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Abstract. Müllerian inhibiting substance/anti-Müllerian 
hormone (MIS/AMH) has been suggested as a biotherapeutic 
agent in gynecological cancers that highly express the MIS/
AMH type II receptors (MISRII/AMHRII) but the anticancer 
mechanisms by which MIS/AMH acts are not fully understood. 
Our experiments show that MIS/AMH inhibits ovarian cancer 
by deregulating the Wnt signal pathway via the β-catenin 
interacting protein (ICAT). MIS/AMH inhibition of ICAT 
by small interfering RNAs (siRNA) decreased ICAT driven 
ovarian cancer cell viability as measured by the methylthiazol-
tetrazolium assay, reversed cell cycle arrest and annexin V 
expression and diminished migration by scratch wound assay. 
Changes in expression of regulatory proteins were shown by 
western blotting. We determined that MIS/AMH upregulated 
ICAT in ovarian cancer cell line which caused decreased cell 
viability, cell cycle arrest and apoptosis. This effect, however, 
was blocked when ICAT was downregulated by siRNA. The 
present study demonstrates a role for ICAT in MIS/AMH 
mediated inhibition of the Wnt signaling pathway in ovarian 
cancer.

Introduction

In eutherian mammals, the chromosomal sex is determined at 
fertilization and sexual differences begin after the 7th week  
in humans when the sex determining region of the Y chromo-
some (SRY) is activated. The next stage of sex differentiation, 
Müllerian duct regression and Wolffian duct development, rely 
on two hormones: testosterone, secreted by Leydig cells and 
Müllerian inhibiting substance, also named anti-Müllerian 
hormone (MIS/AMH), produced by Sertoli cells (1). MIS/AMH 
was first suggested by Alfred Jost in the late 1940s (2) showing 
that a testicular product different from testosterone which he 
named ‘Müllerian inhibitor’, was responsible for the regression 
of Müllerian ducts in the male fetus (3).

MIS/AMH is a member of the transforming growth 
factor-β super-family of growth and differentiation response 
modifiers through binding two similar type  I and type  II 
receptors (4). MIS/AMH from testicular Sertoli cells, causes 
regression of the Müllerian ducts that are the precursors to 
the Fallopian tubes, the surface epithelium of the ovaries, 
the uterus, the cervix, and the upper third of the vagina 
in male embryos (5). It is expected to inhibit the growth of 
gynecological cancers, because the three most common gyne-
cological cancers, ovarian, endometrial (uterine) and cervical 
cancer, originate from Müllerian duct-derived tissues (6-8). 
MIS/AMH type II receptors (MISRII/AMHRII) which bind 
MIS/AMH, have been shown to be expressed in gynecological 
cancers, whreas their expression is low in normal tissues (9,10). 
It was previously shown that MIS/AMH inhibited growth 
of gynecological cancer cells by regulating cell cycle, apop-
tosis and Wnt signaling pathways (11-13). From among these 
pathways, cell cycle arrest is regarded as playing a major 
role in MIS/AMH-mediated signal transduction cascades in 
gynecological cancer. MIS/AMH upregulates expression of 
p16, pRB-related proteins, and some E2F family members, 
and induces G1 arrest and subsequent apoptosis (5,11,13,14). 
Furthermore, Wnt signaling pathway also has an important 
role in both embryonic development and tumorigenesis (15,16). 
β-catenin, a key component of the Wnt signaling pathway, 
interacts with the TCF/LEF family of transcription factors 
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and activates transcription of Wnt target genes which in turn 
regulates proliferation, polarity, adhesion and motility (17). 
It was also demonstrated in human epithelial ovarian cancer 
cell lines, that ovcar-8 expresses highly MISRII/AMHRII and 
shows high susceptibility to MIS/AMH (13,18).

In our previous study in endometrial cancer, we showed 
upregulation by MIS/AMH treatment of the β-catenin interacting 
protein (ICAT) (11) which was found to negatively regulate the 
Wnt signaling pathway by inhibiting the interaction between 
β-catenin and TCF family members (19). To understand how 
MIS/AMH regulates Wnt/β-catenin in gynecological cancers, 
we show that MIS/AMH upregulates ICAT expression which 
results in ovarian cancer growth by disruption of the β-catenin-
dependent Wnt signaling pathway.

Materials and methods

Recombinant human MIS/AMH. Recombinant human 
MIS/AMH was purified and its biological activity was 
confirmed in the Pediatric Surgical Research Laboratories at 
the Massachusetts General Hospital (Boston, MA, USA) from 
serum-free and serum containing conditioned media as previ-
ously described (20).

Cells and cell culture. The human ovarian cancer cell 
line ovcar-8 (Pediatric Surgical Research Laboratories, 
Massachusetts General Hospital) was maintained in 
Dulbecco's modified Eagle's medium and 10% fetal bovine 
serum (FBS), 1% penicillin/streptomycin and 1% L-glutamine 
for no more than 8 passages and subcultures were initiated at 
80% confluence. The cultures were maintained in a humidified 
atmosphere of 5% CO2 at 37˚C.

Transfection of siRNA. The small interfering RNA (siRNA) 
targeted against human ICAT gene silencer (acceccion number 
NM_001012329), siRNA transfection reagent, and serum-free 
transfection medium were purchased from Qiagen (Mansfield, 
MA, USA). The day before the transfection, 1x105 cells were 
seeded in each well of 6-well cell culture plates in antibiotic- 
free medium. The next day, cells were washed with transfec-
tion medium and transfection complexes were prepared using 
ICAT siRNA, siRNA transfection reagent, and transfection 
medium according to the manufacturer's instructions and were 
delivered to cell monolayers in 1 ml fresh media with 20 nM 
final concentration of siRNA. The siRNAs used were as 
follows: ICAT was silenced in ovcar-8 (siICAT/ovcar-8) using 
FlexiTube siRNA (Hs_CTNNBIP1_2); the target sequence is 
5'-TCCCTTCAGACTGGCCCTTAA-3' (Qiagen cat. no. 
SI00125734) as previously shown. Non-silencing negative 
control (con/ovcar-8) used AllStars Neg Control siRNA 
(Qiagen cat. no. I027281).

Methylthiazol tetrazolium (MTT) assay. Three thousand 
cells/well were seeded in 96-well plates. After 24 h the cells 
were exposed to vehicle control or 10 µg/ml) of MIS/AMH 
for 48 h. Cells were washed with phosphate-buffered saline 
(PBS) and 100 µl of MTT solution (5 mg/ml MTT stock in 
PBS diluted to 1 mg/ml with 10% DMEM) was added to each 
well. Cells were incubated for 4 h at 37˚C at the end of which 
time 200  µl dimethyl sulfoxide (DMSO; Sigma-Aldrich, 

St. Louis, MO, USA) was added and incubated further for 
30 min at room temperature in the dark. Optical densities at 
550 nm were measured using an ELISA plate reader (BioTek 
Instruments, Winooski, VT, USA).

Scratch wound migration assay. One hundred percent 
confluent ovcar-8 monolayers were used and the scratch assay 
performed using a sterile 200-µl pipette tip to scratch the cells 
to form a cell-free gap. The cells were then cultured in 10% 
FBS medium contained vehicle or 10 µg/ml of MIS/AMH and 
fixed with formalin. Migration of wounded cells was evalu-
ated at 0 and 48 h with an inverted Olympus phase-contrast 
microscope. The six different wells were scratched at the 
same time in two independent experiments and migration was 
determined using the ImageJ program as an average closed 
area of the wound relative to the initial scratch area at 48 h 
after wounding.

Cell cycle analysis. Ovcar-8 cells were exposed to 10% FBS 
medium with 10 µg/ml MIS/AMH or vehicle control buffer 
for 48 h and the cells were collected by trypsinization. The 
cells were fixed with 100% methanol and stored for 30 min at 
20˚C and washed with PBS. Following centrifugation the cells 
were re-suspended in 1 ml DNA staining solution (20 µg/ml 
propidium iodide, 200 µg/ml DNase free RNase) and incu-
bated in the dark at 37˚C for 30 min. The cells were analyzed 
on a FACSVantage SE flow cytometer (Becton-Dickinson, 
San Jose, CA, USA). The forward scatter and red fluorescence 
above 600 nm were measured and the results analyzed using 
CellQuest™ software (Verity Software House, Inc., Topsham, 
ME, USA).

Annexin  V analysis. The MIS/AMH treated cells were 
stained for annexin V and propidium iodide (PI) using the 
annexin  V-FITC apoptosis detection kit I (556547; BD 
Biosciences, San Diego, CA, USA) according to the manu-
facturer's protocol. Briefly, following drug treatment for 48 h, 
1x105 cells were pelleted and washed once with PBS and 
re-suspended in 100 ml of binding buffer [10 mM HEPES 
(pH 7.4), 150 mM NaCl, 5 mM potassium chloride, 1 mM 
MgCl2 and 2 mM calcium chloride]. Subsequently, 5 µl of 
annexin V-FITC and PI was added to the cells that were 
then incubated for 15 min at room temperature in the dark. 
After this incubation, 400 µl of binding buffer was added and 
cells were analyzed using a FACSVantage SE flow cytometer 
(Becton-Dickinson). Data analyses were conducted using 
CellQuest software.

Western blot analysis. Proteins from cells treated with 
10 µg/ml MIS/AMH were harvested in RIPA buffer (150 mM 
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 
50 nM Tris-HCl) with 1 µM PMSF and the protein concentra-
tion was determined by BCA protein assay reagent (23225; 
Thermo Fisher Scientific, Waltham, MA, USA). Equal 
amounts of protein were separated on SDS-polyacrylamide 
gels (50 µg per lane) and transferred to PVDF membrane. 
The blots were blocked in TBS-T (20 mM Tris-HCl, pH 7.6, 
137 mM NaCl, 0.1% Tween-20) containing 5% powdered milk 
for 1 h and then incubated in 5% powdered milk TBS-T at 4˚C 
overnight with the primary antibodies, ICAT (1:100, sc-99240; 
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Santa Cruz Biotechnology, Santa Cruz, CA, USA), caspase-3 
(1:200, 9668; Cell Signaling Technology, Inc., Boston, MA, 
USA), Apaf-1 (1:100, sc-8339; Santa Cruz Biotechnology), 
E2F1 (1:200, 3742; Cell Signaling Technology), p107 (1:100, 
sc-318; Santa Cruz Biotechnology), c-Myc (1:200, 5605; Cell 
Signaling Technology), phospho-c-Jun (1:200, 3270; Cell 
Signaling Technology), β-catenin (1:200, 9562; Cell Signaling 
Technology), beclin-1 (1:200, 3495; Cell Signaling Technology) 
and LC3A/B (1:200, 12741; Cell Signaling Technology). Blots 
were then washed three times with 1% TBS-T and incubated 
with the corresponding horseradish peroxidase-conjugated 
secondary antibody, diluted to 1:5,000 in 1% non-fat dry milk 
TBS-T. Blots were detected using the Pierce ECL western 
blotting substrate (Thermo Fisher Scientific).

Statistical analysis. MTT results are presented as percentage 
of control, which was calculated using the following equa-
tion: (mean absorbance of treated cells/mean absorbance of 
control cells) x 100. Data are expressed as mean ± SD from 
nine independent experiments. A P<0.05 was considered 
statistically significant when compared with corresponding 
vehicle control cells. Cell cycle distribution after exposure 
to MIS/AMH in ovarian cancer cells are presented as histo-
grams of the mean ± SD from three independent experiments. 
Annexin V analysis was done for evaluation of apoptosis. 
Quadrant rectangular dot grams from a representative of three 
independent experiments are shown. Western blotting results 
were presented as mean ± SD from three independent experi-
ments. Statistical comparisons between two experimental 
groups were performed using student's t-test (paired) whilst 
multiple group comparisons were performed using analysis of 
variance (ANOVA). Data were regarded as being significant 
at P<0.05.

Results

ICAT siRNA reverses the inhibition effect of MIS/AMH on 
ovcar-8 cells. There were no significant differences between 

siRNA-transfected cells and untransfected controls (data not 
shown). Upon MIS/AMH expose, the viability of ovcar-8 
cells decreased by ~65.34% relative to MIS/AMH untreated 
control and siICAT/ovcar-8 cells, but when treated with 
ICAT-specific siRNA inhibition was reduced to 84.51% in 
MIS/AMH treated siICAT/ovcar-8 cells. The inhibitory effect 
of MIS/AMH on ovcar-8 cell viability was reduced by 19.17% 
in the siCAT/ovcar-8 group compared to the con/ovcar-8 group 
(Fig. 1).

ICAT siRNA reduces the effect of MIS/AMH on migration. The 
scratch wound migration assay was performed on con/ovcar-8 
and siICAT/ovcar-8 cells to study ICAT effect on cell migra-
tion (Fig. 2). The scratch area was almost the same size in 
each experimental group at 0 h. The area of migration cells 
in the MIS/AMH untreated control and ICAT gene silenced 
group had reached 81 and 63% at 48 h. The area of migration 
cells in the MIS/AMH treated control and ICAT gene silenced 
group had decreased 22 and 57% at 48 h. Compared with the 
control and ICAT gene silencing groups, cell migration was 
significantly reduced only by MIS/AMH treatment (P<0.05). 
The results showed that ICAT gene expression negatively 
correlated with ovcar-8 cell migration ability, and MIS/AMH 
suppressed ovcar-8 cell migration, which may be a result of the 
upregulation of ICAT gene expression.

ICAT siRNA inhibits apoptosis induced by MIH/AMH, but 
had no effect on cell cycle arrest. Flow cytometry clearly 
confirmed the reversal of ICAT on the apoptosis effect of 
MIS/AMH. After treatment of control cells with MIS/AMH, 
the cell population in subG0G1 and G0G1 phase changed 
from 1.1 to 18.9 and 69.8 to 62.2%, respectively which was 
accompanied by a decrease from 9.1 to 6.2 and 19.8 to 12.5% 
in S and G2 phases. Exposure to MIS/AMH cells after ICAT 
siRNA silencing led to an increase in G0G1 to only 13.1% 
and a decrease of G0G1 to 68.8% while the S and G2 phases 
decreased 6.2 and 11.9% (Fig. 3). It showed significant differ-
ence only in the subG0G1 phage (P=0.003) and showed no 
significant change in the other phages. We evaluated the 
occurrence of apoptosis by annexin V/PI double staining 
apoptosis detection kit. As shown in fig. 4, the percentage of 
apoptotic cells in the control group was 3.97% while the con/
ovcar-8 cells treated with MIS/AMH had an apoptotic rate of 
17.88% and the siICAT/ovcar-8 cells treated with MIS/AMH 
showed 7.29% quantitative results revealed a significant 
difference between con/ovcar-8 and siICAT/ovcar-8 cells 
treated MIS/AMH cells.

Verification of the related protein by western blot analysis. 
To assess further the effect of ICAT on the MIS/AMH treated 
ovcar-8 cells we performed western blots on the related 
proteins (Fig.  5). The expression of ICAT was increased 
after MIS/AMH treatment of con/ovcar-8 but reversed by 
siICAT/ovcar-8 whether MIS/AMH treated or not. Conversely, 
the decrease of apoptosis related protein pro-caspase-3 caused 
by MIS/AMH was reduced when siICAT/ovcar-8 was added. 
This was accompanied by a concomitant decrease in cleaved 
caspase-3 and APAF-1. In contrast there was no change in the 
MIS/AMH inducement of E2F1. Similarly, p107 was unef-
fected by either treatment. The Wnt signaling pathway related 

Figure 1. Effect of MIS/AMH on the viability of the ovcar-8 ovarian cancer 
cell line. Results are presented as percentage of control which was calculated 
using the equation: (mean absorbance of treated cells/mean absorbance of 
control cells) x 100. Data are expressed as mean ± standard deviation (SD) 
from four independent experiments. *P<0.05 as compared to corresponding 
control group, n=9 per group.
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protein, c-myc and phospho-c-Jun decrease by MIS/AMH 
treatment was unaffected by addition of siICAT/ovcar-8. 
β-catenin was slightly decreased by MIS/AMH, but ICAT 
siRNA increased to the control level again, this change was 
not statistically significant. However, there was no effect on 
the autophagy related protein, beclin-1 and ICAT siRNA had 
no effect on the MIS/AMH induction of LC3-I but significantly 
decreased LC3-II in ovcar-8 cells.

Disccution

A recent large-scale sequencing project (The Cancer Genome 
Atlas) profiled genetic alteration in 20 malignancies and 
identified signaling pathways. The Wnt signaling pathway 
was revealed as one of the key signaling pathways affected by 
tumorigenesis in three major gynecological cancers (21-23). 
Wnt signaling regulates developmental processes and cell 

growth and differentiation through β-catenin import into 
the nucleus where it activates transcription of target genes 
including cyclin D1 and c-myc (24). Within the Wnt signaling 
pathway, β-catenin and TCF/Lef-1 complex represent primer 
targets for screening anticancer drugs as their deregulation 
is common in cancers (25). Expression of β-catenin and the 
TCF/Lef-1 complex was found to be increased in ovarian 
cancer, compared to the normal ovary suggesting a functional 
role for Wnt signaling in accelerating tumorigenesis  (26). 
β-catenin interacting protein 1 (CTNNBIP1), also known as 
ICAT (inhibitor of β-catenin and TCF4), functions as a crucial 
node to mediate the cross-talk between E2F1 and β-catenin 
signaling. ICAT is a direct transcriptional target of E2F1, and 
activation of ICAT by E2F1 is required for E2F1 to inhibit 
β-catenin activity (19,27). ICAT inhibits ovarian cancer cell 
proliferation and invasion, by inducing cell apoptosis and 
arrests cell cycle progression (28).

Figure 2. Scratch wound migration assay was performed to determine the motility of con/ovcar-8 or siICAT/ovcar-8 cells. Representative images of scratch 
wound migration obtained at 0 h (A), 48 h con/ovcar-8 (B), 48 h siICAT/ovcar-8 (C), MIS/AMH treated for 48 h in siICAT/ovcar-8 (D) and MIS/AMH treated 
for con/ovcar-8 (E). Bars indicate the mean ± SD from three different experiments (F). Magnification, x200. *P<0.05 compared with MIS/AMH untreated con/
ovcar-8 group, n=6 per group.
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MIS/AMH inhibits cell growth and induces autophagy in 
gynecological cancer cell lines (29). A recent study shows that 
MIS/AMH-treated cells accumulated in the G1 phase of the cell 
cycle and subsequently underwent apoptosis in human epithe-

lial ovarian cancer cells. Prolonged treatment with MIS/AMH 
downregulated the Rb-related protein, p107 and increased the 
Rb family-regulated transcription factor E2F1, overexpression 
of which inhibited growth (13). During MIS/AMH exposure, 

Figure 3. Cell cycle distribution after exposure to con/ovcar-8 or siICAT/ovcar-8 cells with MIS/AMH for 48 h. Propidium iodide stain was performed and 
analyzed by flow cytometry. Histograms of cellular DNA content were obtained by flow cytometry. *P<0.05 compared with siICAT/ovcar-8 treated MIS and 
con/ovcar-8 treated MIS, n=3 per group.

Figure 4. Apoptosis distribution after exposure to con/ovcar-8 or siICAT/ovcar-8 cells to MIS/AMH for 48 h as assessed by externalization of phosphatidyl 
serine as measured by annexin V-FITC binding using propidium iodide as a counterstain (left lower quadrant, surviving cells; right lower quadrant, early 
apoptotic cells). *P<0.05 compared with MIS/AMH untreated group, n=3 per group.
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ICAT is upregulated by the proteins of E2F1 and the outcome 
of death, usually depends on the balance between the posi-
tive and negative apoptosis. Another study shows a number 
of major pathways included metabolism, signal transduction, 
cell growth and apoptosis in ovarian cancer cells (30). Among 
these pathways MIS/AMH is mainly responsible for the 
suppressive effect on cell cycle by regulating cyclin-dependent 
kinase (CDK) inhibitors and CDKs.

In the present study, we investigated whether MIS/AMH 
may regulate the Wnt/β-catenin signaling pathway. The 
importance of Wnt-mediated growth, migration and inva-
sion also was appreciated when cancer cell autophagy was 
observed after blocking Wnt/β-catenin signaling pathway 
in breast and prostate cancer cells (31,32) since autophagy 
is considered as a key mechanism of cell death in ovarian, 
cervical and endometrial cancers (33). In the present study, 
we demonstrated that the ICAT is upregulated in ovarian 
cancer cells when exposed to MIS/AMH where it reduces 
cell viability and induces cell cycle arrest, apoptosis and 
autophagy. ICAT downregulation by siRNA reversed the 
decrease in cell viability, migration and apoptosis induced by 
MIS/AMH. ICAT siRNA, however, had little effect on cell 
cycle or autophagy. The β-catenin, which is key molecule in 
the Wnt signaling pathway, was not significantly changed by 
treatment with MIS/AMH or ICAT siRNA. However, it has 
been reported that MIS/AMH cause β-catenin to accumu-

late in the cytoplasm (34). In other words, according to the 
results demonstrated in this experiment β-catenin complex 
is inhibited with the TCF/Lef-1 by ICAT. β-catenin, which 
could not go to the nucleus, does not act as a transcription 
factor and the expression of c-myc and c-jun is reduced, 
making it difficult to avoid apoptosis and this is confirmed by 
the increase of cleaved caspase-3 and APAF-1 by MIS/AMH. 
MIS/AMH induced ICAT led to apoptosis, thus, implicating 
the Wnt signaling pathway without affecting the cell cycle 
and autophagy related proteins, p107, beclin-1 and LC3-I. As 
LC3-II was significantly reduced by ICAT siRNA compared 
to MIS/AMH treated cells, additional studies are required 
to explore the role of ICAT on LC3-II. E2F1, an important 
transcriptional factor affecting cell cycle, was increased by 
MIS/AMH in both E2F1 and ICAT. However, no change in 
the treatment of ICAT siRNA could be found. Despite these 
results, it is still difficult to apply the mechanism that controls 
MIS/AMH to clinical practice. We are planning on creating 
ovarian cancer cell lines from patient-derived ovarian cancer 
samples and will proceed with research that further enhances 
the clinical approach. In other words, the data suggest that 
clinical studies should be evaluated in future to elucidate 
regulation of gene expression for MIS/AMH in ovarian cancer 
cases.

In summary, ICAT may serve as a tumor-suppressor in 
human gynecological cancer, suggesting it as a promising 

Figure 5. Western blot verification of apoptosis, cell cycle, and Wnt signaling pathway-related proteins in con/ovcar-8 or siICAT/ovcar-8 cells treated with 
MIS/AMH for 48 h. The protein expression data are shown as the mean ± SD. *P<0.05 compared with MIS/AMH untreated group, †P<0.05 compared with 
siICAT/ovcar-8 treated MIS and con/ovcar-8 treated MIS, n=3 per group.
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pathway that could be activated to suppress gynecological 
cancer. MIS/AMH inhibits the growth of ovarian cancer cell 
lines in vitro, suggesting a key role for this hormone in the 
biology human epithelial ovarian cancer. The present study 
implicates the Wnt signaling pathway as part of the downstream 
pathway mediated by MIS/AMH. The results of this study also 
suggest that MIS/AMH could synergize with therapies devel-
oped to inactivate the Wnt pathway, particularly in MIS/AMH 
receptor expressing cells such as ovarian cancer.
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