by increasing TIMP-1. However, above interpretation and corre-
sponding mechanism need further investigation.

It is intriguing to see that the HTR-8/SVneo invasiveness as well as
MMP9 and TIMP-1 mRNA expression was not compromised after
knocking down the endogenous amphiregulin expression using siRNA.
Interestingly, the expression of EGFR mRNA and HB-EGF mRNA, which
also utilizes EGFR, were upregulated after amphiregulin knockdown,
consistent with the complementary effects of amphiregulin on HB-EGF
ablation in pregnant mice reported in a previous study [34]. It further
indicates that, the cooperation and complementary effects among spe-
cific EGFR ligands ensure the normal progression of pregnancies. HB-
EGF has been reported to function through the activation of EGFR and
the phosphorylation of ERK1/2 and AKT signal pathway [59–61]. The
unimpaired phosphorylation of ERK1/2 and AKT signal pathway may
not reduce cell mobilities, which may account for the uncompromised
invasiveness of HTR-8/SVneo cells. All in all, it is remarkable to find
that the compensatory effects HB-EGF could override amphiregulin
insufficiency during invasion. Low molecular weight heparin (LMWH)

has been widely used for the prevention of placenta-mediated preg-
nancy complications, like preeclampsia, IUGR and recurrent mis-
carriages. HB-EGF has been proved to be a necessary downstream target
for LMWH [59]. However, whether amphiregulin work alone, or co-
ordinately with HB-EGF to mediate the effect of LMWH during treat-
ment worth further investigation. The compensatory effects between
HB-EGF and amphiregulin provides new insights into the management
of placenta-mediated pregnancy complications.

Recently, the usage of HTR-8/SVneo cell line as a model for the EVT
invasion study has been doubted, for it is a mixture of both extravillous
cytotrophoblasts and stromal cells [46]. However, HTR-8/SVneo cell is
compatible with the investigation of amphiregulin, who works by au-
tocrine, paracrine and juxtacrine manners during pregnancies. Never-
theless, lack of primary trophoblasts experiment is still one of the most
important drawbacks of our study.

5. Conclusion

Our study indicated that the increase of MMP9/TIMP-1 ratio con-
tributed to amphiregulin-induced HTR-8/SVneo invasiveness. Although
the amphiregulin-induced upregulation of TIMP-1 mRNA is mediated
through ERK1/2 signaling, amphiregulin-induced upregulation of
MMP9 mRNA as well as increases of MMP9/TIMP-1 ratios need both
ERK1/2 and Akt signaling. This study provides molecular evidence that
amphiregulin is an important regulator during trophoblast invasion.
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