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Abstract
Objectives: The transformation of cytotrophoblasts into mesenchymal-like extravil-
lous trophoblasts is necessary for successful embryo implantation, and the inade-
quate transformation may cause abortion. Epiregulin, which is a new growth factor, 
plays important roles in the reproductive processes. The glycosylation of many pro-
teins in reproduction processes is critical. Protein O-fucosyltransferase 1 (poFUT1) 
is the key enzyme for the biosynthesis of O-fucosylation on the specific glycopro-
teins. Urokinase-type plasminogen activator (uPA) contains O-fucosylated domain on 
Thr18. However, the functions of epiregulin and poFUT1 in the trophoblast epithe-
lial–mesenchymal transition (EMT) process, the regulatory mechanism of epiregulin 
on poFUT1 and the resulting O-fucosylated uPA remain unclear.
Materials and methods: We employed ELISA and Western blot to detect serum lev-
els of epiregulin and poFUT1 from non-pregnancy women, pregnancy women and 
abortion patients. Using two trophoblast cell lines and a mouse pregnancy model, 
we investigated the underlying mechanisms of epiregulin and poFUT1 in trophoblast 
EMT process.
Results: Serum levels of epiregulin and poFUT1 were higher in pregnant women 
compared with non-pregnant women, and their levels were significantly decreased in 
abortion patients compared with pregnant women. The results showed that epireg-
ulin upregulated poFUT1 expression and increased O-fucosylation on uPA, which 
further activated the PI3K/Akt signalling pathway, facilitating EMT behaviour of 
trophoblast cells and embryo implantation in the mouse pregnant model.
Conclusions: Level of epiregulin and poFUT1 is lower in abortion patients than early 
pregnancy women. Epiregulin promotes trophoblast EMT through O-fucosylation on 
uPA catalysed by poFUT1. Epiregulin and poFUT1 may be suggested as the potential 
diagnostic biomarkers and useful treatment targets for abortion.
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1  | INTRODUCTION

Embryo implantation is the process by which the mature blasto-
cyst successfully attaches to the receptive endometrium, followed 
by the establishment of the placenta, which plays a crucial role in 
reproduction.1,2 The trophoblasts are derived from trophectoderm 
cells in the blastocyst, and differentiate into syncytiotrophoblasts 
and cytotrophoblasts, which participate in the nutrients and gas ex-
change for the foetus. The extravillous trophoblast (EVT) cells orig-
inated from the cell column of villi act as a diver to lead embryo to 
invade into the maternal decidua, followed by the placentation and 
remodelling of the uterine spiral arteries.3-5 During the differenti-
ation process of cytotrophoblasts into EVT cells, cytotrophoblasts 
undergo epithelial–mesenchymal transition (EMT) and secret extra-
cellular matrix (ECM) degradation-related proteins (MMP-2/MMP-9) 
to facilitate embryo to seeding, further implantation. Inappropriate 
or shallow invasion of trophoblast cells is the major reasons for 
pregnancy-related complications, such as miscarriage, intrauterine 
growth restriction and preeclampsia.6,7 Despite a large number of 
molecules involved in the embryo–maternal communication have 
been identified, the detail mechanism related to how the molecules 
regulate trophoblasts cell migration and invasion capacity requires 
further study.

Epiregulin belongs to the epidermal growth factor (EGF) family. 
It contains 46 amino acids and is secreted in soluble form. Epiregulin 
usually binds to the EGF receptor (ErbB1 and ErbB4).7,8 The increas-
ing evidence indicates that epiregulin plays important roles in the 
reproductive processes. The human epiregulin is mainly found in 
the placenta and uterus at the site of blastocyst implantation,9 and 
Haengseok Song also reported that epiregulin expressed in the lu-
minal epithelium and the underlying stroma surrounding the blas-
tocysts during the attachment reaction.10 These studies indicate 
that epiregulin is involved in embryo implantation. Dysregulation of 
the EGF family in the uterus induces implantation failure. HB-EGF 
affects blastocyst activities related to implantation.11 Furthermore, 
the EGF signalling cascades are necessary in regulating trophoblast 
differentiation, and its disruption could cause perinatal diseases, 
such as preeclampsia and intrauterine growth restriction. However, 
whether abnormal epiregulin can influence blastocyst implantation 
remains unclear.

Glycosylation is a post-translational modification of pro-
teins, which plays a crucial role in the reproduction. Fucosylation, 
a typical type of glycosylation, is classified into two forms, 
N-fucosylation and O-fucosylation. Fucosyltransferases, including 
N-fucosyltransferases (FUTs) and protein O-fucosyltransferases 
(poFUT1/poFUT2), transfer fucose residue to the acceptor by 
N-linkage or O-linkage, respectively.12-14 poFUT1 adds O-linked fu-
cose to the folding EGF repeats containing the consensus sequence 
C2-X-X-X-X-(S/T)-C3.15 Fucosylation and fucosyltransferases are 
critical for reproduction, and aberrant fucosylation of proteins is 
associated with the reproduction disorders. N-glycosylation of em-
bryo proteins is required to facilitate embryo attachment and inva-
sion into the epithelium.16,17 Overexpression of fucosyltransferase 

7 stimulates embryo adhesion and implantation.18 Leukaemia in-
hibitory factor promotes embryo adhesion through unregulated 
expression of FUT1 and Lewis Y.19 We have previously found that 
poFUT1 significantly promotes the proliferation, migration and in-
vasion of trophoblast cells in vitro. However, the role of epiregulin 
on poFUT1/O-fucosylation in the process of trophoblast invasion 
remains unknown.

Urokinase-type plasminogen activator (uPA) is a single-poly-
peptide-chain glycosylated zymogen that consists of three do-
mains: a growth factor domain (GFD, 1-49 amino acids), a kringle 
domain (KD, 50-131 amino acids) and a serine protease domain 
(159-411 amino acids). After binding uPAR, pro-uPA zymogen be-
comes active uPA (GFD), which in turn cleaves and activates MMPs 
and degrades ECM. The GFD domain of uPA contains an EGF-like 
domain, which can be fucosylated on Thr18.13,20,21 The uPA/uPAR 
indicates the different downstream intracellular signalling path-
ways, such as PI3K, FAK and Rac signalling pathways,22-24 thus 
regulating cell proliferation, migration, invasion and angiogenesis, 
etc For example, uPA/uPAR system is involved in the male repro-
ductive. uPA can stimulate sperm mobility and promote fertiliza-
tion.25,26 uPA is also secreted by trophoblast and foetal membrane 
cells and endovascular cells, which facilitates trophoblast invasion 
into the uterine endometrium.26 However, lower uPA may prevent 
trophoblast invasion, and possibly as a preeclampsia marker.27,28 
These findings suggest that trophoblast uPA/uPAR is a critical de-
terminant of embryo implantation. uPA contains the fucosylated 
EGF domain in human SaOS-2 osteosarcoma cells and U-937 lym-
phoma cells. However, the relationship between uPA, especially 
the O-fucosylation of uPA, and miscarriage is still unclear.

In the present study, the serum level of epiregulin and poFUT1 
in pregnancy women and abortion patients were examined, and 
the decreased levels of epiregulin and poFUT1 were associated 
with abortion. The upregulation of poFUT1 by epiregulin increases 
the fucosylation of uPA, which activates uPA/uPAR-mediated 
PI3K/Akt signalling pathway, and facilitated EMT of trophoblast 
cells.

2  | MATERIALS AND METHODS

2.1 | Serum and tissue samples

All experimental protocols for human study were in accordance with 
the approved guidelines by the Institutional Review Boards of Dalian 
Medical University. The villi tissues and serum samples of women at 
the age of 25-35 were obtained from The Second Affiliated Hospital 
of Dalian Medical University (Dalian, China). The pregnant women 
(n = 20) and abortion patients (n = 20) were confirmed by ultrasound 
detection at 6-10 gestational weeks. Healthy villi tissues were ob-
tained from women undergoing legal abortion for non-medical rea-
sons. The abortion tissues were from the first-trimester patients 
who underwent induced abortion, with serum progesterone level 
less 25 ng/mL.
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2.2 | Cell culture

The human trophoblastic HTR-8/SVneo and JAR cell lines were ob-
tained from the American Type Culture Collection. Cells were cul-
tured in DMEM/F12 (HyClone) conditional medium supplemented 
with 10% FBS (Gibco) and 1% penicillin–streptomycin. The medium 
was renewed every 2-3 days. Cells were maintained in a humidified 
atmosphere containing 5% CO2 at 37°C.

2.3 | Real-time PCR

Cells were treated with RNAiso Plus reagent (Takara) for RNA ex-
traction, and the PrimeScript RT Reagent Kit with a gDNA Eraser 
kit (Takara) was used to synthesize cDNA. SYBR Premix Ex Taq 
(Takara) was used for q-PCR. Primer sequences were as follow-
ings: GAPDH (forward) 5′-ATGGGGAAGGTGAAGGTCG-3′, (re-
verse) 5′-GGGGTCATTGATGGCAACAATA-3′, poFUT1 (forward)  
5′-CAGCGAAGCCCAGATAAGAAG-3′, (reverse) 5′-CTGTAGGAAG 
CTCTGAAGGAAAT-3′, E-cadherin (forward) 5′ -CAACGACCCA 
ACCCAAGAA-3′, (reverse) 5′-CCGAAGAAACAGCAAGAGCA-3′, 
N-cadherin (forward) 5′-AAAGAACGCCAGGCCAAAC-3′, (reverse) 
5′-GGCATCAGGCTCCACAGTGT-3′. The reactions were performed 
using the Applied Biosystems 7500 Fast Real-time PCR System (Life 
Technologies). Quantified data were normalized to those of GAPDH, 
and the relative quantity was calculated using the 2−ΔΔCT method.

2.4 | Transfection

HTR-8/SVneo cells and JAR were seeded onto the plates. When 
cells reached 70% confluence, scramble or poFUT1 siRNA: 
5′-GGUCUACGUUGCUACUGAUTT-3′ (sense), 5′-AUCAGUAGCAA 
CGUAGACCTT-3′ (antisense) (GenePharma) was transiently trans-
fected into the cells using Lipofectamine 2000 reagent (Invitrogen) 
according to the manufacturer's instructions. The transfection rea-
gent was removed 6 hours later. Total protein and RNA were col-
lected after 48 hours.

2.5 | Western blot

To prepare whole-cell protein lysates, cells at 90% confluence were 
washed in PBS before incubation with RIPA lysis buffer. Equal pro-
tein was loaded onto 10% SDS-PAGE gels, transferred onto nitro-
cellulose membranes and blocked with TTBS containing 5% fat-free 
dry milk. The membranes were incubated at 4°C overnight with 
the primary antibodies: uPA and uPAR (Abcam), p-c-FOS (Ser32), 
p-c-JUN (Ser73), c-FOS, c-JUN, Akt, p-Akt (Tyr308), PDK and p-PDK 
(Ser241) (Cell Signaling Technology) and CK-7, vimentin, N-cadherin, 
E-cadherin, poFUT1, HLA-G and GAPDH (Proteintech). Next, the 
membranes were incubated with HRP-conjugated goat anti-rab-
bit IgG, HRP-conjugated goat anti-mouse IgG or HRP-conjugated 

streptavidin for 1 hour. An enhanced chemiluminescence detection 
system (Bio-Rad) was used to visualize immunoreactive bands.

2.6 | Immunofluorescent staining

Cover slips (cells) or frozen slices (tissues) were fixed in 4% para-
formaldehyde or cold acetone for 30 minutes, followed by blocking 
with 1% goat serum (Beyotime) for 2 hours. Next, the cover slips or 
slices were incubated with different antibodies at proper dilutions: 
poFUT1 was applied at 4°C overnight followed by incubation with 
the FITC or TRITC-conjugated second antibody for 1  hour. After 
counterstaining with DAPI (blue) for 5 minutes, anti-fade solution 
(Beyotime) was added to mount the coverslips or slices before imag-
ing under the fluorescent microscope (Olympus).

2.7 | Matrigel invasion

For Matrigel invasion assay, Transwell inserts (Costar) containing 
polycarbonate filters with 8-μm pores were precoated with 50  μL 
of 1 mg/mL Matrigel matrix. Cells (1.0 × 105) in serum-free medium 
were plated in the upper chamber, whereas medium with 10% FBS 
was added to the lower chamber. After incubating for 24 hours, the 
cells on the Matrigel side of the inserts were removed by the cotton 
swab. The inserts were fixed in methanol and stained with crystal vio-
let dye. The number of invaded cells attached to the other side of the 
insert was counted under a light microscope (Olympus) in five random 
fields. Three independent experiments were performed.

2.8 | Labelling and detection of glycoproteins in 
cell extracts

Cells seeded on culture dish were treated with/without test sug-
ars (200 μmol/L 6-alkynyl fucose) in growth medium at 37°C. After 
3  days, cell extracts were prepared by resuspending the cells in 
200 μL lysis buffer. Protein extract (1 mg/mL) was labelled for 1 hour 
at room temperature (azido-probe). The Click-iT® Protein Reaction 
Buffer Kit includes the reagents required to perform the click reac-
tion on proteins labelled with an azide-tagged biomolecule. Labelled 
protein lysate was resolved by SDS/PAGE.

2.9 | Microscopic analysis of fluorescent labelling 
O-glycosylation in cells

HTR-8/SVneo and JAR cells were seeded onto six-well plates con-
taining glass coverslips. Growth medium was supplemented with 
200  μmol/L 6-alkynyl fucose. After growing for 3  days, cells on 
coverslips were fixed and permeabilized with acetone for 10  min-
utes then subjected to the probe labelling reaction. Subsequently, 
the fixed and labelled cells were stained with TRITC-conjugated 
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streptavidin for 1 hour. DAPI was used to stain nuclei. Fluorescent 
images were captured by fluorescent microscope.

2.10 | Immunoprecipitation

Immunoprecipitation was performed with the Dynabeads® Protein G 
Kit (Life Technologies) by following the standard procedures. Briefly, 
total protein lysates were added to the Dynabeads-uPA or uPAR an-
tibody (Ab) complex for 30 minutes at room temperate, followed by 
washing 3 times. Subsequently, the Dynabeads-Ab-protein complex 
was mixed with elution and lysis buffer, and incubated 15 minutes at 
70°C to denature the proteins.

2.11 | Mouse embryos collection

All animal experiments from this paper were approved by the Animal 
Ethics Committee of Dalian Medical University. The species of 
Kunming mice (7-12 weeks) were from the Laboratory Animal Center 
of Dalian Medical University, China. The mice were feeding in stable 
environmental conditions (temperature 20-25°C; humidity: 60%). 
After mating, when the female mice were found a vaginal plug in the 
next morning, it was defined as pregnant day 1. On the day 3.5, the 
pregnant mice were euthanized by cervical dislocation and cut out 
the uteri. In order to get embryos, the uterine cavity was flushed 
with warm PBS (without Ca2+ and Mg2+). Next, embryos were placed 
in 96-well plates and cultured at 37°C under 5% CO2 in humidified 
air according to the standard procedures.

2.12 | Mouse embryo transfer

The pseudopregnant recipient females used for embryo transfer 
were obtained by natural mating with vasectomized males. The 
seminal secretions produced by a sterile male were required for 
the uterus to become receptive to the transferred embryos. To 
obtain a recipient, 2 females of 7-12 weeks of age were placed 
with a vasectomized male in the afternoon. The following morn-
ing, females were checked for the presence of a vaginal copulation 
plug, a clump of coagulated proteins from the male seminal fluid. 
The day of vaginal plug detection was considered to be day 0.5. 
Different treatments of mouse morulae or blastocysts were trans-
ferred to the bilateral uterus of pseudopregnant recipient female 
at days 2.5-3. The uterus was removed from the recipient 8 days 
after embryo transfer.

2.13 | Statistical analysis

GraphPad Prism® (GraphPad Software Inc) was used for statistical 
analysis. All experiments were performed at least 3 independent 
times, and the data were shown as means ± SEM. For the analysis 

of difference between groups, independent samples t test was per-
formed. The Spearman correlation analysis was used to analyse the 
relationship between epiregulin and poFUT1 in the serum. The re-
ceiver operating characteristic curve was applied to evaluate the 
diagnostic value of the epiregulin and poFUT1. The statistical signifi-
cance was indicated as the follows: *P < .05, **P < .01 and ***P < .001.

3  | RESULTS

3.1 | Low epiregulin, poFUT1 and uPA levels in 
abortion patients

We first performed ELISA and Western blot to determine the levels 
of epiregulin, poFUT1 and uPA in the serum from non-pregnant, preg-
nant and abortive women. As shown by ELISA (Figure 1), the levels 
of epiregulin, poFUT1 and uPA were decreased in the serum of abor-
tion patients compared with pregnant women (Figure 1A). Western 
blot also showed that epiregulin and poFUT1 levels were higher in the 
pregnant women than in the abortion patients (Figure 1B). It was worth 
noting that there was a positive correlation between the epiregulin and 
poFUT1 expression levels in the serum of pregnant women (r = .9710) 
and abortion patients (r = .9237) (Figure 1C). We further evaluated the 
diagnostic value of poFUT1 and epiregulin by receiver operating char-
acteristic curve (ROC) analysis and determined that epiregulin (area 
under the curve: 1) and poFUT1 (area under the curve: 0.796) were 
potential diagnostic markers for abortion patients (Figure 1D). We 
compared the expression of epiregulin and poFUT1 in the villi of preg-
nant women and abortion patients (Figure 1E). Immunofluorescence 
staining showed that epiregulin and poFUT1 were localized in villous 
trophoblast cells, and both stainings were stronger in normal pregnant 
women than in abortion patients (Figure 1F,G). We further explored 
the expression of EMT markers (N-cadherin and E-cadherin) in the 
villi of pregnant women and abortion patients by immunoblotting and 
immunostaining (Figure 1H). The staining showed higher N-cadherin 
and lower E-cadherin levels in pregnant women than in abortion pa-
tients (Figure 1D-F). These results indicate that low level of epiregulin, 
poFUT1 and uPA is related to women abortion.

3.2 | Epiregulin promotes trophoblast cell 
invasion and migration through EMT

To evaluate the effects of epiregulin on the migration and invasion 
capacities of trophoblast cells, we treated cells with different con-
centrations of epiregulin (0, 10, 50, 100  ng/mL) and for different 
time periods (0, 24, 48, 72 hours). RNA and protein samples were 
collected. The results showed the downregulation of E-cadherin 
and upregulation of N-cadherin and vimentin by real-time PCR 
(Figure 2A,B). The effect of epiregulin on EMT markers was further 
confirmed by Western blot (Figure 2C,D) and immunofluorescence 
staining (Figure 2I,J). The invasive potential of HTR-8/SVneo and 
JAR cells was studied by assaying the activities of MMP2 and MMP9 
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in the culture medium using gelatine zymography; the results indi-
cated that MMP9 activity was increased by epiregulin treatment 
(Figure 2E,F). To detect alterations in the invasion abilities after 
epiregulin treatment, Transwell assays were applied. Epiregulin sig-
nificantly promoted cell extension, invasion ability compared with 
the control cells (Figure 2G,H). These results suggest that epiregulin 
promotes the invasion potential of HTR-8/SVneo and JAR tropho-
blastic cells.

3.3 | Epiregulin upregulates poFUT1 expression 
through AP-1

To explore whether epiregulin promotes EMT of trophoblast cells 
through poFUT1, we further detected the effect of epiregulin on 
poFUT1. Using real-time PCR, Western blot and immunofluores-
cence staining, the effect of epiregulin on poFUT1 expression 
was investigated. Cells were treated with epiregulin at different 

F IGURE  1 Epiregulin and poFUT1 levels in pregnant and abortion women. Serum levels of epiregulin, poFUT1 and uPA in non-pregnancy, 
pregnancy and abortion patients detected by ELISA (A) and Western blot (B). C, Correlation analysis between Epiregulin and poFUT1 
expression in serum of pregnancy and abortion patients. D, ROC curve analysis of the diagnostic between epiregulin and poFUT1. E, 
poFUT1, epiregulin, E-cadherin and N-cadherin expression in villi tissues were detected by Western blot. F, Immunofluorescent staining of 
poFUT1 (green) in tissues. CK-7 (red) was stained as the villi marker. Nuclei were stained with the DAPI (blue). G, Immunofluorescent staining 
of epiregulin (red) in tissues. CK-7 (green) was stained as the villi marker. H, Villi tissues were analysed for N-cadherin (green) and E-cadherin 
(red) by immunofluorescent staining. Scale bars, 100 μm. CBB, Coomassie Brilliant Blue; poFUT1, protein O-fucosyltransferase 1; ROC, 
receiver operating characteristic; uPA, urokinase-type plasminogen activator
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F IGURE  2 Epiregulin promotes EMT of human trophoblast cells. A, JAR and (B) HTR-8/SVneo cells were treated with epiregulin at 
different concentrations (0, 10, 50, 100 ng/mL) and with 50 ng/mL epiregulin for different times (0, 24, 48, 72 h). Total RNA was analysed for 
E-cadherin and N-cadherin expression by RT-PCR, with GAPDH serving as the internal control. C, JAR and (D) HTR-8/SVneo cell lysates were 
prepared for immunoblotting analysis for E-cadherin, N-cadherin and vimentin, and GAPDH served as the internal control. E and F, Analysis of 
MMP9 activity by gelatine zymography. G and H, Cell extension, and invasive ability were examined by Transwell invasion assays. I, JAR and 
(J) HTR-8/SVneo cells were analysed for E-cadherin (green) and N-cadherin (red) by immunofluorescent staining. DAPI was used for nuclear 
staining. Scale bars: 50 μm. The statistical analysis was shown: *P < .05; **P < .01; ***P < .001. EMT, epithelial–mesenchymal transition
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concentrations of (0, 10, 50, 100  ng/mL) for 48  hours, and the 
expression of poFUT1 was significantly increased (Figure 3A-D). 
Calnexin was used as a marker for Golgi apartment localization. To 
determine whether AP-1 (c-Fos and c-Jun) was involved in epiregu-
lin-induced poFUT1 expression, cells were treated with epiregulin 
(50 ng/mL), epiregulin antibody and EGFR antagonist, the poFUT1 
level was detected. Western blot results showed that poFUT1 
expression was increased after epiregulin treatment, whereas 

poFUT1 expression was decreased after incubation with epireg-
ulin antibody or EGFR antagonist. We then measured the c-Jun 
and c-Fos protein levels in the same situation, and the Western 
blot results showed that epiregulin promoted phosphorylation of 
c-Fos and c-Jun, whereas epiregulin antibody and EGFR antagonist 
lessened the enhanced effect (Figure 3E,F). Immunofluorescence 
staining showed similar alternations with those of Western blot 
analysis (Figure 3G,H). PoFUT1 is the key enzyme in O-fucose 

F IGURE  3 Epiregulin increases poFUT1 and O-fucosylation expression through active transcription factor AP-1. poFUT1 expression 
was detected by RT-PCR and Western blot in (A) JAR and (B) HTR-8/SVneo cells after treatment with epiregulin (0, 10, 50, 100 ng/mL) for 
48 h. Immunofluorescence staining of poFUT1 in trophoblast cells (C, D). Green: poFUT1. Red: calnexin. Blue: DAPI. Analysis of levels of 
phosphorylated and non-phosphorylated c-Fos/c-Jun and poFUT1 by Western blot (E, F) and immunofluorescence (G, H) in trophoblast cells 
treated with epiregulin (50 ng/mL) for 48 h, anti-epiregulin antibody and erlotinib (EGFR inhibitor). Lectin blotting and lectin staining (I, J) 
were used to analyse the effect of poFUT1 on O-fucosylation biosynthesis in trophoblasts by treatment with epiregulin (50 ng/mL) for 48 h, 
anti-epiregulin antibody or erlotinib (EGFR inhibitor). Scale bars: 50 μm. The statistical analysis was shown: *P < .05; **P < .01; ***P < .001. 
poFUT1, protein O-fucosyltransferase 1
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biosynthesis. We then explored, by immunoblotting and im-
munostaining, whether the alteration of poFUT1 could change 
O-fucose biosynthesis on cells. The results showed that epiregulin 
promoted O-fucose biosynthesis, whereas epiregulin antibody and 
EGFR antagonist inhibited O-fucose biosynthesis in HTR-8/SVneo 
and JAR trophoblastic cells (Figure 3I,J). These data indicate that 
epiregulin promotes poFUT1 expression by activating c-Fos and 
c-Jun, which further increase O-fucosylation biosynthesis.

3.4 | poFUT1 promotes O-fucosylation on uPA and 
activates the PI3K/Akt signalling pathway

Protein glycosylation usually influences the functions of glycopro-
teins. Because poFUT1 is mainly responsible for adding fucose on 
EGF repeats of proteins, we investigated whether poFUT1 could 
regulate O-fucosylation on uPA and functions, following tropho-
blast cells transfected with poFUT1 siRNA or poFUT1 cDNA plas-
mid, Western blot detection showed that poFUT1 siRNA decreased 
the level of poFUT1, whereas poFUT1 cDNA increased the level 
of poFUT1 (Figure 4A,B). We utilized click chemistry methods to 
detect O-fucosylated glycans. The results showed that poFUT1 
siRNA inhibited the biosynthesis of O-fucosylated glycans. In con-
trast, poFUT1 cDNA promoted O-fucosylation in HTR-8/SVneo 
and JAR trophoblast cells (Figure 4C,D). We further detected 
alterations in uPA O-fucosylation using immunoprecipitation. 
Results showed that silencing poFUT1 by poFUT1 siRNA trans-
fection inhibited O-fucosylation on uPA, whereas upregulation of 
poFUT1 by poFUT1 cDNA plasmid enhanced O-fucosylation on 
uPA (Figure 4E,F). Most importantly, poFUT1 siRNA transfection 
decreased the combination of uPA with uPAR, whereas poFUT1 
cDNA enhanced the amount of uPA bound with uPAR (Figure 4G,H). 
These results demonstrate the regulatory role of poFUT1 in the 
biosynthesis of O-fucosylation on uPA and the combination ability 
of uPA with uPAR.

To clarify the mechanism underlying the connection between 
poFUT1 and O-fucosylation on uPA, the activation of the PI3K/
Akt signalling pathway was detected. Western blot results showed 
that poFUT1 siRNA inactivated the PI3K/Akt signalling pathway, 
whereas poFUT1 cDNA enhanced PI3K/Akt signalling pathway 
activity and PI3K inhibitor (LY294002) suppressed it (Figure 5A-
D). Similarly, p-PDK/p-Akt was also decreased after cells were 
transfected with poFUT1 siRNA, whereas p-PDK/p-Akt increased 
after transfection with poFUT1 cDNA plasmid, and PI3K inhibitor 
(LY294002) reduced the expression of p-PDK/p-Akt. Gelatine zy-
mography data also showed that poFUT1 siRNA resulted in a re-
duction in MMP9 activity (Figure 5A,B). We next asked whether 
O-fucose biosynthesis on uPA could influence the PI3K/Akt sig-
nalling pathway and MMP9 activity. Western blot data showed 
that co-transfection with uPA cDNA and poFUT1 cDNA stimulated 
the PI3K/Akt signalling pathway and MMP9 activity compared 
with co-transfection with uPA mutation plasmid (uPA-MUT) and 
poFUT1 cDNA (Figure 5E-H).

3.5 | Epiregulin promotes trophoblastic cell invasion 
by increasing poFUT1 expression and O-fucosylation 
on uPA, which stimulates the PI3K/Akt signalling 
pathway and MMP9 activity

The Western blot results showed that epiregulin reduced E-cadherin 
expression, whereas it increased vimentin and N-cadherin ex-
pression. Gelatine zymography data also showed that epiregulin 
increased MMP9 activity (Figure 6E-H). Silenced poFUT1 was as-
sociated with an enhancement of E-cadherin expression, whereas 
vimentin/N-cadherin expression and MMP9 activity were reduced. 
Meanwhile, LY294002 inactivated EMT process. Similarity, TIIA, an 
inhibitor of AP-1, depressed the EMT. Treatment cells with LY294002 
and TIIA also inhibited the activity of MMP9 (Figure 6E-H). Western 
blot results showed that poFUT1 siRNA inhibited the activation of 
PI3K/Akt signalling pathway, and epiregulin activated the signalling 
pathway (Figure 6A-D). Transwell assays were performed to further 
verify that epiregulin could promote trophoblast cell invasion by tar-
geting poFUT1 and O-fucosylation on uPA through PI3K/Akt signal-
ling pathway (Figure 6I,J). The results show that epiregulin promotes 
invasion through the activated PI3K/Akt signalling pathway, whereas 
poFUT1 knockdown and treatment with LY294002 and TIIA sup-
press invasion through PI3K/Akt signalling pathway (Figure 6).

3.6 | Epiregulin promotes embryo implantation 
in vivo

To further investigate the effects of epiregulin on embryo implanta-
tion, a pregnant mouse model was employed. Mouse embryos were 
collected at PD3.5 and were treated with epiregulin. After incubated 
48 hours, the embryos in each group were observed, and the im-
munofluorescent staining results showed that epiregulin promoted 
the expression of poFUT1 and invasion potential of mouse embryos 
(Figure 7A). Transfection of mouse embryos with poFUT1 siRNA or 
poFUT1 cDNA inhibited and promoted the expression of poFUT1 
and the capacity for invasion, respectively (Figure 7B). Most impor-
tantly, that epiregulin reduced E-cadherin expression, whereas it 
increased N-cadherin expression in mouse embryos. The invasion 
potential cells migrated far from the embryo centre (Figure 7C). 
Then, we observed that epiregulin increased the expression of 
HLA-G, which is an EVT trophoblast cell marker (Figure 7D). Then, 
we further analysis the role of epiregulin and poFUT1 on embryo 
implantation rate. Mouse morulae or blastocysts were incubated 
with epiregulin antibody or poFUT1 siRNA for 48 hours; then, the 
embryos were transferred into pseudocyesis mice uterus, and the 
mice were sacrificed at PD8 to analyse the embryo implantation 
rate. The statistical results showed that poFUT1 siRNA suppressed 
the embryo implantation rate compared with the control group, and 
epiregulin antibody blockade group decreased the embryo implanta-
tion rate compared with control group (Figure 7E,F). These findings 
suggest that epiregulin and poFUT1 are essential for promoting em-
bryo invasion and successful embryo implantation in mice.
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4  | DISCUSSION

During embryo implantation, the transformation from the tropho-
blastic epithelial-like cytotrophoblast (CTB) to the mesenchymal-
like EVT is an essential process that facilitates embryo invasion 
of the uterine epithelium. The CTB-EVT conversion process has 
been described as “pseudo-EMT.”29-31 Many regulators affect 
EVT migration and invasion, such as hormones, cytokines and 
chemokines. For example, gonadotropin induces trophoblast cell 

migration and invasion by EMT upregulation.32 MMP14 activa-
tion is critical for EMT and migration by regulating the levels of 
cadherins in the cells.33 Autocrine TGFβ/TGFβR signalling can 
stimulate the EMT in the cancer cells.34 Our results also provided 
the evidence that poFUT1, epiregulin and uPA were expressed at 
lower levels in trophoblast from abortion patients (Figure 1A) than 
normal pregnant women, and decreased level of these molecules 
could hamper embryo implantation by interfering the trophoblast 
EMT process.

F IGURE  4 poFUT1 modifies O-fucosylation on uPA and binding potential of uPA and uPAR. JAR and HTR-8/SVneo cells were transfected 
with poFUT1 siRNA and poFUT1 cDNA. The levels of poFUT1 and O-fucosylation were detected by Western blot and immunofluorescence 
staining (A-D). The total protein lysates were immunoprecipitated with uPA antibody. The samples were immunoblotted to detect the 
amounts of O-fucosylated uPA and total uPA (E, F). JAR and HTR-8/SVneo cells were co-transfected with uPA cDNA and poFUT1 cDNA 
or co-transfected with uPA-MUT and poFUT1 cDNA. The total protein lysates were immunoprecipitated with uPAR antibody. The samples 
were detected for the binding potential between uPA and uPAR (G, H). poFUT1, protein O-fucosyltransferase 1; uPA, urokinase-type 
plasminogen activator
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Epiregulin is secreted by early human placenta and uterine 
glands.9-11 Epiregulin is a member of the EGF family, which are in-
volved in many physiological and pathological processes, such as 
oocyte maturation, cutaneous wound healing and vascular remodel-
ling.7 Epiregulin usually plays roles by binding its ligands. EGF ligands 
include EGF, TGFα, HB-EGF, betacellulin (BTC), amphiregulin (AREG), 
epiregulin (EREG) and epigen (EPGN).35 The EGF family regulates 
the processes of trophoblast differentiation, trophoblast-uterine 
communication and trophoblast adhesion/invasion by autocrine, 
paracrine and juxtacrine mechanisms.36,37 EGF and HB-EGF are ex-
pressed in the decidua, while facilitating trophoblast invasion and 
villous explants outgrowth.38,39 EGF has been shown to increase 
MMP-2 and MMP-9 activity in trophoblastic cells, resulting in cell 
invasion.40 Betacellulin, amphiregulin and epiregulin are highly ex-
pressed in the chorionic villi at term compared with preeclampsia 
and preterm labour.41 EGF-like peptides contribute to oocyte de-
velopmental competence. In the current study, we further found 
that a lower level of epiregulin was associated with miscarriage, and 

epiregulin facilitated the invasion and EMT in trophoblastic cells 
(Figure 2).

The glycan structures, including N-glycans and O-glycans, have 
been described to affect cell migration, invasion and EMT process. 
B4GALT3 has been found to suppress EVT invasion in the late stages 
of pregnancy.42 Overexpression of GALNT2 (O-glycosyltransferase) 
enhances the O-glycosylation of β1 integrin and suppresses EVT 
cell invasion.43 GALNT3 maintains the epithelial state in trophoblast 
stem cells.44 FUT8 increases the migration and invasion of tropho-
blast cells.45 O-fucose glycans are essential for Notch signalling and 
embryonic development in mice.46 We previously found that proges-
terone increased the expression of poFUT1 and promoted the pro-
liferation and adhesion of JAR cells. In the current study, the results 
showed that epiregulin also increased the expression of poFUT1 
through the c-Fos/c-Jun transcription factor in trophoblast cells 
(Figure 3). Epiregulin increased the biosynthesis of O-fucosylation in 
trophoblastic cells (Figure 3I,J), indicating that it participates in the 
regulation of trophoblast cell invasion and EMT process.

F IGURE  5 poFUT1 modifies 
O-fucosylation on uPA and activates the 
PI3K/Akt signalling pathway. JAR and 
HTR-8/SVneo cells were transfected 
with poFUT1 siRNA, poFUT1 cDNA and 
treated with PI3k inhibitor (LY294002). 
The expression of p-PDK (Ser241), PDK, 
p-Akt (Tyr308) and Akt in JAR and HTR-8/
SVneo cells were detected by Western 
blot (A, B) and statistical analysis (C, D). 
JAR and HTR-8/SVneo cells were co-
transfected with uPA cDNA and poFUT1 
cDNA and co-transfected with uPA-MUT 
and poFUT1 cDNA. The expression of 
p-PDK (Ser241), PDk, p-Akt (Tyr308) and 
Akt in JAR and HTR-8/SVneo cells were 
detected by Western blot (E, F) and 
statistical analysis (G, H). The statistical 
analysis was shown: *P < .05; **P < .01. 
poFUT1, protein O-fucosyltransferase 
1; uPA, urokinase-type plasminogen 
activator
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Glycosylation of the proteins usually regulates the biological 
functions and controls cellular phenotypes. Many EGF repeats are 
modified at evolutionarily conserved consensus sites by an unusual 
form of O-fucose. Mammalian proteins are modified with O-fucose, 
including Notch1, uPA, nidogen-2 and neurocan core protein. uPA 

contains an EGF repeat domain and is fucosylated on Thr18.47,48 
Activated uPA converts plasminogen into plasmin, which in turn 
activates MMPs, and then degrades ECM. EMT and cell motile be-
haviour, which are induced by the increased expression of ECM-
degrading enzymes, such as uPA and MMPs, enhance tumour cell 

F IGURE  6 Epiregulin increases poFUT1 and O-fucosylation on uPA and activates PI3K/Akt signalling pathway. The expression of 
p-PDK (Ser241), PDk, p-Akt (Tyr308) and Akt in JAR and HTR-8/SVneo cells after different treatments were detected by Western blot (A-D). 
The expression of E-cadherin, N-cadherin and vimentin in JAR and HTR-8/SVneo cells were detected by Western blot. Analysis of MMP9 
activity by gelatin zymography (E-H). Cell invasiveness ability were examined by Transwell invasion assays (I, J). Scale bars: 50 μm. The 
statistical analysis was shown: *P < .05; **P < .01; ***P < .001. poFUT1, protein O-fucosyltransferase 1; uPA, urokinase-type plasminogen 
activator
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invasion. Elevated uPAR expression in tumour cells correlates with 
poor prognosis, invasion and lymph node metastasis in squamous 
cell carcinoma.49 TGFβ enhances uPA expression, leading to a greater 
invasiveness of MDA-MB-231 cells.50 Conversely, downregulation 
of uPA by miR-23b decreased migration ability of human hepatocel-
lular carcinoma cells.51 Regarding cellular surface glycoproteins, we 
decided to determine whether the poFUT1 or O-fucose-modified 
proteins were necessary for invasion of trophoblastic cells. uPA is 
present in the EVT of the human placenta, and the binding of uPA 
and uPAR at the migration frontier of EVT cells suggests that uPA/
uPAR plays a role during EVT cells' invasion into the uterine decidua. 
We found that increased poFUT1 promoted the biosynthesis of uPA 
(Figure 4E). Significantly, when transfected with poFUT1 cDNA, 
trophoblast cells activated the PI3K/Akt signalling pathway and in-
creased the secretion of MMP9, which degraded the ECM (Figure 5) 
and promoted EMT processing. These results suggest that poFUT1 
upregulates biosynthesis of O-fucosylation and the binding of uPA 
and uPAR, further facilitating EMT.

A good deal of knowledge is currently available on the molecu-
lar mechanisms of miscarriage. Disordered mechanisms may produce 
failed embryo implantation. Our study revealed that epiregulin in-
creased poFUT1 and O-fucosylation on uPA, which further activated 
the PI3K/Akt signalling pathway and caused trophoblast invasion and 
EMT (Figure 8). Our findings are essential in that they identify early 
markers (poFUT1 and epiregulin) of miscarriage in serum and tropho-
blastic cells, which may serve as new biomarkers for clinical diagnosis 
and provide the foundation for strategies of infertility treatment.
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