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Abstract: A receptive endometrium is a prerequisite for successful embryo implantation, and about one-third of
repeated embryo implantation failure attribute to defective endometrial receptivity. Integrin-linked kinase (ILK),
a 59kDa serine/threonine-protein kinase, plays a vital role in multiple cellular processes, including cell prolifera-
tion, apoptosis, and invasion. However, its role in endometrial receptivity is still unclear. In the current study, we
demonstrated that ILK level was significantly downregulated in the serum of patients with unexplained infertility
compared with healthy non-pregnancy. Functionally, ILK knockdown inhibited endometrial epithelial cells (EECs)
proliferation and invasion, whereas ILK overexpression promoted endometrial EECs proliferation and invasion. ILK
inhibition also repressed the adhesion rate of embryonic cells to EECs. In vivo studies further demonstrated that
ILK inhibition suppressed endometrium receptivity formation and embryo implantation potential. Mechanistically,
the downregulation of ILK inactivated Wnt/B-catenin signaling and thus resulted in the downregulation of MMP-3
and MMP-9 expression. Importantly, activation of Wnt/3-catenin signaling, partially recovered ILK inhibition-caused
endometrium receptivity defects, and embryo implantation failure. Considered all the current data, it verified that
the low expression of ILK exacerbates endometrial receptivity formation by inactivating Wnt/-catenin signaling and
decreasing the MMP-3/9 expression and indicated that ILK may be applied as an indicator of endometrial receptiv-
ity, and as a diagnostic and therapeutic target for infertility.
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Introduction endometrial receptivity in abortion and infertili-

ty remain poorly understood.
The receptive endometrium is a prerequisite
for successful embryo implantation [1]. Cur-
rently, approximately 30% of embryo implanta-
tion failure correlated with low uterine rece-

Integrin-linked kinase (ILK) encodes a 59k
serine/threonine-protein kinase, plays a cri-
tical role in various normal cellular processes

ptivity [2, 3]. Lots of genes and associated
signaling pathways have been identified to
involve in the regulation of endometrial activi-
ty. Our previous studies showed that 317 pro-
teins are differentially expressed between the
receptive and proliferative phase uterine [4].
For instance, CKB (creatine kinase B-type)
overexpression in the receptive phase is corre-
lated with endometrium receptivity [4]. Despite
recent advances in understanding uterine
receptivity, the underlying mechanisms of poor

[B], including cellular proliferation [6], migra-
tion [7], apoptosis [8] and production of pro-
inflammatory cytokines [9]. Gil D et al. report-
ed the suppression of epithelial-mesenchy-
mal transition (EMT) via ILK overexpression
[10]. Fassler R et al. found that intracellular
signal transduction pathway, for example, ILK
and Wnt/B-catenin signaling are critical in
controlling of the EMT process [11]. Yan et al.
indicated that bacilin can up-regulate FUT4
through Wnt/B-catenin signal pathway to pro-
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mote embryo adhesion and implantation [12].
There are several studies reported that ILK is
essential for embryonic development [13-16],
indicating that ILK may be involved in endome-
trial receptivity.

In this study, we examined the contents of
ILK in the serum of healthy control and unex-
plained infertility. Next, we analyzed the pro-
tein expression, which belonged to Wnt/[B3-
catenin signaling pathway as well as matrix
metallopeptidase family. We assessed the
association of ILK/Wnt axis with receptivity
formation and embryo implantation potential
of the uterus. The results showed that ILK
level was significantly decreased in the serum
of patients with unexplained infertility com-
pared with healthy non-pregnancy. ILK inhibi-
tion inactivated the Wnt/B-catenin signaling
and resulted in the downregulation of MMP-3
and MMP-9 expression. The potential of ute-
rine receptivity formation and embryo implan-
tation was decreased by repression of ILK.
Generally speaking, ILK improved endometrial
receptivity formation by activating Wnt/B-
catenin signaling and enhancing the MMP-3
and MMP-9 expression. This study suggests
that ILK might become a biomarker for endo-
metrial receptivity and diagnostic and thera-
peutic target for infertility.

Materials and methods
Serum samples

This study was conducted in accordance with
the declaration of Helsinki. The Institutional
Ethics Committee of Ruijin Hospital, Shang-
hai Jiao Tong University School of Medicine,
approved all samples collections (serum from
the healthy control, unexplained infertility;
There were ten samples in each group). Wo-
men aged 26-30 years old who attended the
Centre for Assisted Reproductive Technology
(ART) were recruited in the study. Patients
were excluded if they presented intrauterine
or ovarian abnormalities (e.g., endometriosis,
adenomyosis, leiomyomas) or received steroid
hormone therapy in the last 3 months.

The healthy non-pregnancy control group was
formed by fertile women who had at least one
child (malefactor was the previous problem
of fertility in the couple). The unexplained infer-
tility group was defined as those who regularly
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tried to have pregnancy for 12 months or
more and failed to achieve a pregnancy with-
out any apparent barriers to conception by
clinical investigations (e.g., pathological tubal
obstruction or malefactors). All the women
underwent ultrasonography every other day
from day 9 of the menstrual cycle. When
dominant follicle diameter was >15 mm,
ultrasonography was performed daily, and
serum LH and E, were detected daily using a
chemoluminescence technique (Beckman)
until follicular rupture. Serum samples were
collected on the 7th day post-ovulation. The
ILK and progesterone (P) levels were detect-
ed. Ovulation was confirmed by P levels of >8
ng/ml 7 d post-ovulation.

Cell culture

Four human endometrial cancer cell lines,
HEC-1-A, RL95-2, Ishikawa and KLE, and one
human placental chorionic carcinoma cell
line JAR cells were all purchased from Ameri-
can Type Culture Collection (ATCC; Manassas,
VA). Cells were maintained with DMEM/F12
containing 10% foetal bovine serum (FBS),
1% penicillin/streptomycin (Sangon Biotech,
China). They were cultivated at 37°Cin a humid-
ified atmosphere with 5% CO,.

ILK overexpression

The plasmids pcDNA-ILK were designed and
purchased from GenePharma (Shanghai,
China) for ILK overexpression. RL95-2 cells
(3x10%/per plate), which were used to overex-
press ILK, were plated into 6-well plates to
cultivate for 24 h. Then, transfection was
applied by 2 pg/mL of pcDNA-ILK, empty
pcDNA, and Lipofectamine 3000 reagent
(Invitrogen, Waltham, MA, USA) in line as
instruction’s process and incubated at 37°C
for 48 h. After transfecting 48 h, the cells
were maintained into corresponding medium
21 days.

Construction of lentiviral vectors expressing
ILK-specific ShRNA

The ILK-specific target sequence was design-
ed and purchased from GenePharma. Dou-
ble-stranded DNA, contained the interference
sequences, was synthesized to generate the
lentiviral vectors as the manufacturer’'s in-
structions and then infected HEC-1-A cells.
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Before infection, the medium was substituted
with a proper titer of virus supernatant and
incubated at 37°C for 12 h. Western blot was
used to analyze the silencing efficiency of
shRNA three days after transfection.

RNA isolation and real-time PCR

Total RNA was obtained from four serum sam-
ples and cells with a Trizol reagent (TaKaRa,
Tokyo, Japan) following the manufacturer’s
instructions, and then, reverse transcription
was performed with PrimeScript™ RT Reagent
reagent. SYBR Premix Ex Taq Il Kit (TaKaRa)
was applied for Real-time PCR detection and
run by ABI Prism 7500 Detection system.
After the reaction, the PCR amplification
curve and the melting curve were confirmed
for PCR analysis. The expression levels of ILK
and MMPs (MMP-3 and MMP-9) were analyz-
ed with GAPDH as an internal parameter. All
samples were tested three times, and the
relevant primer sequences were respectively:
ILK, Forward, 5-AAGGTACTCGAGCTATGGACG-
ACATTTTCACTC-3’ and reversed, 5-ATCCAA-
GAATTCTCTACTTGTCCTGCATCTTCT-3’; MMP-3,
forward, 5-TTCCTGGCATCCCGAAGTGG-3’' and
reversed, 5-ACAGCCTGGAGAATGTGAGTGG-3’;
MMP-9, forward, 5-GATGCGTGGAGAGTCGAA-
AT-3' and reversed, 5-CACCAAACTGGATGAC-
GATG-3..

Western blot

The protein extracts from serum samples or
cells were collected with RIPA lysis buffer
(Solarbio, Beijing, China), and the harvested
protein concentration was assayed by a BCA
Assay Kit (Pierce, Rockford, IL, USA). The
samples were loaded onto SDS-polyacryla-
mide gel electrophoresis (PAGE, 12%) for
separating protein and transferred to polyviny-
lidene fluoride membranes (PVDF; Roche,
Basel, Switzerland). Primary antibodies: ILK
(1:1000; ab52480, Abcam, Cambridge, MA,
USA), MMP-3 (1:1000; ab53015, Abcam),
MMP-9 (1 pg/ml; ab73734, Abcam), p-GSK3f3
(1:2000; ab75745, Abcam) and [(-catenin
(1:5000; ab32572, Abcam) were applied to
incubate membranes overnight at 4°C after
5% non-fat skim milk blocking 2 h. After wash-
ing with 1x TBST for 3 times, and then, the
membranes were incubated with correspond-
ing secondary antibody Goat Anti-Rabbit 1gG
(HRP) (1:10000; ab205718, Abcam) for 40
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min. The protein bands were identified with the
ECL detection system.

Immunofluorescent assay

The endometrial cancer cells were fixed with
4% paraformaldehyde about 20 min and then
washed with PBS. The cells were incubated
with anti-ILK antibody (1:200; ab236455,
Abcam) overnight at 4°C, and then, the sec-
tions were incubated with the corresponding
second antibody (1:10000) for 1 h after PBS
washing 3 times. The nuclei were stained with
DAPI (Sigma-Aldrich) for 20 min. A fluorescen-
ce microscope was used to observe and re-
cord the images.

Cell proliferation assay

The proliferation ability of RL95-2, RL95-2-
pcDNA3-ILK, HEC-1-A, and HEC-1-A-shiLK
cells were detected using a Cell Counting
Kit-8 (CCK-8, TaKaRa). The cells (2x10%) were
plated into 96-well plates, and CCK-8 solution
(10 ul) was added into per plate after the
cells were cultured for a series of gradient time
(1, 2, 3, 4 and 5 day). Then, the culture plate
was incubated in the incubator for 2 h at
37°C, and then the absorbance (450 nm) was
measured with an enzyme label instrument.

Immunohistochemistry

Tissues were fixed in 4% paraformaldehyde in
the 4°C environments for 24 h. After that, all
tissues were dehydrated in the embedding box
and embedded using liquid paraffin as in-
struction’s procedure (Sigma-Aldrich). The sec-
tions (4 um) were prepared through a slicer
and baked on the slide warmers for 30 min.
The sections were placed in a wet box, in which
a small amount of distilled water was added,
plus 3% hydrogen peroxide, and incubated at
room temperature for 10 min. Washing with
PBS and distilled water 3 times each, 3 min
each time, wet box was added goat serum
occlusive fluid to incubate sections for 10 min.
Immunohistochemistry was carried out by
primary antibodies and corresponding second-
ary antibody according to instruction proce-
dures. 100 pl DAB solution (Sigma-Aldrich)
was added to each section, restained with
hematoxylin for 1-2 min.
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Scanning electron microscope (SEM)

Cells and tissues were fixed in glutaraldehyde
fixative (2.5%), and then osmium tetroxide
(2%). The samples, which were washed with
PBS 2 times, were dehydrated with a series
of gradient ethanol (30%, 50%, 70%, 80%,
90%) twice at each concentration for 15 min.
Samples were dried by acetonitrile drying
method after dehydration, vacuum drying fol-
lowed. The surfaces of cells were coated and
then observed by scanning electron microsco-
py (Hitachi, Tokyo).

Cell adhesion assay

RL95-2 and HEC-1-A cells were cultured in a
96-well plate to form a fused monolayer. JAR
cells, which were stained with Cell Tracker
Green for 1 h, were collected and counted after
digestion with 0.25% trypsin. JAR cells were
gently seeded into the monolayer of RL95-2
and HEC-1-A cells and adhered for 1 h. PBS was
performed to wash out un-adhered JAR cells.
Unstained JAR cells were used as blank con-
trols. Adhesion rate = (number of attached
JAR cells/number of JAR cells entering the
mouth) * 100%. Fluorescence microscope
(Olympus) was used to capture and display
representative images.

Transwell assay

The 24-well transwell chambers (Thermo Fish-
er Scientific, Waltham, MA, USA) coated with
eight uM pore-size Matrigel (Coring, Corning,
NY, USA) were used to assess the invasiveness
of RL95-2, RL95-2-pcDNA3-ILK, HEC-1-A, HEC-
1-A-shILK and HEC-1-A treated with SKL2001.
The transfected RL95-2 and HEC-1-A cells
(1x10* cells) were resuspended in 150 ul
serum-free DMEM/F12 medium and seeded
onto the top of the invasion chambers. The
lower chambers were filled up with 600 pul
DMEM/F12 containing 10% FBS as a chemo-
attractant. After 24 h incubation at 37°C, non-
invasive cells inside the upper chamber were
scraped off with cotton swabs, and invading
cells on the lower membrane surface were fixed
in 4% paraformaldehyde for 15 min and then
stained with 0.1% crystal violet for another 15
min. Cells were photographed and counted in
ten fields at 100x magnification using a micro-
scope (Nikon, Tokyo, Japan).
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Animal experiments

Kunming mice (KM; 6-8 weeks; n=5/each
group) were purchased from SeBiona Bio-
Tech (Guangzhou, China). All animal experi-
ments were approved by the Ethics Com-
mittee of Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine. The mice were
raised under standard conditions with ade-
quate food and water. To get a pregnant
mouse, a female mouse was left alone with a
male mouse. Pregnancy is the first day of a
vaginal blockage. On the second day of preg-
nancy, the females were anesthetized by in-
jecting pentobarbital sodium, and ten pl solu-
tion, including 1 pg Lv-ILK, was injected into the
right uterus horn and the left with normal
saline. RNA and protein samples from mouse
endometrium were collected on day 7. The
number of embryos implanted was analyzed
statistically.

Statistical analysis

All data were presented as mean = SD. The
difference between the two groups was
assayed using the Student’s t-test (Figures
1B, 1D, 2D-J, 3B and 3D) or one-way analysis
of variance (ANOVA) followed by the Scheffé
test (Figures 3F-H, 4). SPSS17.0 (SPSS, Inc.,
USA) was applied to analyze statistical analy-
sis. P<0.05 was indicated to be statistically
significant.

Results

ILK was downregulated in unexplained infertil-
ity patients

To identify the molecules that may be associ-
ated with the acquisition of endometrium
receptivity phenotype, three GEO public da-
tasets (GSE16532, GSE92324, and GSET7-
1835) were acquired to carry out bioinformat-
ics analysis. As shown in Figure 1A, five
common molecules KCNJ2, SERPINB3, ILK,
EXO1, and FLT4 were identified. Our previous
studies verified the up-regulated expression
of ILK in the proliferative phage compared
within the endometrium’s receptive phase [4].
In the study, we attempted to investigate the
association of ILK with endometrium rece-
ptivity. Real-time PCR and Western blot analy-
sis were applied to determine the ILK level in
the serum of the healthy control (non-pregnan-
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Figure 1. ILK was downregulated in unexplained infertility patients. A. Three GEO public datasets (GSE16532,
GSE92324, and GSE71835) were acquired to carry out bioinformatics analysis, and five commonly dysregulated
genes (KCNJ2, SERPINB3, ILK, EXO1 and FLT4) were identified. B. gPCR analysis of ILK mMRNA expression in serum
from healthy control (Non-pregnancy, n=10), unexplained infertility (n=10). All samples were tested 3 times, and
data were presented as mean + SD. C. Western blot analysis of ILK protein expression in Non-pregnancy (n=3) and
unexplained infertility (n=3). D. Quantitative analysis of ILK protein expression in Non-pregnancy (n=3) and unex-
plained infertility (n=3). GAPDH was used as loading control in western blot analysis. *P<0.05, **P<0.01.

cy) and unexplained infertility women. Figure
1B-D showed that the ILK mRNA and protein
levels were decreased in unexplained infertility
patients compared to healthy women. These
data suggest the potential role of ILK in the for-
mation of uterine receptivity.

ILK inhibition repressed EECs proliferation and
invasion and decreased the adhesion rate of
embryonic cells to EECs

We then described the functional chara-
cteristics of ILK, with emphasis on its effects
on the EECs proliferation and invasion, and
adhesion rate of embryonic cells to EECs. The
expression of ILK in four kinds of EECs lines
HEC1-A, RL95-2, Ishikawa, and KLE was de-
tected using western blot analysis. As shown in
Figure 2A, ILK is highly expressed in HEC1-A
and KLE cell lines compared to RL95-2 and
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Ishikawa cell lines. Next, the cell location of ILK
was assessed in uterine epithelial cells by
immunofluorescence. Figure 2B showed that
strong intense cytoplasmic staining for ILK was
detected in HEC1-A and KLE cell lines, whereas
weak cytoplasmic staining in RL95-2 and Ishi-
kawa cell lines.

CCK-8 assay was applied to assess the effect
of ILK on EECs proliferation. ILK was overex-
pressed in RL95-2 cells by transfection with
pcDNA3-ILK (Figure 2C). Figure 2D showed
that ILK overexpression significantly promoted
RL95-2 cell proliferation compared with con-
trol cells. In contrast, the ILK expression was
repressed in HEC-1-A through treatment with
ILK-shRNA (Figure 2E). The results from CCK-
8 assay showed that ILK inhibition signifi-
cantly repressed HEC-1-A cell proliferation
compared with control (Figure 2F). Invasion
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Figure 2. ILK promoted proliferation and invasion, and improved receptive ability of uterine epithelial cells in vitro.
(A) Western blot analysis of ILK expression in uterine epithelial cell lines HEC1-A, RL95-2, Ishikawa and KLE. GAPDH
was used as loading control. (B) Immunofluorescence analysis for cell location of ILK in uterine epithelial cell lines
HEC1-A, RL95-2, Ishikawa and KLE. (C) Western blot analysis of ILK expression in RL95-2 cells treated with pcDNA
control or pcDNA-ILK. (D) RL95-2 cell proliferation was assessed using CCK-8 assay after ILK overexpression. (E)
Western blot analysis of ILK expression in HEC-1-A cells treated with shRNA control or shiLK group. (F) HEC-1-A cells
proliferation was assessed using CCK-8 assay after ILK knockdown. (G, H) Transwell invasion assay to analyze RL95-
2 cells invasion after ILK overexpression (G) and HEC-1-A cells invasion after ILK knockdown (H). (I, J) Cell adhesion
assay showed that adhesion rate of JAR cells to RL95-2 cells was significantly enhanced after ILK overexpression,
while the adhesion rate of JAR cells to HEC-1-A was obviously reduced after ILK knockdown compared with control

cells. *P<0.05, **P<0.01.

assay was applied to analysis the effect of
ILK on EECs invasion. Figure 2G and 2H sh-
owed that ILK overexpression significantly pro-
moted RL95-2 cell invasion, whereas ILK kn-
ockdown repressed HEC-1-A cell invasion com-
pared with control. We further investigat-
ed the role of ILK in adhesion of embryo onto
endometrium using in vitro embryo adhesion
model. Figure 21 and 2J showed that the
adhesion rate of JAR cells (embryonic cells) to
RL95-2 cells was significantly enhanced after
ILK overexpression, while the adhesion rate
of JAR cells to HEC-1-A was obviously reduced
after ILK knockdown compared with control
cells. These results demonstrated that ILK
promoted uterine epithelial cell proliferation
and invasion, and improved its receptive ability
in vitro.

ILK inhibition repressed matrix metalloprote-
ases expression by inactivating Wnt/[-catenin
signaling

The degradation of extracellular matrix pro-
teins, achieved by increasing the matrix me-
talloproteases (MMPs), plays a vital role in
embryo implantation [17, 18]. Previous stu-
dies have demonstrated that MMPs are cru-
cial factors in trophoblast invasion during
implantation [17, 19]. To test the potential
regulating effects of ILK on MMPs expression,
the expression of MMPs (MMP-2, MMP-3, and
MMP-9) and tissue inhibitors of MMPs (TIMP1,
TIMP2, and TIMP3) was assessed in RL95-2
cells after the ILK knockdown. Figure 3A and
3B showed that ILK inhibition significantly
reduced the mRNA and protein levels of MMP-
3 and MMP-9. MMP-3 and MMP-9 are known
targets of Wnt/B-catenin signaling [20, 21].
Previous studies demonstrated that ILK posi-
tively regulates Wnt/B-catenin signaling [22].
Therefore, we then investigated whether ILK
inhibition reduced MMP-3 and MMP-9 expres-
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sion by inactivating Wnt/B-catenin signaling.
Phosphorylation of GSK3B (p-GSK3p), total
and nuclear B-catenin protein levels were
remarkably decreased in the ILK-knockdown
group compared to the control group (Figure
3C-E). Importantly, additional SKL2001 (a spe-
cific activator of Wnt/B-catenin signaling) tre-
atment rescued ILK inhibition-induced Wnt/3-
catenin signaling inactivation as indicated by
increased p-GSK3p and B-catenin, and thus in-
creased the expression of MMP-3 and MMP-9
(Figure 3F).

Invasion assay and in vitro embryo adhesion
model was applied to analyze the effect of
Wnt/B-catenin signaling on ILK-mediated EECs
function. Figure 3G showed that ILK knock-
down significantly inhibited RL95-2 cell inva-
sion compared with control cells, while addi-
tional SKL2001 treatment rescued the inva-
sion of RL95-2. Figure 3H further showed that
the adhesion rate of JAR cells to RL95-2 was
obviously reduced after ILK knockdown com-
pared with control cells, while additional SKL-
2001 treatment recovered the adhesion rate
of JAR cells to RL95-2. These results demon-
strated that the Wnt/B-catenin signaling medi-
ated the function of ILK on EECs in vitro.

ILK improved uterine receptivity and embryo
implantation by regulating Wnt/B-catenin sig-
naling in vivo

We further explored if ILK improved uterine
receptivity formation and subsequent embryo
implantation in vivo by regulating Wnt/3-ca-
tenin signaling. The effects of ILK on uterine
receptivity and embryo implantation were ob-
served in a mouse model. Lv-shILK was in-
troduced into the mouse uterus on day 2 of
pregnancy, and the uterine receptivity was
assessed on day 7. Figure 4A showed that
ILK inhibition obviously decreased embryo im-
plantation rate in mice, whereas the decrease
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Figure 3. ILK knockdown decreased the expression of MMP3 and MMP9 by inactivating Wnt/B-catenin signaling.
A. gPCR analysis of MMP2, MMP3, MMP9, TIMP1, TIMP2, and TIMP3 mRNA expression in HEC-1-A cells after ILK
knockdown. B. Western blot analysis of MMP3 and MMP9 protein expression in HEC-1-A cells after ILK knock-
down. C. Western blot analysis of total B-catenin and p-GSK3p in HEC-1-A cells after ILK knockdown. D. Western
blot analysis of nuclear B-catenin in HEC-1-A cells after ILK knockdown, a-tubulin was used as loading control. E.
Immunostaining analysis of B-catenin in HEC-1-A cells after ILK knockdown. F. Western blot analysis of p-GSK3p,
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B-catenin, MMP-3 and MMP-9 in HEC-1-A cells after ILK knockdown in the presence or absence of SKL2001. G.
Transwell invasion assay of HEC-1-A cells invasion after ILK knockdown in the presence or absence of SKL2001. H.
Cells adhesion analysis of JAR cells to HEC-1-A cells after ILK knockdown in the presence or absence of SKL2001.
*P<0.05, **P<0.01.
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protein expression in the uterine endometrium of pregnancy mouse. C. Immunohistochemistry analysis MMP3 and
MMP9 in the uterine endometrium of pregnancy mouse. D. Representative SEM images in the uterine endometrium
at Lv-control or Lv-shlLK group with or without SKL2001 treatment on day 7 of pregnancy. *P<0.05, **P<0.01.
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was partially reversed after additional treat-
ment with SKL2001.

To verify that ILK regulated MMP-3 and MMP-
9 expression by activating Wnt/[-catenin sig-
naling in vivo, we assessed Wnt/B-catenin sig-
naling activation and MMP-3 and MMP-9
expression in the pregnant uterus after ILK
inhibition in the presence or absence of
SKL2001. The results from western blot and
immunohistochemistry analysis showed that
ILK inhibition inactivated Wnt/B-catenin sig-
naling and repressed MMP-3 and MMP-9
expression, whereas the decreased MMP-3
and MMP-9 level was partially reversed after
additional SKL2001 treatment within the preg-
nant uterus (Figure 4B and 4C).

To clarify the fact that ILK inhibition impaired
uterine receptivity by inactivating Wnt/B-ca-
tenin signaling, the structure changes of uter-
ine endometrium were observed by SEM. The
results showed that the microvilli of uterus in
the ILK knockdown group were remarkably
less than those in the control group, indicating
the critical role of ILK on uterine receptivity
formation. Importantly, additional SKL2001
treatment rescued the microvilli of uterus
(Figure 4D). These results demonstrated that
ILK improves uterine receptivity formation by
activating Wnt/B-catenin signaling and up-reg-
ulating MMP-3/9 expression.

Discussion

In the current study, the function of ILK on
regulating endometrial receptivity was verified,
and the underlying mechanism was uncovered.
The present data verified that: (I) The expres-
sion of ILK was downregulated in unexplained
infertility patients, (Il) ILK inhibition repressed
EECs proliferation and invasion, and decreas-
ed the adhesion rate of embryonic cells to
EECs, (lll) ILK inhibition repressed MMP-3
and MMP-9 expression by inactivating Wnt/[3-
catenin signaling, (IV) ILK improved uterine
receptivity and embryo implantation by re-
gulating Wnt/B-catenin signaling in vivo. These
data indicated that ILK/Wnt/MMPs axis may
be applied as an indicator of endometrial re-
ceptivity, and as a diagnostic and therapeutic
target for infertility.

The previous study has shown that ILK was
associated with the human endometrial stro-
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mal cells (ESCs) [23]. Chen et al. demonstrat-
ed that the migrated and invasive abilities of
ESCs was enhanced through facilitating EMT
by ILK overexpression [24]. ILK also regulates
the morphologic transformation of ESCs dur-
ing endometrial decidualization [25]. However,
the effect of ILK on regulating EECs biolo-
gical behavior remains unclear. Given the
importance of stromal-epithelial communica-
tion in human endometrium, here we investi-
gated the regulatory role of ILK in EECs. The
current data showed that ILK inhibition sup-
pressed EECs proliferation and invasion,
whereas ILK overexpression promoted EECs
proliferation and invasion compared with con-
trol. Notably, the adhesion rate of embryonic
cells to EECs was also increased after ILK
overexpression. In contrast, ILK inhibition
suppressed the adhesion rate of embryonic
cells to EECs, indicating that ILK promoted
EECs proliferation and invasion, and improved
its receptive ability in vitro.

Extracellular matrix (ECM) degradation is a
fundamental process to initialize the blasto-
cyst invasion [26]. Matrix metalloproteinases
(MMPs) are the main enzymes for ECM degra-
dation and play a critical role in the embryo
implantation and placentation process. Hiden
et al. reported that the MMP-14 expression is
downregulated in fetal growth restriction and
thus results in the decrease of trophoblast-
derived cell migration, proliferation, and tro-
phoblast fusion [27]. Up-regulated MMP-14 has
been identified in extravillous trophoblast cells
and is helpful for trophoblast invasion and
pregnancy outcomes [17]. MMP-2 and MMP-9
also play an important role in facilitating the
degradation of ECM and cytotrophoblast inva-
sion [28].

In the study, to test the association of ILK with
MMPs expression, the expression of MMPs
(MMP-2, MMP-3, and MMP-9) and tissue inhibi-
tors of MMPs (TIMP1, TIMP2, and TIMP3) was
assessed in EECs after the ILK knockdown.
The current data showed that ILK inhibition
repressed MMP-3 and MMP-9 expression.
Given that MMP-3 and MMP-9 are known tar-
gets of Wnt/B-catenin signaling, we thus
investigated whether ILK inhibition reduced
MMP-3 and MMP-9 expression by inactivat-
ing Wnt/B-catenin signaling. As expected, ILK
knockdown resulted in the inactivation of Wnt/
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B-catenin signaling and the repression of
MMP-3 and MMP-9 expression, whereas for-
ced activation of Wnt/B-catenin signaling, par-
tially recovered the expression of MMP-3
and MMP-9 in the presence of ILK inhibition.
Finally, we verified the mediated role of Wnt/
B-catenin signaling in ILK-regulating uterine
receptivity formation. ILK knockdown inhi-
bited EECs invasion and the adhesion rate of
embryonic cells to EECs, while forced activa-
tion of Wnt/B-catenin signaling recovered
EECs invasion and the adhesion rate of
embryonic cells to EECs in the presence of
ILK inhibition. More critical, forced activation of
Wnt/B-catenin signaling partially reversed ILK
inhibition-induced decrease of the microvilli of
uterus and embryo implantation rate. In con-
clusion, the current results demonstrated that
ILK improves uterine receptivity formation by
regulating Wnt/MMPs axis.
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