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Abstract

This study investigated the role of milk fat globule-epidermal growth factor-factor 8 (MFGE8) in TGF-β-induced epithelial–
mesenchymal transition (EMT) of endometrial epithelial cells. These were in vitro studies using human endometrial epithelial cells and 
mouse blastocysts. We investigated the ability of TGF-β to induce EMT in endometrial epithelial cells (HEC-1A) by assessment of 
cytological phenotype (by light and atomic force microscopy), changes in expression of the markers of cell adhesion/differentiation 
E- and N-cadherin, and of the transcription factor Snail (by immunofluorescence and immunoblotting), and competence to support 
embryo attachment in a mouse blastocyst outgrowth assay. We also studied the effects of E-cadherin expression in cells transfected by 
retroviral shRNA vectors specifically silencing MFGE8. Results demonstrated that TGF-β induced EMT as demonstrated by phenotypic 
cell changes, by a switch of cadherin expression as well as by upregulation of the expression of the mesenchymal markers Snail and 
Vimentin. Upon MFGE8 knockdown, these processes were interfered with, suggesting that MFGE8 and TGF-β together may 
participate in regulation of EMT. This study demonstrated for the first time that endometrial MFGE8 modulates TGF-β-induced EMT in 
human endometrium cells.
Reproduction (2016) 152 225–233

10.1530/REP-15-0585

Introduction

Milk fat globule-epidermal growth factor-factor 8 
(MFGE8), originally found in milk and mammary 
epithelial cells (Stubbs et  al. 1990), is also known as 
lactadherin (Taylor et al. 1997) or SED1 (Ensslin & Shur 
2003). Our group was the first to report the expression 
of MFGE8 in human endometrium and its upregulation 
during the window of implantation (Mirkin et al. 2005). 
Our data showed that MFGE8 protein is upregulated 
by prolactin in primary endometrial epithelial cell 
cultures, indicating paracrine epithelial–stromal cells 
interaction (Franchi et  al. 2011). In addition, MFGE8 
protein is highly expressed in human chorionic villi at 
all trimesters of gestation and in murine implantation 
sites (Bocca et al. 2012), and participates in trophoblast 
adhesion with its receptor integrin ανβ3 in an in 
vitro model of human implantation (Schmitz et  al. 
2014). We have also demonstrated that endometrial 
MFGE8 gene expression, as well as the expression of 
other inflammatory factors, such as IL-6 and IL-8, are 

significantly regulated by TNFα (Yu et  al. 2014) and 
hCG (Sarhan A et al. 2013) respectively.

These studies strongly suggested that endometrial 
MFGE8 performs an important role in physiological 
conditions during menstrual endometrium remodeling 
and implantation, and dysfunctions of its expression 
may be associated with endometrial pathological 
conditions. In extra-uterine tissues, this secreted 
phosphatidylserine binding protein, MFGE8, has 
been reported to have functions in apoptosis 
control, cell remodeling, neovascularization and 
immunomodulation (Morris et al. 1983, Silvestre et al. 
2005). In human melanoma cells, MFGE8 promoted 
disease progression through coordination with integrin 
ανβ3 in tumor microenvironment; it also increased 
cell resistance to apoptosis, triggered epithelial–
mesenchymal transition (EMT), and stimulated invasion 
(Jinushi et  al. 2008). However, melanoma cells with 
MFGE8 deficiency showed the ability to attenuate Akt 
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and Twist signaling and thereby compromise tumor cell 
survival, EMT and invasion.

Epithelial–mesenchymal transition (EMT) plays a 
fundamental role in embryonic development and in 
tissue repair. Several lines of evidence also suggest that 
EMT is necessary for the emergence of cancer stem cells 
and for tumor progression (Thiery et  al. 2009). EMT is 
characterized by a loss of the apical–basal polarity 
of epithelial cells, remodeling of the cytoskeleton, the 
emergence of a mesenchymal phenotype and increased 
cell mobility. The proteins that form tight junctions 
and adherent junctions such as occludin, claudin and 
E-cadherin disappear during EMT, and mesenchymal 
markers begin to be expressed. Features of EMT in 
epithelial cells include alteration of cytoskeleton structure 
and morphology by losing cortical actin, developing 
large lamellipodia and increasing their spreading on the 
underlying substratum (Radisky et al. 2005).

EMT can be initiated in response to a variety of 
signals, such as transforming growth factor-β (TGF-β), 
insulin growth factor 2 (IGF2) or epidermal growth factor 
(EGF). These EMT inducers lead to the activation of 
transcription factors, including Snail and Slug, ZEB1/2, 
and Twist (Bertrand et  al. 2015). Specific transcription 
factors, which repress the transcription of E-cadherin, 
have been identified. The zinc-finger protein Snail1 
and its close relative Slug (Snail2) were some of the first 
transcription factors to be identified. Twist, a member 
of the basic helix-loop-helix (bHLH) transcription factor 
family, has long been known to trigger EMT, and Twist 
seems to be necessary for the metastasis of E-cadherin-
deficient cells (Bartley et al. 2014).

Human embryo implantation is a critical multistep 
process consisting of embryo apposition/adhesion, 
followed by trophoblast penetration and invasion. In 
a recently published study using an in vitro model of 
attachment between Ishikawa cells and Jar spheroids, 
sexual ovarian steroid hormones (17β-estradiol and 
progesterone) resulted in upregulation of N-cadherin and 
vimentin, a mesenchymal cell marker, with concomitant 
downregulation of E-cadherin in the Ishikawa cells, 
accelerated Ishikawa cells motility, increased JAR 
spheroid outgrowth, and redistribution of N-cadherin – 
effects which were most prominent in proximity to the 
adhered spheroids. This strongly suggested activation 
of EMT (Uchida et  al. 2012). As such, these authors 
concluded that their results collectively suggested that 
the ovarian sex steroids and the implanting embryo 
(Jar spheroids mimicking trophoblast) induced EMT of 
endometrial epithelial cells, and that these processes may 
play a pivotal role in early human embryo implantation 
via functional control of N-cadherin.

TGF-β superfamily proteins have been demonstrated 
to play a crucial role in inducing EMT and in almost 
all major developmental processes depending on EMT 
(Yang & Weinberg 2008), such as embryo implantation, 
embryogenesis and organ development. TGF-β is 

preferentially synthesized in the stroma and differentially 
expressed in the human endometrium regulated by the 
sex hormones estrogen and progesterone (Jones et  al. 
2006, Omwandho et  al. 2010). These growth factors 
are also abundantly detected by epithelial glands and 
trophoblast cells secreted into the uterine fluid, where 
they are involved in epithelium remodeling to establish 
a successful pregnancy (Chea et al. 2005). Researchers 
found that cellular responses to TGF-β stimulation are 
determined by the presence of TGF-β type I and type 
II receptor complexes; therefore, unresponsiveness to 
TGF-β may be caused by mutational inactivation or 
lack of receptors that are characterized in many human 
cancers (Massague et al. 2000, Piestrzeniewicz-Ulanska 
et  al. 2002). Although TGF-β is shown to modulate 
the invasive properties of tumor cells (Van Themsche 
et al. 2007), little information is available regarding the 
effect of TGF-β on the invasiveness and receptivity of 
endometrial epithelial cells.

In this study, we investigated the in vitro role of 
MFGE8 in TGF-β induced EMT in endometrial epithelial 
cells, hypothesizing that MFGE8 would regulate EMT 
and potentially promote embryo attachment and 
early invasion. We first tested the ability of TGF-β to 
induce EMT in endometrial epithelial cells by studying 
cytological phenotypes, changes in markers of cell 
adhesion/differentiation, and the ability to support 
embryo attachment. These data demonstrate that TGF-β  
induces EMT junction changes and promotes embryo 
attachment. Second, when MFGE8 was knocked down 
in endometrial epithelial cells, the EMT process and the 
interaction between embryo and human endometrial 
epithelial cells as triggered by TGF-β were interfered, 
supporting the concept that MFGE8 may play a 
modularity role during trophoblast attachment and early 
invasion, and endometrial remodeling.

Materials and methods

Endometrial epithelial cell culture

The human endometrial epithelial adenocarcinoma HEC-1A 
(ATCC HTB112) has been characterized as an in vitro model 
for EMT and trophoblast adhesion as described previously 
(Tsukamoto et al. 2007, Paule et al. 2012). HEC-1A cells were 
cultured in McCoy’s medium with 10% fetal bovine serum in a 
humidified atmosphere of 5% CO2 incubator at 37°C. To detect 
the effects of TGF-β on EMT, HEC-1A cells were cultured in 
the presence of 20 ng/mL TGF-β (Invitrogen, PHG9204) (Rhyu 
et al. 2005, Cheng et al. 2012). The studies were considered 
exempt from Institutional Review Board approval because 
established cell lines were used.

Immunofluorescence

HEC-1A was characterized as an endometrial epithelial cell line 
by immunofluorescence (IF), staining with antibodies including 
ER-β (Abcam, ab3576), Prl-R (Abcam, ab170935), hCG-R 
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(Abcam, ab96603), MFGE8 (Abcam, ab17787), cytokeratin 
(Abcam, ab59400) and vimentin (Santa Cruz, sc6260) as 
markers for epithelial and mesenchymal cells respectively (all 
1:200) (Supplementary Material and Supplementary Fig. 1, see 
section on supplementary data given at the end of this article).

To evaluate the effects of TGF-β on EMT in HEC-1A cells, 
antibodies used for immunofluorescence were primary anti-E 
and anti-N-cadherin antibodies (1:200; BD Biosciences, 
San Jose, CA, USA, E-cadherin 610181, N-cadherin 610920). 
HEC-1A cells were cultured in 8 well chamber slides before 
fixation in 4% paraformaldehyde. Immunofluorescence was 
performed as described previously (Yu et  al. 2014). Briefly, 
nonspecific binding sites were blocked in PBS containing 5% 
bovine serum albumin. Primary antibodies were added in 
blocking buffer for overnight at 4°C. After washing, fluorescein 
isothiocyanate-conjugated secondary antibody (1:400; Santa 
Cruz Biotechnology) was added for 1-h incubation at room 
temperature. Coverslips were mounted onto glass slides using 
mounting medium containing DAPI and were visualized 
using a fluorescence microscope, Olympus BX50 with a 
DP-70 Olympus camera. A nonimmune IgG control antibody 
(normal mouse ascites; clone NS-1, Sigma) was used as 
negative control.

Atomic force microscopy analysis

HEC-1A cell morphology was examined by light microscopy 
and by atomic force microscopy (AFM). High-resolution 
AFM analysis was used to characterize cell surface with its 
contact probe mechanism. AFM images were collected 
with an Agilent 5500 scanning probe microscope (Agilent 
Technologies) as described previously (Sarhan A et al. 2013). 
Silicon nitride cantilevers (0.01–0.1 N/m) were used to scan 
HEC-1A in contact mode at a rate of 0.5–2.0 lines per second 
at 512 points per line resolution. Images were processed as 
first-order flattened. Changes in cell surface topography were 
quantified using a cell height transect line across similar 
regions of the HEC-1A. The topographical and morphological 
change on HEC-1A cell was analyzed to reveal the effects of 
TGF-β treatment.

Embryo outgrowth in an in vitro attachment/invasion 
assay

Because of the current ethical dilemma of using human 
embryos for research, we performed an in vitro attachment/
invasion assay with mouse embryos. Four to eight weeks old 
CBA/B6 F1 females mice were superovulated by intraperitoneal 
injection of 5 IU of pregnant mare’s serum gonadotropin 
(PMSG) followed 48 h later by 5 IU of human chorionic 
gonadotropin (hCG). Females were paired with CD1 males of 
proven fertility, and pregnancy was confirmed by the presence 
of a vaginal copulation plug 12-h post-hCG injection, then 
2 cell embryos were collected 34-h post-hCG injection and 
cultured in Krebs medium to the blastocyst stage at 37°C, 5% 
CO2, 100%H2O, in 96 well plates overlaid by toxicity-tested 
heavy paraffin oil. Experiments were conducted in accordance 
with the NIH standards and with approval from appropriate 
Animal Care Committees (IACUC #11-005).

Mouse embryos at the blastocyst stage were placed in 
co-culture with a confluent HEC-1A monolayer with fresh 
medium, and were monitored up to 72 h as described 
previously (Uchida et al. 2012, Burch et al. 2014, Green et al. 
2015). At 0-, 24- and 72-h culture, the blastocysts’ hatching 
and outgrowth were monitored under an inverted phase 
contrast microscope (Olympus Optical) and the adhesion was 
detected at 48 h. At the end of culture, for the adhered and 
spread blastocysts, the relative outgrowth area was measured 
using Image J as described previously (Qin et  al. 2005, 
Kawamura et al. 2012). The area per blastocyst outgrowth was 
calculated from the treated group then relative to the control 
group, and compared for statistical analysis.

shRNA transfection in HEC-1A cells

Knockdown of MFGE8 in HEC-1A cells was performed by 
transfection of a set of shRNA constructs containing 4 vials of 
gene-specific shRNA expression vectors in retroviral silencing 
plasmid (OriGene, Rockville, MD, USA) respectively. A 
negative control with non-effective shRNA cassette was used 
as a control. HEC-1A cells were transfected with the vectors 
using TurboFectin 8.0 transfection reagent (OriGene, Rockville, 
MD, USA). The designed MFGE8 shRNA sequences are

M1: CCTGTGGAGGCTCAGTACGTGAGATTGTA;
M2: GGCTCTGTCCAGTTTGTGGCATCCTACAA;
M3: TGGCCTACAGCCTTAATGGACACGAATTC;
M4: GGCAACCACTGTGAGACGAAATGTGTCGA.

HEC-1A cells (2 × 105 cells/well) were seeded at 30–40% 
confluence in 6 well plates. After 24 h, cells reached 70–80% 
confluence and were then replaced with fresh medium. The 
transfection complex with human shRNA constructs was 
prepared immediately before adding to the cell growth medium 
as described previously (Liu et al. 2013). Briefly, 1 μg DNA was 
diluted in 250 μL Opti-MEM medium (Gibco, Life Technology) 
and subjected to gentle vortexing. About 3 μL TurboFectin 8.0 
were added to the diluted DNA and pipetted gently to mix 
completely. The transfection complex was incubated for 15 min 
at room temperature; then the mixture was added to the cells 
in culture medium for transfection. The cells were incubated 
for 72 h and harvested; mRNA and protein were extracted 
separately. The efficiency of MFGE8 gene knockdown was 
determined by real-time PCR and immunoblotting.

RNA extraction and quantitative real-time PCR

Total RNA from transfected HEC-1A cells was isolated and 
quantified (RNeasy Mini Kit, Qiagen). Relative quantitative 
real-time PCR was performed using the LightCycler FastStart 
DNA MasterPlus SYBR Green I kit and the LightCycler 
2.0 instrument (Roche Applied Science) to determine the 
MFGE8 mRNA. The PCR primers were designed based on 
published sequences of human MFGE8 from Invitrogen. 
The primers sequences were: forward GCCCTGGA 
TATCTGTTCCAA and reverse GCTCGACACATTTCGTCTCA; 
18S, forward GTAACCCGTTGAACCCCATTC and reverse 
GCCGCACTAAACCATCCAATCG. mRNA expression 
was calculated as described previously (Yu et  al. 2014). 
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All  results  are presented as mean ± s.e.m. and are based on  
at least three independent experiments.

Protein extraction, SDS-PAGE and immunoblotting

Total protein lysate was extracted using radioimmuno-
precipitation assay lysis buffer supplemented with Halt  
Protease Inhibitor Cocktail (Pierce Thermo Scientific, Waltham, 
MA, USA). Protein was loaded and separated using 10% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) followed by electrotransfer onto a polyvinylidene 
fluoride membrane. Immunoblotting was performed using 
standard techniques as published previously (Yu et al. 2014).

For EMT analysis, E-cadherin and N-cadherin protein 
expression was analyzed with anti-E-cadherin (1:2000; BD 
Biosciences) and anti-N-cadherin (1:2000; BD Biosciences) 
antibodies, and mesenchymal markers Snail (1:1000; Cell 
Signaling #3895) and Vimentin (1:2500; BD Biosciences 
#550513). For MFGE8 silencing work, MFGE8 protein 
expression from transfected HEC-1A cells was assessed using 
the anti-MFGE8 (1:1000; Abcam). Actin was used as loading 
control, anti-actin (1:1000; Abcam). Protein bands were 
detected by exposure to chemiluminescent substrate. Semi-
quantitative analysis was performed using Image J software (Yu 
et al. 2014). The semi-quantitative Western blotting was run in 
three independent experiments.

Statistical analysis

All results are presented as mean ± s.e.m. and are based on at 
least three independent experiments. Statistical significances 
(P value ≤0.05.) were determined by applying one-way 
analysis of variance followed by Dunnett post hoc test among 
more than two groups and Student t-test between two groups, 
as appropriate.

Results

TGF-β induces morphological changes in endometrial 
epithelial cells

HEC-1A cells underwent significant phenotypic changes 
after TGF-β treatment. Images were captured by both 
light microscopy and AFM (Fig.  1). TGF-β altered the 
size of the cells, rendering them wider, and changed 
the cobblestone-like epithelial morphology to spindle-, 
fibroblast-like shape. AFM probe was positioned over 
the cells in the red circle (Fig.  1A). For AFM, cells 
were scanned in contact mode. Based on deflection 
images, extensions around the cell (lamellipodia) 
were longer in TGF-β treated group as compared with 
control. Additionally, TGF-β altered cell height as 
measured from surface topographic AFM images. In the 
representative topography image (Fig.  1B), cell height 
in stimulated HEC-1A (3.9 μm) was measured and was 
higher than that in control (1.2 μm). Combined optical 
and AFM imaging of cells detected structural changes 
in individual cells including lamellipodia that were 
associated with cell spreading.

TGF-β induces EMT markers in endometrial epithelial 
cells to potentially stimulate early interactions of 
embryo and the endometrial epithelial cells

TGF-β ability to alter E-cadherin and N-cadherin 
expressions was detected in HEC-1A cells. By 
immunofluorescence (Fig.  2A), the expression of 
E-cadherin was downregulated, whereas N-cadherin 
expression was upregulated by TGF-β. These effects 
were also confirmed by changes in the protein levels 
of these molecular markers using immunoblotting 
(Fig. 2B). Immunoblotting results showed a remarkable 
decrease of E-cadherin and a significant increase of 
N-cadherin after TGF-β treatment (P < 0.05). We also 
found that other mesenchymal markers, such as Snail 
and Vimentin, were upregulated by TGF-β. Thus, TGF-β  
induced EMT features accompanied by upregulation 
of the mesenchymal cell markers N-cadherin, Snail 
and Vimentin, with a concomitant downregulation 
of E-cadherin in HEC-1A cells. The semi-quantitative 
Western blotting was run in at least three independent 
experiments.

Embryo outgrowth was examined in an in vitro 
attachment/invasion assay. Mouse embryos (blastocysts) 
were placed on top of a plate with the monolayer 
HEC-1A cells with and without TGF-β treatment, and 
monitored up to 72 h (Fig. 2C). All blastocysts in all the 
treatment groups retained a normal appearance during 
the co-culture. At the initiation of culture, no hatching 

Figure 1 TGF-β-induced morphological changes in HEC-1A cells. 
Representative photographs of differential interference contrast and 
AFM images. (A) In bright field (BF), HEC-1A cells changed the 
cobblestone-like epithelial morphology to spindle-, fibroblast-like 
shape after TGF-β treatment. In AFM image, cells were scanned in 
contact mode with probe positioning in red circle over the 
monolayer. Based on deflection images, extensions around the cell 
(lamellipodia) are longer in TGF-β-treated group as compared with 
controls. In the representative topography image (B), cell height in 
stimulated HEC-1A (3.9 μm) was measured and was higher than that 
in control (1.2 μm).
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was observed. After 24 h, hatching, superficial spreading 
and outgrowth were observed, followed by adhesion/
attachment. After 72-h co-culture, the outgrowth area 
of mouse embryos from TGF-β treated HEC-1A and 
control groups were compared (Fig.  2D). An increase 
of mouse embryo outgrowth area was detected in the 
TGF-β-treated group by Image J, and was shown as 
relative area of growth after normalization to control 
(n = 18 mouse embryos, P < 0.05 vs controls). These 
results suggested that TGF-β-induced EMT is involved in 
trophoblast outgrowth.

Knockdown of MFGE8 interferes with TGF-β  
induced EMT

To examine if MFG-E8 has an effect on the TGF-β 
induced EMT, HEC-1A cells were transfected with 
shRNA-derived MFGE8 constructs. M1, M2, M3 and 
M4 are a set of shRNA constructs containing four vials 
of gene-specific shRNA expression vectors in retroviral 
silencing plasmid respectively. A negative control with 
non-effective shRNA cassette was used as a control 
(NC or nsRNA). MFGE8 mRNA (Fig.  3A) and protein 
expression (Fig.  3B) were examined. Compared with 
non-transfected cells, over 70% downregulation of 

MFGE8 was achieved at the transcript level in cells 
transfected with M3 plasmids (P < 0.05). Western 
analysis confirmed the efficiency of transfection with 
M3 plasmid – that MFGE8 protein expression decreased 
90% as compared with control (P < 0.05). A negative 
control transfected with non-effective shRNA cassette 
showed no significant difference as compared with non-
transfected HEC-1A (NC, negative control).

To determine the effect of MFGE8 on TGF-β induced 
EMT, HEC-1A cells were transfected with shRNA 
(M3 plasmids) and the E-cadherin expression was 
measured in mRNA level by real-time PCR (Fig.  4A), 
immunofluorescence (Fig.  4B), and protein level by 
Western blotting (Fig. 4C). In non-transfected HEC-1A 
cells, as expected, E-cadherin gene expression 
decreased 53% after TGF-β treatment. This significant 
reduction was not observed in cells transfected with M3 
plasmid (P > 0.05). Similarly, immunostaining results 
showed that TGF-β altered E-cadherin distribution in 
treated cells as compared with controls. In confluent 
HEC-1A cells, E-cadherin expression was detected 
with distinctive organized localization at cell–cell 
borders. However, TGF-β leads to redistribution 

Figure 3 Knockdown of MFG-E8 by shRNA in HEC-1A cells. HEC-1A 
cells reached 70–80% confluence before transfection with shRNA-
derived MFG-E8 constructs. M1, M2, M3 and M4 are a set of shRNA 
constructs containing four vials of gene-specific shRNA expression 
vectors in retroviral silencing plasmid respectively. A negative control 
with non-effective shRNA cassette was used as a control (NC or 
nsRNA). After 72 h, cells were collected for mRNA and protein level 
measurement. The quantitative real-time PCR and semi-quantitative 
Western blotting were presented as mean ± s.e.m. and were based on 
at least three independent experiments. The efficiency of MFG-E8 
gene knockdown was determined by real-time PCR (A) and Western 
blotting (B). HEC-1A transfected with M3 plasmid yield the most 
knockdown effects with 70% decrease in mRNA level and 90% 
decrease in protein expression as compared with the non-transfected 
cells (P < 0.05).

Figure 2 TGF-β-induced cadherin switch in HEC-1A cells and altered 
mouse embryo outgrowth in the in vitro adhesion assay. Before the 
addition of mouse embryos, HEC-1A cell was pretreated with or 
without TGF-β. After 3-day treatment with TGF-β, a decrease of 
E-cadherin expression and an increase of N-cadherin levels were 
detected by immunofluorescence (A). This cadherin expression switch 
was also observed by Western blotting (B), which was run in three 
independent experiments. In a representative figure, E-cadherin and 
N-cadherin were detected with their molecular weight at 120 and 
130 kDa respectively. We have also found the mesenchymal markers, 
such as Snail (29 kDa) and Vimentin (57 kDa), were upregulated by 
TGF-β. This cadherin expression switch and mesenchymal marker 
stimulation showed the ability of TGF-β to promote EMT in HEC-1A 
cells. Mouse blastocysts were co-cultured with monolayer of HEC-1A, 
and evaluated up to 72 h (C). Embryo outgrowth area was measured 
and analyzed with Image J (D). Average outgrowth area of 
blastocysts ± s.e.m. cultured in different treatment groups were pooled 
from at least three experiments. A significant increase of outgrowth 
was detected from the TGF-β-treated HEC-1A cells as compared with 
control (embryo numbers = 18, P < 0.05).
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of adherent junctions with diffuse arrangement, 
although the fluorescent intensity was not found to be 
significantly different between groups. This change was 
not found in M3 transfected HEC-1A cells, suggesting 
that the knockdown of MFGE8 interfered with TGF-β 
induced EMT. The immunoblotting results showed that 
E-cadherin expression in HEC-1A cells was decreased 
by the induction of TGF-β; this reduction was not 
observed in the cells transfected with M3 plasmid, which 
further confirmed the interference by MFGE8 of EMT. 
The quantitative real-time PCR and semi-quantitative 
Western blotting were presented as mean ± s.e.m. and 
were based on three independent experiments.

Discussion

Human embryonic implantation is critical in establishing 
a pregnancy. A receptive endometrium is regulated 
across the menstrual cycle by ovarian steroids, which in 
addition to a plethora of local paracrine factors, establish 
the window of implantation (Gellersen & Brosens 2014). 
The implantation process involves the processes of 
embryo apposition/adhesion to the luminal epithelial 
cells, followed by embryo penetration and invasion into 
the endometrial stromal cell layer, and later the blood 
vessels. Although several regulatory factors have been 
discovered as modulators of implantation, including 
both endometrial and embryonic origins (Jabbour et al. 
2006, Cha et al. 2012), the intimate mechanism of how 
the endometrial barrier is disrupted and then remodeled 
is still largely unknown.

The EMT involves profound phenotypic changes that 
include the loss of cell–cell adhesion, the loss of cell 
polarity, and the acquisition of migratory and invasive 
properties (Li et  al. 2015). This process is frequently 
involved in various physiological and pathological 
events,  such as embryonic development, cancer 
development, invasion and metastasis (Nieto  2013). 
It is known that unique cadherins are expressed 
during the initiation and progression of implantation 
(Paria et  al. 1999), and that the change of some 
cadherins occurs along the entire length of the uterine 

epithelium in preparation for blastocyst adhesion 
(Hyland et  al.  1998, Slater et  al.  2002). We herein 
explored EMT of endometrial epithelial cells and their 
modifications in morphology and motility during the 
early stages of embryonic and endometrial epithelial 
cells interaction. MFGE8 has demonstrated functions 
in cell remodeling in breast cancer progression (Yang 
et  al. 2011), and participates in immunomodulation 
and cell adhesion in the endometrium (Schmitz et  al. 
2014). In addition, findings in human melanoma cells 
revealed the promotion effects of MFGE8 on EMT in 
tumor microenvironment, where MFGE8 augmented 
cell resistance to apoptosis and stimulated invasion 
and immune suppression; they also found that MFGE8 
knockdown attenuated Akt and Twist signaling and 
thereby compromised tumor cell survival and invasive 
ability (Jinushi et  al. 2008). All these findings led us 
to hypothesize that MFGE8 plays an important role in 
regulating endometrial EMT during the endometrial 
epithelial barrier invasion and remodeling.

In this study, we used an in vitro model of human 
endometrial epithelial cells (HEC-1A) to examine EMT. 
As expected, the HEC-1A cells express ER-β, Prl-R, hCG-R,  
MFGE8, as well as epithelial markers cytokeratin 7 
and 18, with negative expression of the mesenchymal 
protein vimentin (Supplementary Fig. 1). This follows our 
recent report that MFGE8 is expressed and is abundantly 
present in epithelial cells (luminal and glandular), where 
it promotes cell migration and apoptosis (Yu et al. 2014).

This study shows for the first time a putative role of 
MFGE8 protein in EMT of endometrial epithelial cells  
in vitro. To study the interactions at a cellular level, we first 
stimulated HEC-1A cells with a known EMT stimulator, 
i.e., TGF-β. The results of our experiments showed that 
HEC-1A cells undergo morphology/phenotypic changes 
in the presence of TGF-β, and concomitantly demonstrate 
a switch in cadherins expression, upregulation of other 
mesenchymal markers, such as Snail and Vimentin, 
strongly suggesting cell phenotypic and molecular 
changes of EMT. Decreased expression of E-cadherin on 
HEC-1A cells is the most consistent molecular marker 
for the epithelial disruption and remodeling as a result of 
a loss of cell to cell adhesion, increasing cell migration 

Figure 4 MFG-E8 silencing interfered with TGF-β-induced EMT. Transfected HEC-1A cells with shRNA MFG-E8 (M3 plasmids) were treated with 
TGF-β, and then E-cadherin expression was compared with control by measuring mRNA level using real-time PCR (A), protein level by 
immunofluorescence (B) and immunoblotting (C). In non-transfected HEC-1A cells, as expected, E-cadherin gene expression (A) decreased 53% 
after TGF-β treatment. This significant reduction was not observed in cells transfected with M3 plasmid (P > 0.05). Immunostaining (B) results 
detected E-cadherin redistribution when treated by TGF-β; this change was not found in M3-transfected HEC-1A cells. The arrows indicate the 
area that has reduced cell junction upon TGF-β treatment. Similarly, the immunoblotting results (C) showed decreased E-cadherin expression by 
the induction of TGF-β; this reduction was not observed in the cells transfected with M3 plasmid. The quantitative real-time PCR and semi-
quantitative Western blotting were presented as mean ± s.e.m. and were based on at least three independent experiments.
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and cytoplasmic accumulation (Elston et al. 2009). EMT 
activation consists of several events that are associated 
with remodeling, such as epithelial disruption and 
degradation of the basement membrane, breakdown of 
epithelial tissue structure and ingression of the separated 
cells, and differentiation to the motile mesenchymal 
phenotype (Radisky & Radisky 2010).

Bartley and coworkers demonstrated a co-expression 
of E- and N-cadherin in endometriotic lesions and in 
eutopic normal proliferative endometrium at mRNA 
and protein levels (Bartley et al. 2014). They also found 
the first evidence for the expression of the transcription 
factors Twist, Snail and Slug in endometrium and 
in endometriosis lesions, known to downregulate 
E-cadherin expression in tumors during EMT. As 
stated by these authors, the co-expression of E- and 
N-cadherin, along with the persistent expression of 
Twist in the endometrium, supports the idea that EMT 
is part of the highly dynamic cyclical changes in the 
endometrium, which enable it to proliferate each month 
after menstruation. Thus, the endometrium is one of 
the very few tissues where EMT seems to be part of a 
physiological process in adults.

Activated HEC-1A cells cause structural changes 
in individual cells after TGF-β treatment. In this study, 
AFM captured morphology images of cells along 
with filopodia and lamellipodia that were associated 
with cell spreading and migration. During embryonic 
development, EMT takes place with construction of 
vertebral column out of the extracellular matrix that 
occurs in many physiology processes involved in cell 
migration. This mechanism of action also has been 
reported in the literature for EMT-mediated actions in 
other tissues. Migratory neural crest cells are involved 
with neuroectoderm as a result of EMT (Kalluri & 
Weinberg 2009). These cells are dissociated from neural 
folds and gain motility. Mesenchymal morphology allows 
the cells to travel to specific targets and differentiate 
into many other cell types (Kerosuo & Bronner-Fraser 
2012). Additionally, Jha and coworkers have found that 
E-cadherin is expressed rather ubiquitously in the uterine 
epithelial cells. They observed the distinct enrichment 
on the apical membrane in the endometrium of peri-
implantation uterus specifically at the implantation sites 
and not at the inter-implantation sites (Jha et al. 2006). 
Thus, we propose that MFGE8 dependent signaling 
serves as a co-stimulus to TGF in the acquisition of 
mesenchymal properties via EMT that helps trophoblast 
attachment and early invasion.

In mammalian embryo development, a blastocyst 
is formed followed by a series of events in vivo, such 
as hatching from the zona pellucida, implantation and 
embryonic outgrowth (Lu et al. 2002). Here in this study, 
embryo outgrowth was defined according to the criteria 
that outgrowth distances reach half of the embryo’s 
diameter with at least five giant trophoblast cells 
observed at the edge of outgrowing trophoblast cells 

(Spindle & Pedersen 1973). Our results demonstrated 
that cells undergo EMT and that this process could 
promote blastocyst growth, although hatching rate was 
not significantly affected by the co-culture of epithelial 
cells with TGF-β pre-treatment (data not shown). This 
study used an in vitro model of attachment that uses 
mouse blastocysts and human endometrial epithelial 
cells. This involves a species crossover; although it is 
a well-documented model for attachment (as human 
embryo numbers are typically unavailable for research), 
the results should be interpreted cautiously (Uchida 
et al. 2012). Our observations suggest that MFGE8 and 
TGF-β can cooperate in promoting embryo invasion 
potential. In addition, using shRNA to knockdown 
MFGE8 gene, we showed that TGF-β induced EMT 
could be interfered in endometrial epithelial cells. These 
findings are supported by observations showing that 
MFGE8 is involved in tumor invasiveness via EMT in 
human melanoma cells (Jinushi et al. 2008).

In summary, TGF-β induced EMT features in 
endometrial epithelial cells (HEC-1A), which were 
associated with the upregulation of the mesenchymal 
cell markers N-cadherin, Snail and Vimentin, with a 
concomitant downregulation of E-cadherin. We also 
demonstrated, for the first time, that MFGE8 plays a 
modulatory role in endometrial epithelial cell EMT, an 
important process taking place at the implantation site. 
We have tested and confirmed the ability of TGF-β to 
induce EMT in endometrial epithelial cells in vitro, and 
by using MFGE8 shRNA, we show that this EMT process 
is interfered, with downregulation of EMT biomarkers 
when MFGE8 is silenced.

Endometrial epithelial cell migration through EMT 
plays an important role in the remodeling of the luminal 
epithelial barrier during implantation (Uchida et  al. 
2012). These studies reveal a potential physiological 
role of MFGE8 in facilitating TGF-induced EMT, which 
in turn would favor trophoblast attachment, outgrowth 
(with early invasion) and epithelial remodeling at the 
implantation site. Our investigations reveal a mechanism 
by which endometrial epithelial cells may capitalize on 
autocrine or paracrine MFGE8 secretion to maintain the 
cross talk between embryo and endometrium. MFGE8 
blockage might also antagonize embryo invasion and 
thereby increase miscarriage.
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