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Objective: To study the impact of integrin-linked kinase (ILK) in endometrial stromal cells (ESCs) during decidualization.
Design: Laboratory study with the use of human endometrium.
Setting: University hospital.
Patient(s): Fertile reproductive-age women who had not received hormonal treatment for 3 months before tissue collection.
Intervention(s): Endometrium tissue collection, in vitro decidualization of isolated ESCs, and small interfering (si) RNA transfection.
Main Outcome Measure(s): Immunohistochemistry, ELISA, Western blot analysis, methylthiazolyl tetrazolium assay, and immuno-
fluorescence staining.
Result(s): In vivo expression of ILK is significantly increased in distended-fusiform stromal cells of late secretory endometrium and in
cobblestone-shaped decidual cells of early pregnancy. During in vitro decidualization for up to 8 days, confluent cultures of isolated ESCs
consistently displayed increased ILK expression and morphologic transformation from fibroblast-like to polygonal cells. Subsequent ILK
knockdown by siRNA transfection reversed this transformation, accompanied by decreased phosphorylation of glycogen synthase kinase
(GSK) 3b and decreased viable cell numbers. Immunofluorescence staining of the decidualized ESCs demonstrated linkage of increased
levels of ILK at the tips of the fan-shaped organization of actin stress fibers located in the submembranous area, which expanded the
decidual cells into a typical polygonal appearance. Knock-down of ILK abrogated the polymerization and organization of actin fibers,
which reverted the cells to their undecidualized morphology.
Conclusion(s): During human endometrial decidualization, ILK is essential for morphologic transformation of ESCs through organi-
zation of the actin cytoskeleton; it may also function through subsequent GSK3b signaling, which requires further studies. (Fertil Steril�
2017;107:803–12. �2016 by American Society for Reproductive Medicine.)
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I n preparation for embryo implantation, the endometrium
undergoes decidualization, a process that involves tissue
remodeling, which includes molecular differentiation,

morphologic transformation, and extracellular matrix (ECM)
reorganization and integrin switching (1).

Integrins act as prototypic heterodimeric transmembrane
receptors for ECM proteins to induce formation of focal adhe-
sions (2). Integrin-linked kinase (ILK) is a key scaffold protein
localized within focal adhesions where it acts as a central
component of a heterotrimer (the ILK-PINCH-parvin complex)
(3). Since its discovery, ILK has demonstrated an essential role
in connecting the cytoplasmic tail of integrin b1 and b3 to the
actin cytoskeleton and regulating actin polymerization (4).

ILK occupies a pivotal position in cell-matrix adhesion and
can activate the transmembrane signals bidirectionally (5, 6).
By down-regulating E-cadherin expression (7), ILK acts as a
mediator of epithelial-to-mesenchymal transition, which plays
important roles in embryo development and cancer progression
(8–11). Corroboratively, aberrantly overexpressed or -activated
ILK has been demonstrated in many types of human
malignancies (3), and ILK-knockout mice die shortly after im-
plantation owing to the defective epiblast polarization and
abnormal F-actin accumulation (12). ILK can also behave as a
multifunctional serine/threonine kinase to transmit its signal
in a phosphatidylinositol 3-kinase–dependent manner
(13, 14) through phosphorylating protein kinase B (Akt1),
and/or glycogen synthase kinase-3b (GSK3b) pathways,
which enable it to regulate such processes as cell
proliferation, survival, migration, and invasion (15).

The role of ILK in reproductive sciences has been underex-
plored. In patients with preeclampsia, the expression of ILK and
the number of endothelial progenitor cells are diminished (16).
A recent study observed increased ILK expression in endometrial
stromal cells (ESCs) of womenwith endometriosis and suggested
acorrelationwith the increasedmigrationand invasion functions
of these cells in such patients (17). A separate study observed that
ILK is highly expressed on the plasmamembranes of extravillous
trophoblast cells and that ILKmay enhance themigration of cho-
rionic villi (15). However, no study has focused on the potential
roles of ILK in endometrium, although three integrins, a1b1,
a4b1, and avb3, are coexpressed during the window of implan-
tation (18–20), which suggests the possible involvement of ILK in
decidualization and implantation. In view of the well
documented occurrence of morphologic changes of ESCs
during decidualization, we hypothesized that ILK expression
could contribute to specific decidualization-related cellular func-
tions and performed experiments to test this hypothesis.

MATERIALS AND METHODS
The study protocols were reviewed and approved by the Hu-
man Investigation Review Board of Yale University and
Linkou Chang Gung Memorial Hospital, Taiwan. Written
informed consent was obtained from every patients before
surgery and tissue collection.

ORIGINAL ARTICLE: REPRODUCTIVE SCIENCE
Patients and Tissue Specimens

Endometrial tissues were obtained from surgical specimens of
fertile women with regular menstrual cycles who underwent
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laparoscopy or hysterectomy (21, 22) for benign gynecologic
conditions, without endometriosis, adenomyosis, or
hyperplastic endometrial disease, and who did not receive
hormonal medication in the preceding 3 months. For
immunohistochemical staining (n ¼ 5 for each menstrual
phase; total n ¼ 30; mean age 40.4 years, range 23–48), the
date of the menstrual cycle was classified as early proliferative
(days 1–5), midproliferative (days 6–10), late proliferative
(days 11–14), early secretory (days 15–18), midsecretory (days
19–23), and late secretory (days 24–28) phases, according to
menstrual history and confirmed by means of endometrial
histology with the use of the criteria of Noyes et al. (23).
Decidual tissues (n ¼ 5 for immunohistochemistry; n ¼ 3 for
decidual cell culture) were collected from voluntary
terminations of normal pregnancies during the first trimester.

Endometrial tissue for ESC isolation and long-term cul-
ture (n ¼ 23) was also obtained from surgical specimens of
fertile women with the use of the same criteria as mentioned
above, and placed in Hank balanced salt solution (HBSS;
Sigma-Aldrich). Despite isolation from different menstrual
cycle stages, study showed that ESCs by passage 2 did not
differ in the expression of cycle-specific genes and were naïve
(or without memory) in their response in the experimental
treatment protocols (24).
Immunohistochemistry

Formalin-fixed paraffin-embedded specimens were cut into
5-mm sections. After deparaffinization, antigen retrieval
was performed by boiling in citrate buffer (10 mmol/L, pH
6.0) for 15 minutes, and endogenous peroxidase was blocked
by means of immersion in 3% hydrogen peroxide (in 50%
methanol:50% distilled water solution) for 12 minutes. Slides
were then incubated in a humidified chamber with 5% normal
horse serum (Vector Laboratories) in Tris-buffered saline
solution (TBS; 0.05 mol Tris [pH 7.4], 0.85% saline) for 30
minutes at room temperature. After drainage of excess serum,
sections were incubated with a 1:6,000 dilution (0.33 mg/mL)
of mouse monoclonal anti–human ILK antibody (Sigma)
overnight at 4�C in a humidified chamber. Nonimmune
(normal) mouse IgG1 was used at the same concentration of
the primary antibody for isotype control samples. With the
use of the horse anti–mouse biotinylated secondary antibody
(Vector Laboratories), the antigen-antibody complex was de-
tected by means of the avidin-biotin-peroxidase complex
(Vectastain ABC kit; Vector Laboratories) and 3,30-diamino-
benzidine tetrahydrochloride (Sigma-Aldrich) with light he-
matoxylin counterstaining. Images were collected at room
temperature with the use of an Axioplan 2 Imaging (Carl
Zeiss) microscope with an Axiocam (Zeiss) camera, and Axi-
ovison (release 4.6; Zeiss) software.

Immunoreactivity was evaluated by means of H-score in
an area of containing �100 cells (�400), with the use of the
formula: H-score ¼ SPi (intensity score), where the intensity
score is graded as 0 for none, 1 for weak but detectable, 2 for
moderate or distinct staining, or 3 for strong staining, and Pi
is the corresponding percentage (range 0–100) of the posi-
tively stained cells in each category and therefore yielding a
value ranging from 0 to 300 (25). The final average scores
VOL. 107 NO. 3 / MARCH 2017
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were obtained from five fields per slide and evaluated by two
investigators blinded to the tissue source.
Isolation and Culture of Human ESCs

Fresh endometrial tissue was minced and digested in HBSS
(Sigma-Aldrich) containing collagenase B (15 U mg/mL;
Roche), deoxyribonuclease I (150 U/mL; Roche), penicillin
(200 U/mL), and streptomycin (200 mg/mL) for 60 minutes
at 37�C with gentle agitation. Human ESCs were separated
by means of a wire sieve (40-mm-diameter pore; BD) and
cultured in Dulbecco Modified Eagle Medium (DMEM)/Ham
F-12 (1:1 vol/vol; Sigma) containing fetal bovine serum
(FBS, 10% vol/vol; Gibco BRL) until confluent. After the first
passage, immunohistochemical assessment of ESCs were pre-
viously found to contain 0%–3% epithelial cells, no detect-
able endothelial cells, and 0.2% macrophages (26, 27).
Experimental Incubation

ESCs (passage 3–5) grown to 70% confluence were then starved
for 24 hours in serum-free basal medium, a phenol red–free
DMEM/HamF-12nutrientmixture (1:1 vol/vol; Sigma)medium
with 100 U/mL penicillin, 100 g/mL streptomycin, 0.25 g/mL
fungizone. To test the nongenomic actions of steroid hormones
(28), cultureswere incubated in parallel in basalmedium supple-
mented with 10% charcoal-stripped fetal calf serum (Biological
Industries, Beit Haemek, Israel) containing either 0.1% ethanol,
as vehicle control, or E2 (10

�8 mol/L; Sigma), or P (10�7 mol/
L; Sigma), or E2 þ P for 15 minutes, 45 minutes, 24 hours, and
48 hours. For in vitro decidualization, cultures were treated
with E2 þ P in basal medium with serum (BMS) for 2, 4, 6, 8,
10, and12days. Prolactin levels in the supernatewasdetermined
as a biomarker of decidualizationwith the use of a commercially
available ELISA kit (Advia Centaur XP systems; Siemens; Intra-
assay range0.3–200ng/mL) per themanufacturer's instructions.
Small Interfering RNA Transfection

All small interfering (si) RNA kits were purchased from Cell
Signaling. ESCs and decidualized stromal cells (5 �
104 cells/500 mL per well) were cultured in a 12-well plate
in FCS until attaining 50% confluence, and then transfection
was performed per the manufacturer's instructions. ILK-
siRNA was applied to the cultured cells in conjunction with
transfection reagent (vehicle), and fluorescence-conjugated
nonspecific siRNAwas used as an indicator of transfection ef-
ficiency and transfection control. Transfection efficiency was
calculated by counting the total number of cells as well as the
number of cells transfected by fluorescent-conjugated siRNA
at three different low-power fields (�20) under a fluorescent
microscope. Unless otherwise stated, cells were treated with
siRNA for 24 hours and passaged at 72 hours after transfec-
tion. A sample of cells in each group were used for Western
blot analysis to determine silencing efficiency.
Western Blot Analysis

Total protein from control and experimentally treated cells
was extracted with the use of cell extraction buffer (Pierce)
VOL. 107 NO. 3 / MARCH 2017
containing 3 mmol/L phenylmethylsulfonyl fluoride and a
protease inhibitor cocktail (Sigma). Protein concentration
was determined by means of a detergent-compatible protein
assay (Bio-Rad Laboratories). Samples (15 mg) were loaded
on 10% Tris-HCl Ready Gels (Bio-Rad), electrophoretically
separated, and electroblotted onto nitrocellulose membrane
(Bio-Rad). The membrane was blocked with 5% nonfat dry
milk in TBS containing 0.1% Tween 20 for 1 hour to reduce
nonspecific binding. The membrane was then incubated over-
night at 4�C with either an ILK mouse monoclonal antibody
(Sigma), a total-Akt rabbit polyclonal antibody (Cell
Signaling), phospho-Akt (Ser473), a rabbit polyclonal anti-
body (Cell Signaling), a total-GSK3b (27C10) rabbit mono-
clonal antibody (Cell Signaling), a phospho-GSK3b (Ser9)
(5B3) rabbitmonoclonal antibody (Cell Signaling), or ab-actin
mouse monoclonal antibody (Santa Cruz Biotechnology) with
the use of proper dilutions and gentle agitation. The mem-
branes were then incubatedwith horseradish peroxidase–con-
jugated antimouse or antirabbit secondary antibodies (Vector)
for 1 hour. Protein was visualized by means of light emission
on film (Amersham Biosciences) with the use of enhanced
chemiluminescence substrate (Amersham).b-Actin orGAPDH
immunostaining was used as an internal control.
Methylthiazolyl Tetrazolium Assay

Numbers of the decidualized ESCs treated with either
vehicle, nonspecific transfection control, ILK-siRNA, or pro-
tein kinase B (AKT) siRNA for 72 hours in the adhesion func-
tion and viability test were measured by means of MTT assay
(29), which depends on the reduction of the tetrazolium salt
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazo-
lium bromide; Sigma-Aldrich) by functional mitochondria
to formazan. After 4-hour incubation of the cells at 37�C
with MTT, acidified isopropanol was added to solubilize
the blue crystals, and the intensity was measured colorimet-
rically at a wavelength of 570 nm, with background subtrac-
tion at 650 nm.
Cell Migration and Invasion Assays

A transwell cell migration assay was performed with the use
of 24-well chambers with 8-mm pore size polycarbonate fil-
ters (Costar). To assess cell invasion, the polycarbonate fil-
ters were coated with extracellular matrix (50 mg filter;
Sigma Chemical), dried overnight, and rehydrated at room
temperature before use for 1 hour (30, 31). In both assays,
the cells were trypsinized and resuspended in DMEM/high
glucose. ESCs (1 � 105) in 200 mL DMEM/high glucose
were seeded on the upper chamber, and DMEM/high
glucose of 500 mL containing 10% BMS was placed in the
lower chamber. E2 þ P was added to both upper and lower
chambers. After incubation for 48 hours at 37�C, the
nonmigrating cells in the upper chamber were gently
scraped away with a cotton bud, and the cells that
migrated through the filters were stained with Giemsa and
counted in six representative areas per filter with the use
of an Olympus IX71 microscope. The average cell numbers
for each specimen were used for analysis.
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Immunofluorescent Staining

Experimental cells in each treatment were obtained (4.0 �
104 cells/mL) and seeded onto 8-chamber culture slides (BD
Biosciences), cultured for 24 hours, and then fixed with the
use of 4% paraformaldehyde for 30 minutes at 4�C. After
washing, the slides were incubated with a 1:6,000 dilution of
mouse monoclonal anti–human ILK antibody (Sigma) for
60 minutes at room temperature, followed by Texas Red–con-
jugated donkey anti–mouse IgG (1:150, Jackson Immunore-
search Laboratories) for 30 minutes at room temperature and
fluorescein isothiocyanate–conjugated phalloidin (Sigma) for
30 minutes. After treatment with 6-diamino-2-phenylindole
(DAPI; Sigma) for 15 minutes and mounted with antifade
mounting medium (prepared with 1,4-phenylene-diamine
[Sigma], 86% glycerol, and 0.2 mol/L Tris-HCl, pH 8.0), slides
were examined with the use of the Axioplan 2 Imaging (Carl
Zeiss) system, as detailed above.
Statistical Analyses

Normality was assessed by means of Kolmogorov-Smirnov
test. Data in gaussian distribution, including the H-score
FIGURE 1

Immunohistochemical stainingof integrin-linkedkinase (ILK) inendometriumo
micrographsare shownwithpositive signals inbrowncolor. (A) Early proliferati
(D) late secretory (LS) phase; (E) early pregnancy decidua (D); (F) isotype cont
stained brownish spots (arrows) in some of the polygonal-shaped decidual
endometrial stromal cells (ESCs; n ¼ 5 for each menstrual phase and early p
pregnancy; **P<.01 vs. all menstrual phases excluding late secretory phase)
scores of whole menstrual cycle and early pregnancy between ESCs and EGC
Yen. ILK and decidualization. Fertil Steril 2016.
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values, Western blot analyses, and MTT assays, were pre-
sented as mean � SEM and then analyzed with the use of
Student t test or one-way analysis of variance with post
hoc least significant difference (LSD) test for pairwise com-
parisons between groups. Statistical calculations were per-
formed with the use of SPSS for Windows, release 17.0.0/
2008 (IBM-SPSS). Statistical significance was defined as
P< .05.
RESULTS
Changes of ILK Expressions in
Immunohistochemical Staining across the
Menstrual Cycle

Significantly higher ILK expression was observed in the
round-shaped ESCs of the late-secretory phase endometrium
(Fig. 1D) compared with ESCs present in other phases of the
cycle, and attained its highest level in the decidual cells of
early pregnancy (Fig 1E; P< .05 and P< .01, respectively;
Fig. 1G). Interestingly, ILK expression was located submem-
branously in some of the decidual cells of early pregnancy
(Fig. 1E, arrows). Conversely, endometrial glandular cells
fdifferentmenstrual phasesandearlypregnancydecidua. Representative
ve (EP) phase; (B) lateproliferative (LP) phase; (C) early secretory (ES) phase;
rol (late secretory phase). Note the submembranous-distributed, thicker-
cells of early pregnancy. �200; bar ¼ 100 mm. (G) H-Scores of ILK in
regnancy; total n ¼ 35; *P<.05 vs. all menstrual phases excluding early
. (H) H-Scores in endometrial glandular cells (EGCs); (I) comparison of H-
s (*P<.05 vs. EGC). MP¼ midproliferative; MS ¼ midsecretory.
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(EGCs) displayed significantly lower ILK immunoreactivity
than ESCs (P< .05; Fig. 1I) and consistently displayed no dif-
ferences throughout the cycle (Fig. 1H).
ILK Expression in the In Vitro Decidualization of
Cultured ESCs

Our initial hypothesis was that ILK expression is regulated by
ovarian hormones. To test the existence of nongenomic ac-
tion of steroid hormones, ESCs were cultured short term
with either vehicle, E2 (10

�8 mol/L), P (10�7 mol/L), or E2 þ
P for 15 minutes, 45 minutes, 24 hours, and 48 hours. How-
ever, ILK expression did not show any changes among the
treatment groups (n ¼ 3; Fig. 2A).

Then, the ESCs underwent in vitro decidualization with
E2 þ P for 12 days with prolactin levels in ESC supernates
checked on alternate days, as shown in Figure 2B (n ¼ 8).
The value obtained on day 6 (1.28 � 0.30 pg/mL) was signif-
icantly higher than on day 0 (0.68� 0.04 pg/mL; P< .05). The
value kept rising and reached a final value of 11.53� 3.74 pg/
mL on day 12. Notable morphologic changes were seen from
day 6, as most of the cells transformed into the typical cobble-
stone morphology of decidualized ESCs, whereas the cells
treated with vehicle remained spindle-shaped and
fibroblast-like in appearance (Fig. 2C [day 7]). Consistently,
Western blot analysis showed a significant increase in the
level of ILK on days 6, 8, and 12 (P< .05 compared with day
0; Fig. 2D). However, the ILK yield did not change after day
FIGURE 2

ILK expression in cultured ESCs undergoing in vitro decidualization. (A) Dens
with either vehicle (C), E2 (10

�8 mol/L), P (10�7 mol/L), or E2 þ P for 15 min
along with the course of in vitro decidualization (E2þ P treatment for 12 da
the cultured ESCs undergoing in vitro decidualization. On day 0, cells showe
7, the majority of the cells were transformed into a typical polygonal cobb
Western blot analysis of ILK expression in the lysates of ESCs undergoin
results are presented as mean � SEM. Abbreviations as in Figure 1.
Yen. ILK and decidualization. Fertil Steril 2016.
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6, and the level of ILK on day 12 was not different from
days 6 and 8 (Fig. 2D).
Morphologic Changes after ILK Knockdown by
siRNA Transfection

First-trimester decidual cells (n¼ 3) were initially treated with
vehicle, ILK-siRNA, or nonspecific siRNA used as a transfec-
tion control for 72 hours. Decidual cells in the control-
transfection group displayed a polygonal appearance with
multiple scattered dots of ILK, some of which were observed
at the tip of the expanded web-shaped actin fibers
(Fig. 3Aa, inset). In contrast, ILK-siRNA–transfected decidual
cells displayed a total absence of ILK expression as well as
parallel intracellular actin fibers (Fig. 3Ab).

Subsequently, isolated ESCs were subjected to in vitro
decidualization and transfection as described above. After
72 hours of incubation, transfection efficiency, measured
with the use of fluorescent-labeled siRNA by means of fluo-
rescence microscopy at three different low-power fields
(�20), was 73.7% (figure not shown). Identifiable cellular
morphologic ‘‘reversal’’ was observed in the ILK-siRNA–
treated group, which presented an appearance of predeci-
dualized cells (Fig. 3B). The ILK expression was effectively
blocked (Fig. 3Ca), and the knockdown efficiency of ILK-
siRNA, as measured with the use of Western blot, was
65.8% compared with transfection control (mean � SEM:
54.8 � 10.6 vs. 160.4 � 11.4, respectively; P< .01,
itometry ofWestern blot analysis. ILK expression in ESCs (n¼ 3) treated
utes, 45 minutes, 24 hours, and 48 hours. C ¼ control. (B) PRL values
ys) in the supernate of ESC cultures (n¼ 8). (C) Morphologic changes of
d a typical spindle-shaped fibroblast-like morphology; however, on day
lestone-like morphology of decidualization. �200; bar ¼ 100 mm. (D)
g in vitro decidualization for 12 days (n ¼ 8; *P<.05 vs. day 0). All
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FIGURE 3

Effects of ILK knockdown with small interfering (si) RNA transfection. (A) The first-trimester decidual cells were treated with either vehicle, ILK-siRNA, or a
control transfection of nonspecific siRNA for 72 hours. The immunofluorescent staining demonstrates the decidual cells transfected with (a) nonspecific
control (NC) and (b) ILK-siRNA in relation to the ILK protein (Texas Red labeled, red) and the actin stress fibers (fluorescein isothiocyanate [FITC] labeled,
green). Cell nuclei were stained with 6-diamino-2-phenylindole (DAPI, blue). Inset in (a) shows the linkage of ILK protein with the wide expanded actin
fibers (n ¼ 3; �1,000; bar ¼ 10 mm). (B–G) Then the isolated ESCs underwent in vitro decidualization for 8 days and were incubated with either
vehicle, ILK-siRNA, or nonspecific siRNA for 72 hours. (B) Morphology of (a) ESCs before decidualization, (b) decidualized ESCs undergoing nonspecific
siRNA transfection, and (c) decidualized ESCs undergoing ILK-siRNA transfection (�200; bar ¼ 100 mm). (C) (a) The cell lysates of the above-mentioned
ESCs were tested with the use of Western blot analysis of ILK expression and the phosphorylation of protein kinase B (AKT) and glycogen synthase
kinase (GSK) 3b; (b) bar chart of ILK/GAPDH ratios; (c) relative ratios of phosphorylated/total AKT and GSK3b (n ¼ 5; * P<.05, ***P<.001 vs. control).
(D) The transfected decidualized ESCs were passaged and cultured for 20 minutes, 40 minutes, 60 minutes, and 120 minutes. The relative quantities of
adhesion cells were assessed by means of methylthiazolyl tetrazolium (MTT) assay (n ¼ 8; no significant differences [NS]). (E) Apoptosis of the
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Fig. 3Cb). No difference was observed between cells treated
with transfection control or with vehicle (140.2 � 17.5).
Functional Analyses of the siRNA-Treated
Decidualized ESCs

Because ILK is a potential upstream kinase in either Akt or
GSK3b signaling pathways, Western blot analysis was used
to determine potential signaling elicited by ILK in decidual-
ized ESCs (Fig. 3C). Significantly decreased phosphorylation
ratio of GSK3b was noted in ILK-knockdown cells compared
with transfection control cells (0.88 � 0.10 vs. 1.25 � 0.09,
respectively; P< .05; Fig. 3Cc). However, no difference in
the phosphorylation ratio of Akt was observed after ILK
knockdown (0.69 � 0.04 vs. 0.60 � 0.01, respectively).
Furthermore, control transfection did not compromise phos-
phorylation ratios compared with vehicle control (Fig. 3Cc).

Numbers of adhesion cells were measured by culturing
the cells in a 96-well plate (2 � 104 cells/well) for 20, 40,
60, and 120 minutes and use of MTT assay after washing
out the nonadherent cells. The average quantity of adherent
cells showed no differences between the control and ILK-
siRNA–transfected decidualized ESCs (P¼ .451). However, a
linear increase was observed throughout 2 hours of incuba-
tion in both groups (Fig. 3D).

Karyopyknosis and nuclear fragmentation, which are
early morphologic indicators of apoptosis, were measured
by means of DAPI staining of the transfected decidualized
ESCs and counted with the use of fluorescence microscopy
(27) (Fig. 3Ea). Few apoptotic cells were noted, with similarly
low apoptotic rates (0.025 � 0.004 vs. 0.026 � 0.018, respec-
tively; P¼ .953; Fig. 3Eb), in both groups from the analysis of
five different low-power fields (�20) in each slide.

In the transwell migration assay, abundant decidualized
ESCs transfected with either ILK-siRNA or control migrated
through the micropores of the uncoated filters. The cell
numbers/area were similar in both groups (83.8 � 2.9 vs.
93.2 � 5.3, respectively; P¼ .258; Fig. 3Fa), although ILK-
siRNA–transfected ESCs appeared to be slimmer than ESCs
transfected with nonspecific control. However, use of filters
coated with extracellular matrix revealed that, for both
groups, similar small numbers of decidualized ESCs were
observed to invade through the filters (Fig. 3Fb).

Viability of decidualized ESCs wasmeasured byMTT assay
after control transfection or transfection with ILK-siRNA or
Akt-siRNA, followed by 72 hours of culture (Fig. 3G). The
MTT results revealed a significant decrease in cell survival of
the ILK-siRNA–treated group compared with the transfection
FIGURE 3 Continued

transfecteddecidualized ESCswere assessedwith theuse ofDAPI staining. (a) A
ratios of apoptotic nuclei (n¼ 5; NS). (F) Representative micrographs show the
assay in (a) migration and (b) invasion tests (n¼ 3;�100; bar¼ 100 mm). (G) T
decidualized ESCs treatedwith nonspecific transfection control, ILK-siRNA, or A
ILK-siRNA). All results are presented asmean� SEM.Cont¼ vehicle control, de
in Figure 1.
Yen. ILK and decidualization. Fertil Steril 2016.
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control group (0.223 � 0.003 vs. 0.300 � 0.003; P< .05).
Akt-siRNA transfection further decreased cell survival to an
even lower level (0.180 � 0.002), which was significantly
different from either decidualized ESCs undergoing ILK knock-
down (P< .05) or transfection control (P< .05; Fig. 3G).
Interactions of ILK with Actin Stress Fibers

Immunofluorescence staining demonstrated colocalization of
ILK with intracellular actin stress fibers on cultured ESCs
(Fig. 4). Specifically, ILK staining in decidualized ESCs
(Fig. 4B) displayed notably higher expression, which was de-
tected in focal submembranous points at the ends of F-actin
stress fibers versus nondecidualized ESCs (Fig. 4A). In nonde-
cidualized ESCs, intracellular ILK was observed in trace
amounts, with scant amounts of actin fibers that appeared to
be thinner and in parallel arrangement, which gave the cells
a leaner,fibroblast-like shape. Conversely, actin stress bundles
in decidualized ESCs (Fig. 4B) were notably thicker, more
abundant, and arranged in an expanded organized fashion,
which gave the decidualized cells a typical polygonal shape.

This contrast inmorphology was also observed in the ILK-
siRNA–treated cells. In �80% of cells that were successfully
treated with ILK-siRNA, ILK expression was significantly
decreased, with numbers of frail-appearing actin fibers
observed in a ‘‘lazy’’ and loose-shape arrangement, and the
cells reverted into an undecidualized appearance (Fig. 4C, ar-
rows). In contrast, the few cells that failed to be transfected
maintained elevated expression of subcortical ILK as well as
their expanded-shape actin stress bundles, which were highly
organized, and preserved their polygonal appearance (Fig. 4C,
arrowhead).
DISCUSSION
To our knowledge, this is the first study that describes the
temporal and spatial relationship of ILK expression during
endometrial decidualization. The resulting new in vivo obser-
vations reveal up-regulation of submembranous-distributed
ILK in stromal cells during specific times of decidual transfor-
mation (Fig. 1). Strong evidence is also offered that increased
expression of ILK is essential for the reorganization of the
actin cytoskeleton that drives the morphologic transforma-
tion of ESCs from a fibroblast-like appearance to the
cobblestone-like decidual cell phenotype (Fig. 4) and posi-
tively regulates cell survival (Fig. 3G).

Ovarian hormones regulated expression of ILK in ESCs
during in vitro decidualization, which revealed increased
expression of ILK in conjunction with decidualization-related
rrows indicate apoptotic signs of pyknotic or fragmentednuclei. (b) Relative
transfected decidualized ESCs with Giemsa stain on the filters of transwell
he relative quantities of survived cells by MTT assay were measured on the
KT-siRNA and cultured for 72 hours (n¼ 8; *P<.05 vs. control; yP<.05 vs.
cidualized ESCs incubatedwith transfection reagent; other abbreviations as
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FIGURE 4

Colocalization of ILK distribution and actin fiber. Immunofluorescent staining shows the ILK protein (Texas Red labeled, red), and the actin stress
fibers (FITC labeled, green) in the (A) undecidualized ESCs, (B) decidualized ESCs, and (C) ILK-siRNA–treated decidualized ESCs. Cell nuclei were
stained with 6-diamino-2-phenylindole (DAPI) and are shown in blue. Inset in (B) shows a magnified picture from the boxed area, in which the
marked increased ILK protein in the cortical area is linked to the tips of the wide expended actin fibers. (C) Decidualized cells in which ILK was
successfully knocked down (arrow) showed faint and scanty spots of ILK and an elongated cell morphology with parallell-arranged array of
actin fibers. Cells that failed to be transfected by ILK-siRNA (arrowhead) preserved their polygonal-shaped organization of actin fibers with
many spots of ILK protein located at their tips. �1,000; bar ¼ 10 mm. Abbreviations as in Figures 1 and 3.
Yen. ILK and decidualization. Fertil Steril 2016.
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morphologic changes (Fig. 2C). This ovarian steroid hormone–
induced expression is likely regulated through a ‘‘classic’’
genomic steroid hormone action, because a minimum of
6 days is required to induce a significant increase in ILK produc-
tion. Expression of ILK expression was predominantly localized
in the stromal cells, and virtually absent in glandular epithelial
cells, suggesting an endometrial stromal cell–specific role of
ILK. During the late secretory phase of the menstrual cycle,
ESCs become prominent whereas glandular epithelial cells
shrink (Fig. 1).

In addition to itswell described role in connecting integrin to
the actin cytoskeleton, ILK can also transmit signals through the
Akt and/or GSK3b pathways (32). Previous studies found that
ILK could phosphorylates and activates Akt at Ser 473, which
regulates specific genes essential for cell survival (33, 34),
and that ILK could directly phosphorylate GSK3b at Ser 9,
thereby leading to activation of such transcription factors as
b-catenin/T cell transcription factor (Tcf), and cyclic adenosine
monophosphate (cAMP) response element-binding protein
(CREB), which stimulate cell proliferation (7, 33). However,
knockdown of ILK in the present study significantly decreased
810
GSK3b, but not Akt, phosphorylation (Fig. 3B), suggesting that
ILK in decidualized ESCs transmit signals through the GSK3b,
but not the Akt, pathway. Because a recent study also found
that reduced GSK3b expression led to the reduction of
proliferation of uterine myometrial cells (35), the significantly
decreased numbers of the decidualized ESCs with effective ILK
knockdown in the present study (Fig. 3G) suggest that ILK may
play a role in cellular proliferation by acting through the
GSK3b signaling pathway. Because the Akt pathway usually
plays an essential role in cell survival, treatment with Akt-
siRNA further decreased numbers of decidualized ESCs, which
differed significantly from the result of treatment with ILK-
siRNA (Fig. 3G). This finding supported the speculation that
Akt signaling may not play an active role in the ILK functions
in decidualized ESCs (Fig. 3B).

The present study did not detect any positive correlation
between ILK signaling with either cell adhesion (Fig. 3D),
apoptosis (Fig. 3E), migration (Fig. 3Fa), or invasion
(Fig. 3Fb) functions in decidualized ESCs. The explanation
of why ILK is not the key regulator of these functions in
decidual cells may reside in key differences in physiologic
VOL. 107 NO. 3 / MARCH 2017
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characteristics of decidual cells compared with those of
aggressively invasive cells. Although ILK has been suggested
as a molecular marker of epithelial-to-mesenchymal transi-
tion, that suggestion was generally derived from studies of
cancer cells (30, 36) or in situations of pathologic
overexpression of ILK (7, 8, 37). Because the decidua acts as
a barrier at the maternal site of the placenta-fetal interface,
we don't think that the increased decidual ILK expression
could suggest a physiologic function of increased migration
or invasion of decidual cells, as has been noted in studies
of chorionic villi (15), endometriosis (17), and cancer
cells (3, 33).

The role played by ILK in regulating actin polymerization
(4) and organization was clearly demonstrated in the present
study (Fig. 4). The submembranous localization of ILK is
consistent with a physiologic role in governing G-actin poly-
merization, and/or F-actin bundle formation (38), which
contribute to the polygonal appearance of decidual cells.
Consistently with previous studies (39, 40), ILK knockdown
caused depolymerization of actin filaments, indicated by
markedly decreased numbers of actin fibers in the majority
of decidual cells (Fig 3Ab and Fig. 4C). Furthermore,
knockdown of ILK abolished morphologic transformation of
decidual cells (Fig. 4C), thus providing strong evidence for
the role of ILK in decidualization of ESCs.

A potential limitation of this study may lie in the dating
of endometrial specimens (Fig. 1) by last menstrual period
and morphology at the time of collection, because more pre-
cise methods of dating of tissues are currently used. A more
important limitation is inherent in missing pieces of the puz-
zle between the correlation of circulating levels of steroid hor-
mones with the production of ILK. Specifically, there is no
clear explanation as to why ILK expression increases at the
6th day of in vitro decidualization of ESCs when in situ obser-
vations indicate significantly elevated ILK expression in the
late secretory phase, which corresponds to a decline in circu-
lating progesterone levels, as well as in the decidua of early
pregnancy, which corresponds to elevated circulating proges-
terone levels. A potential explanation for this apparent
disparity is that progesterone does not directly affect ILK pro-
duction and that some as yet unrevealed factor plays a more
important role during decidualization. Because the evaluation
of integrin expression was beyond the scope of the present
study, we are also not sure if the constitutively increased
ILK expression could be a result of integrin switching, given
that integrin b1 presents in stromal cells since the midsecre-
tory phase, increases at the time of implantation, and sustains
the level to early pregnancy (18, 41). Nevertheless, the
increase of ILK is essential for the morphologic
transformation of endometrial stromal cells during
decidualization, with further corroboration required to
determine a definite role for this increase in ILK expression
as well as the mechanism by which the ILK works during
decidualization.

In conclusion, significantly increased ILK expression in
the mid-late secretory phase enables ILK to play a pivotal
role in driving the morphologic transformation of ESCs into
the typical polygonal appearance through the organization
of the actin cytoskeleton during decidualization. Blockage
VOL. 107 NO. 3 / MARCH 2017
of ILK expression resulted in the morphologic reversal of
decidual cells. Transmission of signals through the GSK3b
pathway may enable ILK to contribute to cell proliferation
during decidualization. Complementing the documented
role of ILK in humanmalignancies, the present study provides
the first demonstration that ILK is an important mediator of
endometrial cell functions in preparation for reproduction.
Further studies are necessary to explore the potential mecha-
nism of ILK signaling during decidualization and
implantation.
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