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Abstract. Bone morphogenetic protein (BMP) expression 
has been observed in the uterus in previous studies. However, 
the influence of BMP7 on blastocyst implantation remains 
unclear. Blastocysts first act on luminal endometrial epithelial 
cells during implantation. The purpose of the present study 
was to explore the influence of BMP7 on endometrial 
epithelial cells. A pregnancy animal model, and mouse and 
human endometrial epithelial cells were used in the present 
study. Transient knockdown, immunofluorescence assay, 
in vitro embryo implantation, BMP7 silencing, reverse 
transcription‑quantitative polymerase chain reaction, western 
blotting, immunoprecipitation and Rac1 function assay were 
also performed. It was revealed that BMP7 concentration 
was increased in endometrial epithelial cells during the final 
pre‑receptive and receptive stages of receptivity in the mouse 
endometrium. Additionally, BM7 acted on the transforming 
growth factor‑β receptor, endoglin. Endoglin expression was 
detected in both stromal and endothelial cells apart from 
trophoblast expression. Following knockdown of BMP7, 
Rac‑GTP was decreased in endometrial epithelial cells and 
the uterus. Knockdown of endoglin by small interfering RNA 
decreased the number of blastocysts and implantation regions. 
Additionally, BMP7 silencing and endoglin suppression of 
Ishikawa cells led to impaired JAr spheroid attachment. These 
findings suggest that BMP7 is associated with receptivity of 
the endometrium, indicating that BMP7 regulates receptivity 
of endometrial epithelial cells for implantation of blastocysts 
via the endoglin pathway.

Introduction

The window of endometrial receptivity is essential in the 
implantation of blastocysts and triggers multiple reactions 
arising from the endometrium as well as blastocysts (1). 
The reaction is complex and the receptive endometrium or 
uterus are closely associated with the stimulated/compe-
tent/implanting blastocysts (2). The receptive endometrium 
and stimulated blastocysts simultaneous function to achieve 
blastocyst implantation, leading to pregnancy (3).

Mouse blastocyst implantation occurs in a series of 
pre‑receptive [day 4 (1000 h)], early receptive [day 4 (1600 h)], 
receptive [day 5 (0500 h)] and refractory [day 5 (1000 h)] 
periods (4). Regardless of the species, interactions between the 
uterus and developing conceptus occur during the endometrial 
receptive period. The uterine condition must be conducive to 
assisting in implantation and development of the embryo to 
establish pregnancy (5). Cytokines, steroid hormones, peptides, 
growth factors and enzymes are essential for implantation (6).

The transforming growth factor (TGF)‑β family has been 
highly conserved throughout evolution and consists of secreted 
elements that modulate developmental reactions including 
proliferation and differentiation (7,8). Bone morphogenetic 
protein (BMP) belongs to the TGF‑β family and binds to receptor 
complexes made up of two BMP type 1 receptors [activin 
receptor‑like kinase (ALK)6, ALK3 or ALK2] and two type 2 
receptors [activin A receptor type (ACVR2) B, ACVR2A or 
BMP receptor (BMPR) 2] (9). Following BMP binding, mothers 
against decapentaplegic homolog (SMAD)5 and/or SMAD1 
are phosphorylated, which was demonstrated to be associated 
with SMAD4 (10). These proteins are then translocated to the 
nucleus to regulate the expression of specific genes depending 
on the context. The BMP pathway participates in modulating 
the implantation of blastocysts, endometrial epithelial cells 
decidualization, and placenta development (11). BMP2 and its 
corresponding receptor ALK2 are indispensable to the fertility 
of females. Conditional deletion of BMP2 and ALK2 inhibits 
endometrial epithelial cell decidualization (7). BMPR2 deletion 
in the female reproductive tract leads to development‑retarded 
embryos, aberrant generation of uterine vessels, and limited 
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placental development. However, the influence of BMP7 on 
the female reproductive tract as well as the potential additional 
effects of BMP7 and BMP5 has not been examined.

Endoglin is a type 1 transmembrane glycoprotein, which 
serves as an assisted TGF‑β receptor and causes phosphory-
lation of downstream factors including Smad transcription 
factor family members (12). Type 1 and 2 TGF‑β receptors 
act on type 3 co‑receptors such as endoglin, although the 
understanding of endoglin activity inside or outside receptor 
complexes is insufficient (13,14). Endoglin expression mainly 
occurs in the proliferating endothelium, stroma and placental 
syncytiotrophoblasts (15).

Although previous studies have demonstrated that endoglin 
is present in the uterine stroma and endothelium, its effect on 
uterine receptivity in terms of embryo implantation remains 
unclear. Previous studies also demonstrated that BMP7 is 
expressed in the endometrium during the early stages of 
pregnancy. However, the role of BMP7 in the blastocyst implan-
tation has not been assessed. In the current study, the authors 
demonstrated that endoglin was stimulated by Rac1 signaling 
in reaction to BMP7 and endoglin signaling occurred in endo-
metrial epithelial cells during the acquisition of endometrial 
epithelial cell receptivity to establish embryo implantation.

Materials and methods

Antibodies and reagents. Progesterone, 17-β‑estradiol, colla-
genase type II, non‑essential amino acids, propidium iodide, 
minimum essential medium Eagle, sodium bicarbonate, phospha-
tase inhibitor, protease inhibitor cocktail, anti‑BMP7 (1:1,000; 
cat. no. SAB1403611), anti‑RAC1 (1:1,000; cat. no. SAB4300461), 
anti‑endoglin (1:1,000; cat. no. SRP6015), and anti‑actin (1:4,000; 
cat. no. A5441) antibodies were all obtained from Sigma‑Aldrich; 
Merck KGaA (Darmstadt, Germany).

Pregnancy animal model. A total of 4 wild‑type female Swiss 
albino mice (age, 6‑8 weeks; weight, 22 g) were purchased from 
Beijing Vital River Laboratory Animal Technology Co., Ltd. 
(Beijing, China). Mice were kept in a chamber in a room with 
controlled temperature (20‑23˚C) under a 12‑h light/dark cycle 
with relative humidity (40‑60%). Mice were given water and 
food ad libitum. The present study was approved by the Ethics 
Committee of Qilu Hospital, Shandong University (Jinan, China). 
Mice were sacrificed on different days of embryo implantation, 
i. e., day 4 (1000 h; prior to implantation), day 4 (1600 h; final 
stage prior to implantation), day 5 (0500 h; around implanta-
tion) and day 5 (1000 h; following implantation), and uterine 
specimens were obtained. Embryos were examined under a 
light microscope (NIKON ECLIPSE‑801; Nikon Corporation, 
Tokyo, Japan) to confirm the different periods of receptivity and 
different stages of endometrial receptivity for embryo implanta-
tion by the presence of morula, blastocyst, hatched blastocyst 
and implanting blastocyst stages, as previously described (16). 
Strips of uterine tissue (~2x5 mm) were obtained from the 
mesometrium between placental discs as previously described 
and used in subsequent experimentation (17,18).

Mouse endometrial epithelial cells isolation, cell culture, and 
transient knockdown assay. Fat and connective tissues were 
removed by washing with phosphate‑buffered saline, and the 

uterus was cut longitudinally into small pieces. The uteri pieces 
were incubated in PBS containing collagenase type 2 and 
0.1% dispase‑2 (both Sigma‑Aldrich; Merck KGaA) for 10 min 
at 37˚C. The supernatant was added to a 15‑ml tube containing 
2 ml fetal bovine serum (FBS; Sigma‑Aldrich; Merck KGaA), 
with 4 tubes for each sample. Subsequently, the supernatant 
was centrifuged for at 400 x g for 5 min at 4˚C. Epithelial cells 
were obtained using the EasySep™ Mouse Epithelial Cell 
Enrichment kits (Stemcell Technologies, Inc., Vancouver, BC, 
Canada), according to the manufacturer's protocol. Briefly, 
mice endometrial epithelial cells were harvested and grown in 
1% Dulbecco's modified Eagle's medium (DMEM; Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% FBS and 100 U/ml penicillin/streptomycin 
(Gibco; Thermo Fisher Scientific, Inc.) at 37˚C; this time point 
was defined as 0 h. Following 12‑h incubation, transient BMP7 
knockdown was performed using small interfering (si)RNA 
targeting BMP7 (Thermo Fisher Scientific, Inc.). Briefly, cells 
were serum starved for 4 h at 37˚C prior to 12‑h transfection 
with 200 pmol BMP7 siRNA (5'‑CAG CCG AAT TCC GGA 
TCT‑3') in Opti‑MEM® (Gibco; Thermo Fisher Scientific, 
Inc.) using Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.). The medium was changed to DMEM supple-
mented with 10% FBS and 100 U/ml penicillin/streptomycin 
and cells were maintained at 37˚C for 12 h.

Immunofluorescence. Mouse endometrial epithelial cells were 
seeded at a density of 2x106 cells/well into six‑well plates, 
with each well containing sterile coverslips. Following 24 h 
growth, 4% paraformaldehyde in PBS was used to fix cells for 
20 min at 37˚C. Cells were washed with PBS and subsequently 
permeabilized with PBS containing 1% bovine serum albumin 
(BSA; Sigma‑Aldrich; Merck KGaA) and 0.2% Triton X‑100 
for 20 min at room temperature. Cells were blocked for 2 h at 
room temperature with 1% BSA in PBS followed by washing 
with PBS. Cells were incubated with anti‑cytokeratin pan‑fluo-
rescein isothiocyanate (1:1,000; F3418; Sigma‑Aldrich; Merck 
KGaA) overnight at 4˚C. Cells were washed with PBS three 
times and nuclei were stained with DAPI (1 µg/ml) for 1 min 
at room temperature. Subsequently 70% glycerol was utilized 
to place coverslips on the slides and cells were imaged using 
a laser scanning confocal microscope (magnification, x100).

BMP7 and endoglin siRNA transfection of human endometrial 
cells. Ishiwaka cells, a human endometrial adenocarcinoma 
cell line was purchased from Sigma‑Aldrich; Merck KGaA. 
Ishiwaka cells were cultured in minimum essential medium 
Eagle (MEM; Sigma‑Aldrich; Merck KGaA) supplemented 
with 10% FBS and maintained at 37˚C in a 5% CO2-humidified 
incubator. Human choriocarcinoma cells JAr was purchased 
from the American Type Culture Collection (Manassas, 
VA, USA). JAr cells were cultured in DMEM/F12 supple-
mented with 10% FBS, 1% antibiotics and antimycotics 
(100X; Thermo Fisher Scientific, Inc.) and maintained at 37˚C 
in a 5% CO2‑humidified incubator.

JAr cells were seeded into non‑adherent 96‑well plates at 
density of 1x104 cells/well, which facilitated the cultivation of 
homogenous cellular aggregates with high performance efficien-
cies in parallel. The size can be controlled by the initial cell 
density per well. Ishikawa cells were seeded into 12‑well plates 
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at density of 1x104 cells/well and incubated at 37˚C for 12 h in 
a 5% CO2-humidified incubator. A total of 1 µl BMP7 (5'‑CAG 
CCG AAT TCC GGA TCT‑3') or endoglin (5'‑UGA CCU GUC 
UGG UUG CAC ATT‑3') siRNA (50 ng/µl) was diluted in 50 µl 
Opti‑MEM® in microcentrifuge tubes with no RNase; and 1 µl of 
Lipofectamine® 2000 was diluted in 50 µl Opti‑MEM® in micro-
centrifuge tubes were incubated for 20 min at room temperature. 
The Opti‑MEM®‑siRNA and Lipofectamine® 2000‑Opti‑MEM® 
suspension were mixed and incubated for an additional 30 min 
at room temperature, and then added to the wells containing 
serum‑free media (900 µl). The cells were then incubated at 37˚C 
in a 5% CO2‑humidified incubator for 12 h. Cells were grown at 
37˚C in complete media for an additional 12 h.

In vitro embryo implantation. JAr cells were incubated in 
DMEM/F12 supplemented with 10% FBS, 1% antibiotics and 
antimycotics (100X; Thermo Fisher Scientific, Inc.) for 12 h on a 
shaker at 200 rpm at 37˚C in a 5% CO2‑humidified incubator. The 
first filtration was carried out using a 100‑µm membrane, whilst 
the second filtration was carried out using a 70‑µm membrane 
to obtain 70‑100 µm spheroids. Samples were incubated with 
Cell Tracker Red CMTPX (cat. no. C34552; Thermo Fisher 
Scientific, Inc.) for 10 min at room temperature. Spheroids were 
resuspended in phenol red‑free media (cat. no. 2104025; Thermo 
Fisher Scientific, Inc.). A 10‑min co‑culture of spheroids was 
carried out in the presence of endoglin siRNA, BMP7 siRNA 
or control siRNA (Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA) at room temperature prior to washing with DMEM. 
Spheroid attachment was assessed under a light microscope.

Intraluminal Morpholino oligonucleotide (MO) delivery 
for endometrial BMP7 silencing. Antisense MO sequences 
targeting mouse BMP7 were designed and provided by Gene 
Tools, LLC (Philomath, OR, USA) and used to knockdown 
BMP7 in mice. Gravid mice received laparotomy under local 
anesthesia and narcosis on the fourth day (1000 h) of the recep-
tivity period to inject BMP7 MO (5'‑CTG TTT TAC TTA CGA 
AAC TGT CATT‑3'; Gene Tools, LLC) into one of the uterine 
horns. The remaining uterine horn was treated with control 
MO (5'‑CCT CTT ACC TCA GTT ACA ATT TAT‑3'; Gene Tools, 
LLC, USA). Evans blue dye (100%) was injected into mice 
prior to being sacrifice on the fifth day (1000 h) to examine 
the location of embryo implantation. Images of the uterus were 
captured to assess embryo implantation using a light micro-
scope (magnification, x40).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from uteri tissue using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
RNA (1 µg) was reverse transcribed into cDNA using the 
SuperScript III kit (Thermo Fisher Scientific, Inc.), according 
to the manufacturer's protocol. PCR samples for each specimen 
contained cDNA, PCR Super Mix (Thermo Fisher Scientific, 
Inc.) and forward and reverse primers (20 pmol). qPCR was 
subsequently performed in triplicate using the SYBR Premix 
Ex Taq (Takara Biotechnology Co., Ltd., Dalian, China) and 
SsoFast™ Probes Supermix (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA) and a standard thermocycling procedure 
was performed on a Bio‑Rad CFX96™ Real‑time PCR System 
(Bio‑Rad Laboratories, Inc.). The following primer pairs listed 

were used for qPCR: Bmp7 forward, 5'‑GGA TTT TTA GGT 
TTG TTG GTTG‑3' and reverse, 5'‑CAA CTC ACA ATA AAC 
ACA CAT ACAT‑3'; endoglin, forward, 5'‑GCC gGC TTG TCT 
CCT TCA TG‑3' and reverse, 5'‑GCA ACA AGC TCT TTC TTT 
AGT ACCA‑3'; and β‑actin forward, 5'‑AAA TCT GGC ACC 
ACA CCT TC‑3' and reverse, 5'‑GGG GTG TTG AAG GTC T 
CA AA‑3'.

The following thermocycling conditions were used for the 
qPCR: Initial denaturation at 95˚C for 1 min; 38 cycles of 95˚C 
for 1 min, 57˚C for 1 min, 72˚C for 1 min; and a terminal 
extension at 72˚C for 10 min. The 2-ΔΔCq method (19) was used 
to analyze the relative changes in gene expression and normal-
ized to the internal reference gene β-actin.

Protein extraction. Uterine tissue samples were washed 
with washing buffer [100 mM KCl (pH 7.4), 3.5 mM MgCl2, 
protease and phosphatase inhibitor cocktail, 3 mM NaCl and 
10 mM PIPES] was used for uterine tissue washing. Following 
homogenization, tissues were centrifuged at 200 x g for 15 min 
at 4˚C. The supernatant was removed and centrifuged for 
10 min at 1,500  x g at 4˚C. The acquired post‑nuclear super-
natant was further centrifuged at 12,000 x g for 10 min at 4˚C. 
The harvested post‑mitochondrial supernatant served as raw 
protein extract linked to cytosol and mitochondrial membranes 
and were stored at ‑80˚C. Total protein was extracted from 
Ishiwaka cell lysates and separated primary epithelium using 
radioimmunoprecipitation assay buffer (25 mM Tris, 150 mM 
NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X‑100). 
Total protein was quantified using the Pierce BCA Protein 
Assay kit (Thermo Fisher Scientific, Inc.).

Immunoprecipitation. Protein A‑Agarose (Invitrogen; Thermo 
Fisher Scientific, Inc.) was used for preliminary elimination 
of protein extracts obtained at various receptivity periods. 
Protein extracts (100 µg) mixed with protein A‑Agarose 
were incubated with anti‑BMP7 antibody (1:100) overnight 
at 4˚C. Protein A‑Agarose was washed with PBS and a 
Protein A‑Agarose slurry was prepared using cytosolic buffers. 
Protein complexes were captured on Protein A‑Agarose at 4˚C 
for 2 h. Subsequently, 10% SDS‑PAGE was applied to resolve 
proteins for western blotting.

Western blotting. Laemmli sample buffer containing 
2.5% β‑mercaptoethanol (Sigma‑Aldrich; Merck KGaA) 
was used for protein denaturation. Denatured protein (20 µg 
protein/lane) were separated via SDS‑PAGE on a 10% gel. The 
separated proteins were transferred to polyvinylidene difluo-
ride membranes and blocked at room temperature for 1 h with 
5% skimmed milk. Membranes were incubated with primary 
antibodies (1:1,000) overnight at 4˚C. Following primary incu-
bation, membranes were incubated with horseradish peroxidase 
(HRP)‑conjugated secondary antibodies (anti‑mouse, AP192P; 
1:4,000 and anti‑rabbit, AP182P 1:4,000; both Sigma‑Aldrich; 
Merck KGaA) at 25˚C for 1 h. The membranes were washed 
with Tris buffered‑saline containing 0.1% Tween® 20 and 
protein bands were visualized using the Immobilon Western 
Chemiluminescent HSP Substrate (cat. no. WBKLS0500; 
EMD Millipore, Billerica, MA, USA). Protein expression was 
quantified using Total Lab Quant 1D gel analysis software 
(version 5.01; Nonlinear Dynamics, Ltd., Newcastle, UK).
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Rac1 activation assay. Rac1 activation was analyzed using Rac1 
Activation Assay kit (cat. no. ab211161; Abcam, Cambridge, 
MA, USA), according to the manufacturer's protocol. Briefly, 
protein extracts (60 µg) were added to multi‑well plates 
pre‑coated with Rac‑GTP‑binding protein for 30 min at 4˚C. 
Following incubation, 50 µl anti‑RAC1 antibody was added 
to samples and incubated for 45 min at 4˚C. A total of 50 µl 
HRP‑conjugated secondary antibodies (Abcam) were added to 
samples and incubated for 45 min at 4˚C. A total of 50 µl HRP 
detection agent (Abcam) was added to samples for 20 min 
at 4˚C for color development. The reaction was stopped by 
adding 50 µl HRP halting solution (cat. no. ab211161; Abcam) 

and a microplate spectrophotometer was used to measure the 
optical density at a wavelength of 490 nm.

Statistical analysis. All experiments were performed 
3‑5 times using different mice as replicates. Data presented as 
the mean  ± standard error of the mean. All statistical analyses 
were performed using GraphPad Prism software (version 6.0; 
GraphPad Software, Inc., La Jolla, CA, USA). Student's t‑test 
was used to identify the significance of difference between 
two groups, and one‑way analysis of variance followed by the 
Newman‑Keuls test was used for multiple groups. The results 
of western blot band intensity are presented as a ratio (protein 

Figure 1. BMP7 regulates endoglin in endometrial epithelial cells during their receptivity. (A) BMP7 expression was analyzed in endometrial epithelial cells 
by western blotting. (B) Through immunofluorescence, the localization of BMP7 was determined with a confocal laser‑scanning microscope in endometrial 
epithelial cells of mouse origin. (C) Silencing of BMP7 from endometrial epithelial cells was confirmed by western blotting. The expression level of endoglin 
was examined in response to BMP7 silencing in endometrial epithelial cells by western blotting. (D) Endoglin was detected by western blotting in endome-
trial tissue protein extract from the day 5, 1000 h stage post‑BMP7 silencing at day 4, 1000 h. (E) The transcript level of BMP7 was examined by reverse 
transcription‑quantitative polymerase chain reaction in endometrial tissue at day 5 (1000 h) following BMP7 silencing. Data represent the mean ± standard 
error of the mean of three independent experiments. *P<0.05. BMP, bone morphogenic protein; si, small interfering RNA.
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of interest/β‑actin) to correct for loading error for each sample. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

BMP7 is upregulated at receptive status in endometrial epithe‑
lial cells during endometrial receptivity period in mice and 
mediates downstream pathway via endoglin. To evaluate the 
influence of BMP7 on embryo implantation, BMP7 was detected 
in endometrial epithelial cells during early gravidity (Fig. 1A). 
Prior to implantation, BMP7 expression was enhanced during 
the receptive period compared with its basal concentration 
in endometrial epithelial cells (Fig. 1A). At advanced stages 
following the receptivity period, BMP7 expression was generally 
decreased (Fig. 1A). BMP7 was expressed throughout the cells, 
but was most prevalent in vesicular compartments (Fig. 1B). To 
evaluate the interaction between endoglin and BMP7, BMP7 
expression was silenced in endometrial epithelial cells, which 
resulted in a significant decrease in endoglin expression (Fig. 1C).

In vivo, BMP7 was knocked down via MO at 4 days, 
1000 h. At 5 days (1000 h), BMP transcription was inhibited 

with or without implantation compared with in MO control, 
demonstrating BMP7 knockdown at day 5 at 1000 h (Fig. 1D). 
Endoglin expression was suppressed following BMP7 exhaus-
tion in the uteri at day 5, 1000 h stage (Fig. 1D). The expression 
of the tested factors (BMP‑7, endoglin) was also determined in 
non‑pregnant endometrium. The findings demonstrated that 
BMP7 is expressed in the endometrium during the early stages 
of pregnancy.

Endoglin is associated with endometrial epithelial cell prepa‑
ration for receptivity construction. Endoglin has an essential 
role in embryo invasion, and its expression can be found in 
uteri luminal and glandular epithelium. It was revealed that 
BMP7 silencing led to suppression of endoglin expression in 
the endometria (Fig. 1D and E).

Subsequently, endoglin expression was evaluated by western 
blotting at different time points of endometrial receptivity in 
the uteri and separated endometrial epithelial cells acquired 
from receptive endometria. Primary endometrial epithelial 
cells subjected to separation and 24‑h culture displayed slight 
elevations in endoglin expression during the period of recep-
tivity or around implantation (Fig. 2A). Endoglin expression 

Figure 2. Endoglin expression was upregulated in the endometrium during the phases of receptivity for embryo implantation. (A) Endoglin was analyzed by 
western blotting in endometrial epithelial cells. (B) Endoglin expression was evaluated by western blotting in the endometrium during the endometrial (uterine) 
receptivity phases. (C) The transcript level of endoglin was also examined in the endometrium by reverse transcription‑quantitative polymerase chain reaction 
during endometrial receptivity phases. Data represent the mean ± standard error of the mean of three independent experiments. *P<0.05.
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was examined in mouse uteri at different time points of 
endometrial receptivity. The results demonstrated that endo-
glin expression was limited prior to receptivity, but enhanced 
during and following receptivity (Fig. 2B and C).

Endoglin knockdown impaired implantation in mice. To 
evaluate endoglin activity in endometrial receptivity, endoglin 
was knocked down prior to implantation (day 4, 1000 h) and 
cells were evaluated at day 5 (1000 h) following receptivity. 
The results revealed that implantation sites were decreased 
(Fig. 3A) and endoglin expression was unchanged at endo-
glin‑suppressed implantation sites in the uterus (Fig. 3B); 
however, non‑implantation sites were decreased in the 
two groups (Fig. 3B).

Rac1‑GTP is regulated via endoglin in endometrial epithelial 
cells during endometrial receptivity. As a G‑protein belonging 
to the RHOGTPase family, Rac1 promotes endometrial recep-
tivity and its suppression decreases embryo implantation (20). 
Previous studies demonstrated that Rac1 stimulation occurs 
via BMP7 in the renal epithelium (21).

Prior to examining the interaction between endoglin and 
BMP7, immunoprecipitation experiments were carried to 
determine the physical interactions between these proteins. 
Upon immunoprecipitation of BMP7, endoglin‑ as well as 
Rac1-positive bands were detected (Fig. 4A). There were no 
bands for independent secondary antibodies (anti‑mouse and 
anti‑rabbit immunoglobulin G) on the immunoblots of endo-
glin, Rac1, or BMP7, suggesting an interaction between BMP7 
and Rac1 as well as endoglin in the endometria to spread the 
BMP7 signals.

Rac1 activity was impaired when endoglin was exhausted 
in separated endometrial epithelial cells following 24‑h 
culture from day 5 (0500 h; Fig. 4B). Furthermore, Rac1 
expression was markedly suppressed when endoglin was 
exhausted (Fig. 4C). In vivo evaluation of endoglin regulation 
was carried out. Rac1 activity was inhibited when endoglin 
was exhausted at both implantation and non‑implantation sites 
at day 5 (1000 h) compared with control implantation and 
non‑implantation sites, respectively (Fig. 4D).

Rac1‑GTP is regulated via endoglin stimulator, BMP7, 
in endometrial epithelial cells. Next, Rac1 activity was 
determined using the Rac1 Activation Assay kit in endo-
metrial epithelial cells at various periods of endometrial 
receptivity. Rac1 activity was enhanced at day 5 (0500 h) 
in endometrial epithelial cells (Fig. 5A). Rac1 stimulation 
was previously demonstrated to be regulated via BMP7 in 
mesangial cell‑myofibroblast differentiation and stimulated 
via deactivating or separating RHOGDI, which suppresses 
Rac1 stimulation (21). Thus, BMP7 response to the activity 
of Rac1‑GTP in endometrial epithelial cells and the uterus 
tissue was examined. Rac1‑GTP levels were three‑fold lower 
following BMP7 silencing in separated endometrial cells on 
day 5 (0500 h) (Fig. 5B). Rac1 expression was suppressed in 
BMP7 MO with or without implantation (Fig. 5C). The results 
also indicated that Rac1‑GTP was suppressed in BMP7 MO 
with or without implantation (Fig. 5C).

Coculture of JAr spheroids following BMP7 knockdown/endo‑
glin exhaustion in Ishikawa cell single layer revealed inhibited 
attachment. To assess blastocyst attachment modulated by 

Figure 3. Endoglin inhibition causes poor implantation. (A) Endoglin inhibition during the pre‑receptive stage of the endometrial receptivity period exhibited 
poor implantation and blastocyst numbers. (B) The expression level of endoglin was evaluated post‑endoglin activity inhibition at day 5 (1000 h) in the 
endometrial tissue lysate. Data represent the mean ± standard error of the mean of three independent experiments. *P<0.05. KD, knockdown.
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endoglin or BMP7 on endometrial epithelial cells, spheroids 
served as embryonic bodies and were cocultured on a single 
layer of endometria. JAr spheroids 80‑100 µm in size were 

added to a single layer of Ishikawa cells in which BMP7 
had been exhausted (siRNA; 60 nmol) or that had received 
transfection of scrambled siRNA. Coculture was conducted 

Figure 4. BMP7 formed a complex with endoglin and Rac1 in the endometrium and Rac1 is regulated by endoglin. (A) Endoglin was immunopositive on the 
immunoblot of BMP7 IP samples from endometrial tissue. Western blotting revealed the presence of Rac1 on IP samples of BMP7 from endometrial tissue 
proteins. (B) Rac1 activity was evaluated in endometrial epithelial cells from the day 5, 0500 h stage. (C) Expression level of Rac1 was determined in endome-
trial epithelial cells from the day 5 (0500 h) stage in response to endoglin inhibition. (D) In the endometrium, following endoglin inhibition, Rac1 expression 
and activity were analyzed at implantation and non‑implantation sites in the post‑receptive stage (day 5, 1000 h). Data represent the mean ± standard error of 
the mean of three independent experiments. *P<0.05; **P<0.01. BMP, bone morphogenic protein; IP, immunoprecipitation.

Figure 5. GTPRac1 is influenced by BMP7 in endometrial epithelial cells during endometrial receptivity. (A) Rac1 activity in the GTP‑bound state was 
analyzed in isolated and cultured endometrial epithelial cells during various stages of the endometrial receptivity period. (B) Expression of Rac1 was assayed 
in endometrial epithelial cells following BMP7 knockdown by siRNA. (C) Expression of Rac1 and activity were determined in the whole uterus/endometrium 
during the post‑receptivity phase in response to BMP7 knockdown. Data represent the mean ± standard error of the mean of three independent experiments. 
*P<0.05. BMP, bone morphogenic protein; siRNA, small interfering RNA; MO, Morpholino oligonucleotides.
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for 6 h, and spheroid attachment was subsequently quanti-
fied (n=3; Fig. 6A). Attachment of spheroids cocultured with 
a single endometrial epithelial cell layer was inhibited when 
BMP7 was silenced (Fig. 6A). In total, ~20% of spheroids 
were adhered (Fig. 6A). BMP7 knockdown was confirmed by 
western blotting in endometrial epithelial cells (Fig. 6B).

Additional experiments were conducted to examine 
co‑culture of the Ishikawa layer with exhausted endoglin. 
Suppression of endoglin function reduced spheroid attachment 
by ~60% (Fig. 6C). Endoglin knockdown was confirmed by 
western blotting in endometrial epithelial cells (Fig. 6D).

Discussion

The present authors observed that BMP7 participates in 
endometrial receptivity during embryo implantation. The 
noticeable BMP7 expression in endometrial epithelial cells 
suggests its participation in the promotion of blastocyst attach-
ment following the epithelium is processed for blastocyst 
attachment. BMP7 expression was promoted at day 5 (0500) 
during endometrial receptivity in endometrial epithelial cells, 
which modulates the receptivity of the epithelium as the recep-
tive biomarkers were inhibited when BMP7 was silenced in 
endometrial epithelial cells. This suggests that BMP7 affects 

the endometrial receptivity status for the interaction and 
attachment of the blastocyst. This is supported by the fact that 
endometrial receptivity biomarkers are inhibited in recurrent 
miscarriage (22). The present study is the first to demonstrate 
that BMP7 is associated with receptivity of the endome-
trium. In addition, the results indicated that BMP7 regulates 
receptivity of endometrial epithelial cells for implantation of 
blastocysts via the endoglin pathway.

It was previously reported that mouse endometria 
expressing BMP2 and ALK2 failed to decidualize, leading 
to infertility (23). However, elimination of BMP7 only partly 
influenced natural gravidity (24) and did not affect artificial 
triggers of decidualization, indicating that BMP2 and extra 
ligands serve as primary targets of the TGF‑β group to 
promote decidualization (25). Additional studies are required 
to determine the influence of BMP7 on decidualization.

Downstream endoglin was demonstrated to be involved in 
endometrial receptivity for the adhesion of blastocysts (26). 
Endoglin stimulation in a reaction to BMP7 was identified in 
endometrial and endometrial epithelial cells in the endometrial 
receptivity stage. BMP7 interacts with endoglin, and upregu-
lation of BMP7 during implantation may trigger endoglin 
migration to locations at the apex of uterine luminal epithe-
lium to assist in promoting conditions for cross‑talk between 

Figure 6. BMP7 and endoglin participate in blastocyst attachment reaction. (A) Attachment of human placenta origin JAr cell spheroids on endometrial epithe-
lial cells (Ishikawa) was analyzed post‑BMP7 silencing from endometrial cells and expressed as a percentage. The percentage spheroids adhered/attached 
was determined following 24‑h incubation. (B) BMP7 knockdown efficiency was analyzed in Ishikawa cells by western blotting. (C) Following endoglin 
inhibition in Ishikawa cells, JAr cell spheroid attachment was analyzed and expressed as a percentage. (D) Endoglin levels were determined in Ishikawa cells 
post‑endoglin inhibition by western blotting. Data represent the mean ± standard error of the mean of three independent experiments. *P<0.05. BMP, bone 
morphogenic protein; siRNA, small interfering RNA.
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the endometrium and embryo (27). Thus, BMP7 may function 
in focal adhesions by increasing endometrial receptivity.

In addition to the interaction between BMP7 and endoglin, 
Rac1 stimulation occurs through BMP7. It has been demon-
strated that Rac1 is necessary for endometrial receptivity (28). 
Rac1 stimulation was impaired when BMP7 was eliminated 
from endometrial epithelial cells in receptivity obtainment, 
demonstrating that Rac1 stimulation occurred via BMP7.

Reactions modulated by endoglin can assist in forming 
the loose structure of the luminal epithelium, making it 
less adhesive in the basal lamina and allowing for invasion 
of blastocysts (29). Endoglin concentration was highest at 
implantation sites during the endometrial receptivity period, 
resembling endoglin function in the endometrium. The sepa-
rated and cultured endometrial epithelial cells reflected the 
influence observed in vivo, indicating that endoglin functions 
in endometrial receptivity or development, which was unex-
pected. Spreading of endoglin occurred mainly at the apex 
prior to receptivity and during the advanced period. The local-
ization of endoglin returned to the basal areas of endometrial 
epithelial cells, which correlated with a previous study (30). 
Rac1 activity via endoglin modulation was detected in the 
entire uterus and endometrial epithelial cells in endometrial 
receptivity. Endoglin was stimulated by Rac1 signaling in 
reaction to BMP7.

In a recent study, defective junction remodeling as well as 
premature decline of the apical to basal polarity of the epithe-
lium was observed when Rac1 was exhausted, disrupting 
endometrial receptivity and implantation (31). Rac1 was 
observed to function in endometrial epithelial cells regard-
less of endometrial receptivity status, but was greatest during 
implantation. The association between Rac1 and endometrial 
receptivity for implantation of blastocysts was examined. 
The results indicated that Rac1 activity was enhanced in 
implantation regions, revealing the function of Rac1 in the 
endometrium.

To achieve endometrial receptivity, BMP7 expression is 
based on 17-β‑estradiol, as BMP7 transcription and transla-
tion is promoted by 17‑β‑estradiol availability. Reactions in 
the glandular and luminal mouse epithelium are strongest 
towards 17-β‑estradiol. However, the BMP7 reaction in 
humans is distinct because adding estradiol and/or proges-
terone does not enhance BMP7 expression in Ishikawa cells; 
these cells are derived from carcinoma and cannot withstand 
normal conditions (32). Consequently, associating the reac-
tions of Ishikawa cells with BMP expression in a mouse 
model is difficult. P4 enhanced the expression and activity 
of Rac1 in endometria of humans, indicating that Rac1 
activity is regulated by available P4 to modulate endometrial 
receptivity, and thus Rac1 is promising for promoting recep-
tivity (33).

In conclusion, the BMP7‑endoglin‑Rac1 axis functioned 
in endometrial epithelial cells to achieve receptivity to assist 
in blastocyst adhesion to construct gravidity. Additionally, the 
highest expression of BMP7 was observed in the presence of 
17-β‑estradiol in endometrial receptivity specific to the epithe-
lium during embryo implantation of mouse gravidity models. 
The present results indicated that BMP7 can be used as a 
biomarker to predict the endometrial epithelial cell receptivity 
for the attachment of blastocyst.
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