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. The present study was undertaken to explore the functional involvement of Hh signaling and its

. regulatory mechanism in endometrial hyperplasia. Differential expression of Hh signaling molecules
i.e., lhh, Shh, Glil1 or Gsk3(3 was observed in endometrial hyperplasial (EH) cells as compared to

: normal endometrial cells. Estradiol induced the expression of Hh signaling molecules and attenuated

. the expression of Gsk3(3 whereas anti-estrogen (K1) or progestin (MPA) suppressed these effects in

. EH cells. Cyclopamine treatment or Glil siRNA knockdown suppressed the growth of EH cells and
reduced the expression of proliferative markers. Estradiol also induced the nuclear translocation of
Glil which was suppressed by both MPA and K1 in EH cells. While exploring non-canonical mechanism,
LY-294002 (Gsk3(3 activator) caused a decrease in Glil expression indicating the involvement of
Gsk3( in Glil regulation. Further, Gsk33 silencing promoted the expression and nuclear translocation
of Glil demonstrating that Gsk3(3 serves as a negative kinase regulator of Glil in EH cells. Similar
attenuation of Hh signaling molecules was observed in rats with uterine hyperplasia undergoing anti-
estrogen treatment. The study suggested that Hh/Gli1 cascade (canonical pathway) as well as Gsk3(3-
Glil crosstalk (non-canonical pathway) play crucial role in estrogen-dependent cell proliferation in
endometrial hyperplasia.

. Endometrial hyperplasia (EH) is a precancerous stage characterized by non-invasive proliferation of the endo-
. metrium" 2. It is a pathological condition basically defined as proliferation of endometrial glands, or inner lin-
ing of the uterus and determined by hyper-estrogenism of exogenous or endogenous origin, with deficiency or
absence of progesterone stimulus® . Unopposed estrogen action causes excessive and abnormal proliferation
of the glandular and stromal cells of the endometrium. These estrogen-induced changes in proliferation and
morphogenesis culminate into the formation of atypical hyperplasia which subsequently leads to development
of endometrial carcinoma®°®. Although often asymptomatic, endometrial hyperplasia can present with abnormal
uterine bleeding’.
: The hedgehog (Hh) pathway is known as developmental signaling pathway involved in numerous funda-
. mental processes in vertebrates embryonic developments including stem cell maintenance, determination of cell
fate, tissue polarity, cell differentiation, and cell proliferation®°. Activated Hh signaling has been reported to play
a potential role in development of the female reproductive tract by cell proliferation and differentiation in the
neonatal uterus and vagina via regulating a range of signaling molecules'’. In addition, a differential expression
. of Hh genes has also been observed in rat uterus during pregnancy''. Besides this, constitutive activation of Hh
. pathway has been identified in a variety of human malignancies and tumorigenesis including, pancreatic, skin,
. gastrointestinal, lung, cervical, prostate!~'® and hyperplasic condition in small subset of tissues as pituitary, cer-
ebral and prostate'®!. Inappropriate or over-expression of Glil** (transcription factor, a key molecule of Hh
signaling pathway) has been known to be involved in early events of endometrial tumorigenesis®. The extensive
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alterations in the expression pattern of Hh signaling molecules also suggest that Shh signaling network func-
tions differently in normal and hyperplasic endometrium than under the carcinomatous condition®*. However,
steroid-regulatory mechanism and signaling cascade (ligand- dependent/canonical pathway and ligand- inde-
pendent/non-canonical pathway) of the Hh signaling associated towards estrogen-mediated endometrial hyper-
plasia progression still remain unclear.

During canonical hedgehog signaling pathway, in the absence of ligand binding, the Hh receptor Patched
(Ptch) blocks Smoothened (Smo) activity, which generates a truncated form of glioma-associated oncogene
homolog proteins i.e. Gli, that ultimately represses a subset of Hh target genes. However, in the presence of ligand
binding, Ptch receptor internalization occurs and hence, degradation of Hh-Ptch complex thereby stabilization
of full length, transactivating Glil protein. The full length active form of Glil participates in regulating various
cellular processes including cell proliferation and differentiation?*-?%. In non-canonical Hh signaling, the compo-
nents signal outside the Hh-Ptch-Smo-Gli paradigm, that plays a crucial role in activation of molecular pathway
by modulating activity of Gli1%, a key component of this signaling?.

In general, the molecular action of Gli is negatively regulated by multifunctional serine/threonine kinase
glycogen synthase kinase-33 (Gsk33)**3!. Studies reported that Gsk3( act as bipotential in regulation of Glil. It
acts as a negative regulator (by phosphorylating Gli and promote its degradation) suppressing Hh signaling or
as a positive regulator in stimulating Hh signaling® *. Interestingly, while exploring the role of Wnt/3-catenin
pathway in regulation of estrogen action, it has been reported that decreased expression of Gsk3( via Lithium
treatment encourages estradiol-induced proliferative and morphogenic changes in the uterus of mice leading to
hyperplasia®*. However, the effect of estrogen on Hh signaling molecules and Gsk33/Glil cascade have not been
studied in endometrial hyperplasia. We hypothesize that there might be a direct correlation of Gsk33 with Hh
signaling in progression of estrogen- mediated cellular growth in endometrial hyperplasia. The current study
was therefore, aimed to investigate the role of hedgehog signaling, and subsequently, the Gsk33 -mediated regu-
lation of Glil in estrogen-dependent condition in endometrial hyperplasic cells. We investigated the role of Hh
signaling (canonical and non-canonical pathway) in primary human endometrial hyperplasial cells and in rat
uterine hyperplasia model under the influence of progestin (medroxyprogesterone acetate, MPA) and the potent
anti-estrogenic agent (K1)*>* which shows antiproliferative potential in uterus®”-*. The study showed the crucial
involvement of Hedgehog/Glil pathway and Gsk33-mediated Glil crosstalk in estrogen-dependent endometrial
hyperplasial cell proliferation.

Results

Hedgehog signaling molecules i.e., Ihh, Shh, Glil or Gsk3(3 are differentially expressed in nor-
mal and hyperplasial cells of human endometrium. The analysis of Hh signaling molecules involved
in canonical Hh signaling such as Ihh, Shh, Glil, Patched and Smo and Gsk3(3, p-Gsk38 involved in non-canon-
ical Hh pathway, in human endometrial hyperplasial (EH) cells as compared to normal endometrial cells (NE)
was done by western blotting. A significant reduction was observed in Ihh and Gsk3( protein expression, whereas
induction was found in the protein expression of Shh, Glil and p-Gsk3( in EH as compared to NE cells (Fig. 1A).
Simultaneously, we did not find any changes in protein expression level of Smo and Patched (Fig. 1B). The den-
sitometric analysis revealed that the expression of Thh and Gsk33 was reduced by ~65% (p < 0.001) and ~50%
(p < 0.001) respectively whereas the expression of Shh, Gliland p- Gsk3f3 was increased by ~130% (p < 0.001),
~145% (p < 0.001), and ~40% (p < 0.01) respectively, in EH cells as compared to NE cells.

Endometrial hyperplasial cell viability is inhibited by the anti-estrogenic agent (K1). The effect
of anti-estrogenic agent (K1) on cell viability was examined by MTT assay. Anti-estrogen agent (K1) reduced
the viability of human endometrial hyperplasia cells in a dose-dependent manner with IC* of 5pM (p < 0.001).
However, K1 was ineffective in normal endometrial primary culture cells. Results showed that K1 has an
anti-proliferative effect on primary EH cells without affecting the NE cells (Supplementary Fig. 1A). Hence, to
delineate the estrogen-mediated regulatory mechanism of Hh signaling, K1 was used in subsequent experiments.

Anti-estrogenic agent (K1) or progestin (MPA) alters the expression profile of hedgehog signal-
ing molecules and proliferative markers in primary human endometrial hyperplasial cells. The
effect of anti-estrogenic agent (K1) or progestin (MPA) or (3-estradiol (E2) on protein expression profile of Hh
signaling molecules and proliferation markers in primary EH cells was analyzed (Fig. 2). A significant reduction
in Shh, Glil, PCNA, 3-catenin expression was observed in K1 and MPA treated groups in dose-dependent man-
ner (Fig. 2A and B). Interestingly, Thh expression was found to be increased in all K1 and MPA treated groups
(Fig. 2A). Densitometric analysis revealed that K1 (5uM) reduced the expression of Shh by~45% (P < 0.01), Glil
by ~55% (p < 0.01), 3-catenin by ~50% (p < 0.001) and PCNA by ~45% (p < 0.01) whereas the expression of Ihh
by ~95% (p < 0.001) was found to be increased, as compared to control untreated EH cells (Fig. 2A and B). MPA
(5puM) reduced the expression of Shh by ~30% (p < 0.05), Glil by ~60% (p < 0.01) while induced the expression
of Thh by ~140% (p < 0.001) as compared to control untreated EH cells (Fig. 2A). Apart from this, 3-estradiol
up-regulated the expression of Ihh, Shh, Glil, PCNA and (3-catenin (p < 0.001), whereas down-regulated the
expression of ERa by ~45% (p < 0.01) as compared to control (Fig. 2C and D). While this 3-estradiol induced
effect was found to be abolished when EH cells were treated with K1 in presence of E2. Results showed a signifi-
cant decrease in the expression of Shh, Glil, ERa, PCNA (p < 0.001) and 3-catenin (p < 0.01) whereas the expres-
sion of Thh was increased (p < 0.05) in K1 + E2 treated cells as compared to E2-treated EH cells (Fig. 2C and D).
These data indicated that K1 and MPA exert significant effect on Hh signaling in EH cells. Induction of expression
of Hh signaling molecules and proliferative markers by 3-estradiol and reversal of these estrogenic effects by K1
and MPA suggested the involvement of Hh signaling in estrogen- mediated cellular proliferation of EH cells.
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Figure 1. Differential expression of Hh signaling molecules in primary human normal endometrial (NE) and
primary human endometrial hyperplasial (EH) cells. Representative western blots showing the expression
pattern of Hh signal-related molecule like Thh, Shh, Glil, Gsk33 and p- Gsk3(3 (A); Patched, Smo (B) in primary
human NE and EH cells. Cells were maintained in MEM media with 10% FBS. Whole cell lysates (20 jug) were
subjected to SDS-PAGE and western blot analysis. 3-actin was used as internal loading control. Densitometric
data shown as % change in protein expression levels. Values are expressed as mean 4+ SEM (n=3 independent
samples), p values: *p < 0.001, p < 0.01, °p < 0.05 and %p > 0.05 vs. control.

Estrogen up-regulated the expression of Glil and its nuclear translocation while K1 or MPA
counteracted its expression in endometrial hyperplasial cells. It has been known earlier that Glil
(transcription factor) acts as a key molecule for Hh pathway activation®?. Thus, to explore the estrogen-induced
activation of Hh signaling pathway, the nuclear translocation of Glil in primary EH cells was assessed (Fig. 3).
For confocal microscopic experiment, primary EH cells were treated with 3-estradiol (10nM), K1 (5pM) and
MPA (5pM) for 24 h of duration. Fluorescence intensity analysis of images revealed that 3-estradiol significantly
induced the expression of Glil (p < 0.001) and promotes its nuclear localization while both K1 and MPA reduced
its expression in both cytosolic and nuclear compartment (Fig. 3A). Simultaneously, these results were confirmed
by western blot analysis to see the nuclear and cytosolic protein expression of Glil protein in EH cells. A decline
in expression level of Glil (p < 0.001) in subcellular region in K1 or MPA treated EH cells was observed whereas
B-estradiol- treated cells showed increased nuclear expression of Glil (~70%, p < 0.001) (Fig. 3B). Hence, these
experimental results indicate that estrogen exposure enhanced the nuclear translocation of Glil as contrast to
that caused by K1 and MPA diminished estrogenic effect, further corroborating regulation of Glil expression by
estrogen in EH cells.

Effect of cyclopamine, hedgehog signaling inhibitor or knockdown of Glil caused growth inhi-
bition of endometrial hyperplasial cells. To analyze the involvement of Hh signaling in cellular prolif-
eration of EH cells, inhibition of Hh signaling was attempted by subjecting the cells to treatment of cyclopamine,
a selective inhibitor of the Hh signaling pathway and the effect on proliferation was determined by MTT assay. In
EH cells, cyclopamine- induced growth suppression was observed as early as 48 h after the addition of cyclopa-
mine in a dose-dependent manner (Supplementary Fig. 2A). At 48 h, cyclopamine induced the significant growth
suppression at 20 LM concentration (p < 0.001) (Supplementary Fig. 2A). Additionally, cyclopamine-treated
cells showed suppression in cellular proliferation in presence of E2 (Supplementary Fig. 2D). We also demon-
strated the effect of cyclopamine on inhibition of Hh signaling by determining Glil expression (12h, 24h, 48h)
in EH cells (Fig. 4A). A decline in expression of Glil was detected at 12h (p < 0.05) which was more significant
(p<0.001) at 24 h and 48h. In order to check if the loss in cell viability was due to induction of apoptosis, we
analyzed Annexin V/PI stained cells by flow cytometry. We observed increased percentage of apoptotic cells in
cyclopamine (20 uM) treated group at 24 h. The apoptotic cell fraction was approximately 40% higher as com-
pared to control EH cells (Supplementary Fig. 2C).
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Figure 2. Anti-estrogenic agent (K1) or progestin (MPA) antagonizes estrogen- induced activation of Hh
signaling molecules and proliferative markers in primary human EH cells. Representative western blots
showing expression profile of Hh signaling molecules such as Ihh, Shh and Glil (A), and proliferative markers
such as PCNA and (3-catenin (B) in primary human EH cells treated with different concentrations of K1 or
MPA. Representative western blots showing expression profile of Hh signaling molecules such as Ihh, Shh,

Glil (C), and proliferative markers such as ERa, PCNA and (3-catenin (D) in primary human EH cells treated
with vehicle, E2 or anti-estrogenic agent K1 (5uM or10 pM) with absence and presence of E2 (10 nM) for 48 h.
B-actin was used as internal loading control. Densitometric data shown as % change in protein expression levels.
Values are expressed as mean + SEM, (n=3 independent samples). p values: ®p < 0.001, °p < 0.01, °p < 0.05 and
dp>0.05 vs. control; °p < 0.001, fp < 0.01, 8p < 0.05 and "p > 0.05 vs. E2 - treated group.

Western blotting and immunocytochemistry was performed to detect the effect of cyclopamine on prolif-
erative markers (Fig. 4B and C). A significant reduction in expression of PCNA and (3-catenin (by ~50%) was
observed in EH cells treated with cyclopamine alone or in combination of E2 (Fig. 4B). Immunofluorescence
images also showed reduction in expression of PCNA and (3-catenin in EH cells in presence of cyclopamine (alone
or along with E2) (Fig. 4C).

As the effect of inhibition of Hh signaling was prominent on cellular proliferation of EH cells, we further
examined the involvement of Glil in estrogen- mediated cellular proliferation by knock down of Glil by using
siRNA. We found approximately ~75% (p < 0.001) knock down of Glil protein levels as compared to scrambled
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Figure 3. Estrogen up-regulates the expression of Glil and its nuclear localization while K1 or MPA
counteracts its expression in primary human endometrial hyperplasial cells. (A) Representative micrographs
(Left panel) demonstrating the nuclear localization of Glil via confocal microscopy to detect the effect of E2

or K1 or MPA in primary human EH cells. EH cells were treated with vehicle or E2 (10nM) or K1 (5uM) or
MPA (5uM) for 24 h. Cells were fixed, permeabilized, incubated with Glil antibody as described in ‘materials
and methods’ section. Experiments were repeated at least three times (independent samples). The fluorescence
intensity was determined by LSM Image Browser software (Right panel). Values are expressed as mean + SEM,
n = 3 (independent samples). p values: *p < 0.001, °p < 0.01 vs. control. (B) Representative western blots
showing the nuclear and cytosolic Glil expression in EH cells. Nuclear and cytosolic proteins were extracted
following manufacturer’s instructions and subjected to western blotting using anti-Glil antibody. 3-actin was
used as internal loading control. Densitometric data shown as % change in protein expression levels. Values are
expressed as mean + SEM, n=3 (independent samples). p values: ®p < 0.001, °p < 0.05 and p > 0.05 vs. control.

or control EH cells as determined by western blotting (Supplementary Fig. 3B). Further, the silencing of Glil
significantly attenuated the expression of PCNA and 3-catenin by ~55-65% (p < 0.001) in both groups (Fig. 4D).
These findings clearly indicate that Glil, a key regulatory protein of hedgehog pathway might play crucial role in
estrogen -mediated proliferation of endometrial hyperplasia.

Estrogen diminished the expression of Gsk3@3 in endometrial hyperplasial cells while K1 or
MPA enhanced its expression. Considering the possible role of Gsk3(3 in estrogen-dependent endome-
trial hyperplasia, we detected the expression profile of Gsk33 in presence of E2 or K1 or MPA, by immunofluo-
rescence. Results revealed that E2 significantly decreased the Gsk3(3 expression (p < 0.001) while K1 (p <0.001)
or MPA (p < 0.01) induced its expression (Fig. 5A). In western blotting experiment, E2 was found to significantly
down-regulate the expression of Gsk33 (p < 0.001) while K1 and MPA up-regulated its expression. (p < 0.01)
(Fig. 5B). Results clearly indicated that estrogen exposure attenuates the Gsk3(3 expression in EH cells. Thus, fail-
ure of Gsk3@3-mediated regulation might be one of the possible reasons for the constitutive activation of hedgehog
signaling leading to continuous proliferation in EH cells.

Gsk33 acted as a negative kinase regulator of hedgehog pathway that suppresses the activity
of Glil in primary human endometrial hyperplasial cells. In order to check the regulatory crosstalk
mechanism between Gsk3( and Glil, we treated EH cells with 3-estradiol, anti-estrogenic agent (K1), a selective
Gsk3 activator LY-294002% and the cyclopamine for 48 h (Fig. 6A). LY294002- treated cells showed significantly
decreased expression of Glil (p < 0.01) and the increased expression of Gsk3f3 (p < 0.001) while cyclopamine-
treated cells showed reduced expression of Glil without any effect on Gsk33 expression, as compared to control
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Figure 4. Effect of cyclopamine, Hh signaling inhibitor or knockdown of Glil on growth inhibition of
endometrial hyperplasial cells. (A) Representative western blots showing a decline in Glil expression in time-
dependent manner (12h, 24h, 48h) in EH cells treated with cyclopamine. 3-actin was used as internal

loading control. Densitometric data shown as % change in protein expression levels. Values are expressed as
mean & SEM, n =3 (independent samples). p values: *p < 0.001, °p < 0.05 vs control. (B) Representative western
blot images illustrating the effect of cyclopamine on proliferative markers (PCNA and 3-catenin) in primary

EH cells. EH cells were treated with vehicle or E2 or cyclopamine alone or alongwith E2 for 24 h. Densitometric
data shown as % change in protein expression levels. Values are expressed as mean &= SEM, n =3 (independent
samples). p values are: *p < 0.001, ®p < 0.01, vs. control. (C) Immunofluorescence images demonstrating the
distribution of PCNA or 3-catenin in EH cells pre-treated with cyclopamine in presence and absence of estrogen
for 24 h. Experiments were repeated at least three times. (D) Representative western blots images depicting the
effect of Glil silencing on expression of proliferative markers as PCNA or (3-catenin. 3-actin was used as internal
loading control. Densitometric data shown as % change in protein expression levels. Values are expressed as
mean £ SEM, n =3 (independent samples). p values: *p < 0.001 vs. control.
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Figure 5. Estrogen diminishes the expression of Gsk3( in endometrial hyperplasial cells while K1 or MPA
stimulates its expression. (A) Immunofluorescence images showing the effect of E2, K1 or MPA on sub-cellular
expression of Gsk3( protein in EH cells (Left panel). Cells were treated with vehicle or E2 (10nM) or K1 (5uM)
or MPA (5uM) for 24 h. Cells were fixed, permeabilized, incubated with Gsk3( antibody for overnight as
depicted in ‘materials and methods’ section. The Immunofluorescence intensity was quantified by NIS Elements
software (Right panel). Values are expressed as mean & SEM, n = 3 (independent samples). p values:

*p <0.001, °p < 0.01 vs. control. (B) Representative western blot images illustrating the expression of Gsk33 in
primary EH cells —treated with E2, K1 and MPA. Membranes were stripped and re-probed with 3-actin used as
a control to correct for loading. Densitometric data shown as % change in protein expression levels. Values are
expressed as mean + SEM, n=3 (independent samples). p values: *p < 0.001, °p < 0.01 vs. control.

EH cells (Fig. 6A). However, no difference in protein expression level of p-Gsk3(3 was observed in these cells.
These data implicated that activation of Gsk3( by LY-294002, induced inhibition of Glil similar to that observed
in cyclopamine- treated cells (Fig. 6A). Interestingly, K1 showed evidence of involvement of Gsk3( mediated
regulation of Glil pathway by inducing expression of Gsk3(3 by ~95% (p < 0.001) and inhibiting Glil by ~50%
(p <0.01) expression (Fig. 6A). These data suggested that Glil is downstream target of Gsk33 in EH cells.

Concomitantly, we validated Gsk3(3/Glil regulatory mechanism by silencing of Gsk3( via siRNA transfection.
The transfection efficiency was determined by western blotting in hyperplasial cells transfected with scrambled
or Gsk3(3 siRNA after 24 h of transfection. We observed approximately ~70% (p < 0.001) knock down of Gsk33
protein level as compared to scrambled treated groups (Supplementary Fig. 3A). In addition, immunoblotting
analysis revealed that Gsk3p silencing caused upregulation of Glil by ~80%, and of cyclin D1 (a well known target
of Gsk3f3) expression by ~75% in siRNA- transfected cells. We found that E2 reduced the expression of Gsk3(3
along with increased expression of Glil. However, in Gsk33 siRNA -transfected cells, E2 was not able to increase
the Glil expression (Fig. 6B). Also, K1 increased the Gsk3(3 expression with simultaneous decrease in Gli 1 and
cyclin D1 expression in EH cells. Interestingly, K1 did not show any effect on Glil expression in Gsk3(3 siRNA-
transfected cells (Fig. 6B). These results showed that regulation of Glil expression is Gsk3@3-mediated and the
estrogen- induced Glil expression is subjected to Gsk3 regulation in EH cells (Fig. 6B).

We, further investigated the potential role of Gsk33 in Glil regulation by studying co-expression of Gsk33
and Glil protein and nuclear translocation of Glil, in Gsk3@3 siRNA- transected and LY-294002- treated EH cells
(Fig. 6C and D). The image analysis revealed that silencing of Gsk3(3 significantly reduced the expression of Gsk33
(p <0.001), and induced the expression of Glil (p < 0.001) as compared to that in scrambled siRNA- transfected
cells. LY-294002 -treated cells exhibited increased expression of Gsk3( along with reduced expression of Glil
(p <0.001) (Fig. 6C). These observations suggested that declined Glil levels were accompanied by an accumula-
tion of Gsk30 or vice-versa. The study showed that Gsk3( knock down encouraged the nuclear translocation of
Glil (Fig. 6D). On the other hand, the activation of Gsk33 by LY-294002 treatment mitigated the Glil expression
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Figure 6. Gsk3( acts as a negative kinase regulator of Hh pathway that suppresses the activity of Gli 1 in
primary human endometrial hyperplasial cells. (A) Representative western blot images showing the effect of
Gsk30 activation on expression of Glil in primary EH cells. For this, EH cells were treated with E2 (10 nM) or
K1(5uM) or LY- 294002 (30 uM) or cyclopamine (20 uM) for 24 h. 3-actin was used as internal loading control.
Densitometric data shown as % change in protein expression levels. Values are expressed as mean & SEM,
n=3 (independent samples). p values are: *p < 0.001, °p < 0.01, °p < 0.05 and p > 0.05 vs. control. (B) siRNA
transfection assay to demonstrate whether E2 induced activation of Gli 1 expression occurs via inhibition of
Gsk3p. Primary human EH cells were transfected with 50 pmols of Gsk3(3 siRNA and incubated for 6h at 37°C
followed by incubation with K1 or E2 for 48 h. 3-actin was used as internal loading control. Densitometric
data shown as % change in protein expression levels. Values are expressed as mean 4= SEM, n = 3(independent

(A) joaw  (B) R -
contr® el\‘““M\‘&\\5““‘};;:‘“““‘:;47-"‘“% Gll“:jzli(lf;:l]\:d;\) - - ; ; :
SK. Si - - -
Gk 3 [
skap Gsk3p o o—
1 i
Glil “I
! . Cyclin D1
B "c"" B-actin | e e——————
. \ §300
H : .
3.200 a a a 2 a
=
d
£ 100 c b b d
=|s|slg |2 s|S|<s|g |2 4 a b b
HE R HEIEEE &
S| 2| 2|Eq 2 S|l =|=2lEg 2
HHEEEREHEE EHEER,
"&'Eéﬁg "Siéﬁg GsK3BSIRNA = = = 4 4 4 - - -+t - - -+t
ol F > =+
Y la Y la E2(1nM) - 4 - - - - - =y - 4 o= = =4
- -
= = KllSMM)--+-+- - - 4 o= 4 = - =+ = + -
Gsk3p/p-Gsk3p Glil/p-actin GSK3P/ - actin Glil/ - actin Cyclin D1/ - actin
Control  Scram-siRNA  B-estradiol Gsk3p siRNA LY-294002
- a
X 300 u Gsk3p
1= .
=z =8 uGlil
& Z 5 200
g 32
= =238
a = 2
= =
g 28 100
= -2
n =B
S -]
% ZE 9
5 N o
‘&o s?’ ‘bs\o §V’ b‘QQ
SR A -, v
& & XV
& &
&
MERGED
- Rty L
= 300 a a ¥ A0V
g co““‘“\ @ e
e
P 200 Gli1
Ze _acti
£<100 a P-actin
]
v
Z 0
] 300
S > . €2
& & S QY' D‘QQ =
N & & H
(@) & o 4’\; g
< \g% S £ 200
& 4
5
E 100
B

Control E2

Gsk3p siRNA LY 294002

samples). p values are: *p < 0.001, *p < 0.01, °p < 0.05 and ¢p > 0.05 vs. control. (C) Imunofluorescence

images demonstrating the co-expression of Gsk33 and Glil in EH cells (Left panel). Cells were transfected
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with scramble or Gsk3(3 siRNA or treated with LY-294002 or E2. Cells were fixed, permeabilized,

incubated with Gsk33 and Glil antibody for overnight as described in ‘materials and methods’ section. The
Immunofluorescence intensity was quantified by Leica LAS Image analysis software (Right panel). Values are
expressed as mean & SEM, n = 3 (independent samples). p values: *p < 0.001, *p < 0.01, p < 0.05 and %p > 0.05
vs. control for Gsk3(3 expression; ¢p < 0.001, p < 0.01, 8p < 0.05 and "p > 0.05 vs. control for Glil expression.
(D) Confocal microscopy micrographs showing nuclear translocation of Glil protein in Gsk33 transfected- or
LY-294002- or E2- treated EH cells. Images were grasped at 63X using Carl Zeiss LSM 510 META microscope
(Left panel).The fluorescence intensity was determined by LSM Image Browser software (Right panel). Values
are expressed as mean = SEM, n = 3 (independent samples). p values: *p < 0.001 vs. control. (E) Representative
western blot images showing the expression of Glil in E2- treated, Gsk3(3 transfected- and LY-294002- treated
EH cells. 3-actin was used as internal loading control. Densitometric data shown as % change in protein
expression levels. Values are expressed as mean = SEM, n =3 (independent samples). p values: *p < 0.001,

bp < 0.01 vs. control.

in cytoplasmic and nuclear compartments, as compared to control (vehicle treated) EH cells (Fig. 6D). Similar
results were obtained by western blot analysis (Fig. 6E). These results provided evidence for the involvement of
Gsk3(3- mediated transactivation of Glil in estrogen- induced hyperplasic condition.

Effect of K1 or MPA treatment on uterine mass growth and expression of proliferative mark-
ers in uterus of rat with experimentally induced hyperplasia. Followed by in vitro experiments,
we performed in vivo experiment in rat hyperplasial model under the influence of K1 or MPA for exploration
of significant involvement of Hh signaling in endometrial hyperplasia. We observed a significant increase in
wet uterine mass of ovariectomized rats receiving 3-estradiol, as compared to that of control (vehicle adminis-
tered) group (Supplementary Fig. 4A). A significant decrease in uterine weight (p < 0.001) was observed in rats
receiving different doses of K1 or MPA along with (3- estradiol, as compared to (3-estradiol -treated group (36d)
(Supplementary Fig. 4A).

The uterine histomorphometric analysis also showed extensive proliferation of endometrial epithelium in
(3-estradiol-treated rats (Supplementary Fig. 4B). In 3-estradiol- administered rats (36 d), uterine sections showed
an increase in endometrial area by ~270%, in luminal area by ~180%, in luminal epithelial cell height by ~160%,
in glandular area by ~120%, in stromal area ~285%, and by ~80% in the ratio of glandular vs stromal area, as
compared to that of control group. All these changes were found to be statistically significant (p < 0.001) and
were indicative of the development of uterine hyperplasic conditions. A decrease in each of these parameters
were observed in dose-dependent manner (100, 200, 400 pg/kg) when K1 alongwith 3-estradiol was given to rats
as compared to 3-estradiol- treated group. MPA administered rats (25 mg/kg) also showed decrease in all histo-
morphometric parameters but the effect was highly significant (p < 0.001) in K1 administered rats at 400 pg/kg
dose (Supplementary Fig. 4B).

For analysis of proliferation markers, western blotting of PR, PCNA, 3-catenin was performed in uter-
ine tissue. A significant increase in the expression of all proliferative markers (p < 0.001) was observed in the
B-estradiol- administered group (36d) as compared to control group. Whereas in rats receiving K1 along with
B-estradiol, the decreased expression of PR, PCNA and (3-catenin was found in dose-dependent manner, as
compared to (3-estradiol-administered group. More significant downregulation in the expression of PR, PCNA
and (3-catenin (p < 0.001) was detected in rats receiving the higher dose of K1 i.e, 400 ng/kg as compared to
estradiol-administered group (36 d) (Fig. 7A).

K1 or MPA treatment antagonized estrogen-induced activation of hedgehog signaling mole-
cules in rat uterine tissue. We performed western blotting for analysis of Hh signaling molecules such as
Thh, Shh and Glil expression in rat uterine tissue. In consistent to in vitro results, we found that the expression of
Ihh, Shh, Gli 1 was continuously increased in uterine tissue of 3-estradiol administered group (Fig.7B). Whereas
decreased expression of Shh and Glil alongwith the increased expression of Thh was observed when K1 or MPA
was administered in rats receiving estradiol. In (3-estradiol administered group, the up-regulated expression of
Shh and Gli by ~80% and ~90% respectively (p < 0.001) was observed whereas administration of K1 or MPA
down regulated the Shh and Glil by ~45% and ~50% respectively as compared to control group receiving vehicle
alone (Fig. 7B). Surprisingly, we observed that administration of 3-estradiol for 21 days effectively induced the
expression of Thh while exposure for 36 days reduced its expression.

Next, the Glil and PCNA expression as analyzed be by immunohistochemistry, was found to be upregulated
in all endometrial compartments (stromal, luminal or glandular epithelium) in 3-estradiol-administered group,
as compared to vehicle- treated group. Although both K1 and MPA down regulated the expression of Glil and
PCNA, K1 was more efficient than MPA in doing so. Rat uterine sections from K1 treated rats showed Glil
expression to be significantly reduced in glandular epithelium by ~40% (p < 0.01) and in luminal epithelium by
~60% (p < 0.001) as compared to 3-estradiol (36 d) administered group (Fig. 7C). Accordingly, these experimen-
tal observations revealed that dysregulation of Hh signaling molecules is involved in estrogen-induced rat uterine
mass growth.

Discussion

It is now understood that the Hh pathway plays an important role in all aspects of tumor progression such
as development, invasion, and metastasis*’. Alterations in Hh signaling molecules expression has also been
reported earlier in hyperplasic and carcinomatous endometrium as studied by immunohistochemistry or reverse
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Figure 7. Anti-estrogenic agent (K1) or progestin (MPA) treatment antagonized estrogen- induced activation
of Hh signaling molecules in rat uterine tissue. (A) Representative western blot images showing the expression
of proliferative markers such as PR, PCNA and (3- catenin in uterine tissue of rats treated with (3- estradiol
(E2), K1 or MPA. 3-actin was used as internal loading control. Densitometric data shown as % change in
protein expression levels. Results are expressed as mean = SEM, n =3 (independent samples). p values:

*p < 0.001, *p < 0.01, °p < 0.05 and %p > 0.05 vs. control; °p < 0.001, ’p < 0.01, &p < 0.05 and "p > 0.05 vs. E2
(36d) administered groups. (B) Representative western blots illustrating the expression of Ihh, Shh and Glil

in rat uterine tissue. Densitometric data shown as % change in protein expression levels. Values are expressed
as mean + SEM, n =3 (independent samples). p values are: *p < 0.001, ®p < 0.01, °p < 0.05 and p > 0.05 vs.
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control; °p < 0.001, fp < 0.01, #p < 0.05 and "p > 0.05 vs. E2 administered group. (C) Left panel (showing
immunohistochemical localization of PCNA): Control (A- S/LE, E- GE), E2 (B- S/LE, F- GE), K1 (C- S/LE,

G- GE), MPA (D- S/LE, H- GE); Right panel (showing immunohistochemical localization of Glil): Control

(I- S/LE, M- GE), E2 (J- S/LE, N- GE), K1 (K- S/LE, O- GE), MPA (L- S/LE, P- GE). Image analysis of PCNA or
Glil in rat uterine tissue and staining intensity of all these proteins were quantified by image analysis software
‘Image-Pro Plus 4.0’ (Maryland, USA). Values are expressed as mean + SEM, n =3 in all the groups. p values:
*p < 0.001, *p < 0.01, °p < 0.05 and %p > 0.05 vs. control; °p < 0.001, ’p < 0.01, &p < 0.05 and "p > 0.05 vs. E2
administered groups. S = Stroma, GE = Glandular epithelium, LE = Luminal epithelium.

transcription-polymerase chain reaction®. The expression of major Hh signaling mediators, including both acti-
vators and suppressors is known to be positively correlated with ER/PR expression in normal endometrium?.
However, the steroid- regulatory mechanisms of Hh signaling pathway as well as its physiological and pathologi-
cal role, in endometrial hyperplasia are still not known.

We established a human primary atypical endometrial hyperplasial and normal endometrial cell culture to
explore the Hh signaling and its regulatory mechanism. Significant alteration was observed in the expression
pattern of Hh signaling molecules, including induced expression of Shh, Glil and the reduced expression of Ihh
in EH cells as compared to NE cells. The expression of the Shh, Thh and Glil proteins was found to be upregulated
in EH cells exposed to estrogen. Constitutive expression of pre-dominant Hh signaling ligands particularly Shh
and Ihh incubated with E2 indicated existence of a potential Hh/Gli signaling cascade in EH cells. These effects
were reversed by the anti-estrogenic agent (K1) and the progestin (MPA). Additionally, estrogen up-regulated
the Glil expression as well as its nuclear translocation while K1 or MPA counteracted its expression in EH cells.
Our observations suggested that K1 and MPA which act as anti-proliferative agents in endometrial hyperplasia,
were involved in attenuation of the expression of Hh signaling molecules Shh and Glil. We also demonstrated
that cyclopamine (Hh inhibitor) caused growth inhibition of cultured EH cells and Glil silencing caused the
reduced expression of proliferative markers in these cells. Similar attenuation of Hh signaling molecules in in vivo
hyperplasia model of rat was observed under the effect of K1 or MPA. Taken together, these data suggest that Shh
and Glil play crucial role in estrogen-induced cellular proliferation and indicate the significant involvement of
canonical Hh/Glil pathway in endometrial hyperplasia.

Indian hedgehog (Ihh) acts as a progesterone-responsive factor, is acutely upregulated by progesterone (P4)
and serves as a major mediator of progesterone signaling in the mouse uterus*"*%. In the endometrium of nor-
mally cycling women, the increased expression of Thh mRNA was found during the secretory phase which sug-
gests the progesterone -mediated regulation of Ihh*. There are reports that patients with endometriosis showed
significantly less Ihh staining in all endometrial compartments in luteal phase of the menstrual cycle as com-
pared to healthy volunteers, underscoring that production of Ihh is regulated by progesterone**. The reduced
expression of Thh as observed in EH cells in our study, can be explained by the fact that Ihh is ‘progesterone
regulated factor’ and endometrial hyperplasia results from continuous estrogen stimulation unopposed by
progesterone. Surprisingly, we observed increased expression of Ihh protein in EH cells in presence of estro-
gen as well as in presence of progesterone, although the magnitude of induction was much higher (~170%) in
progesterone-treated cells. In in vivo study, E2 administered group (21 d) showed increased expression of Thh
similar to that in cultured human EH cells. Conversely, the continuous exposure of E2 (for longer period i.e., 36
days) or MPA along with E2 administered group did not show any significant change in Ihh expression in uterine
tissue of rats. Previous studies have also reported the upregulated expression of Ihh mRNA 6 h after E2 treatment
or 3h after P4 treatment, but down-regulation was observed after longer hormonal exposure (12-48h) in RL95-2
cells®®. The ambiguous pattern of Ihh under hormonal treatments in our study as well as in other group’s study,
indicate the need for further investigation of complex steroidal regulation of Thh in pathological conditions of
endometrium including hyperplasia.

Several lines of evidences show that Gsk3(3 acts as bi-potential regulator of Gli1*. In drosophila, it served as
a negative regulator of Glil by phosphorylating it and promoting its degradation thereby suppressing Hh sign-
aling®?. However, in mammalian cells, it acts as a positive regulator of Glil and promotes its activation, hence,
stimulates Hh signaling®. The regulatory mechanism of Gsk3@ still remains complex and contentious because
of its ambiguous role as tumor promoter or tumor suppressor’. There are some reports in case of carcinomas,
where the suppression of Gsk3( activity induces cancer progression by stabilizing components of the 3-catenin
complex*. Inhibition of Gsk3( induces epithelial cell proliferation in xenografted human endometrium and the
attenuation of Gsk3(3 expression in the absence of E2 was sufficient to cause a proliferative response in human
endometrium implanted under the kidney capsule of nude mice®”. It has been reported that decreased expres-
sion of Gsk3@ via lithium treatment encourages estradiol-induced proliferative and morphogenic changes in
the uterus of mice leading to hyperplasia®. Estrogen regulates the Gsk3 activity in the adult rat hippocampus
via increasing the level of phosphorylation in serine of Gsk3-« and -3*. In addition, it has been reported that
estrogen inhibits Gsk3( activity via activating a kinase downstream PI3K which in turn activates AKT, ultimately
leading to regulation of Gsk3@ activity by inhibitory phosphorylation*. We herein, observed the downregulation
of Gsk3(3 expression in presence of estrogen, whereas K1 or MPA induced the expression Gsk3(, in hyperplasial
cells, suggesting that failure of Gsk3(3-mediated regulation might be a possible cause for the constitutive activa-
tion of estrogen-mediated hedgehog signaling leading to continuous proliferation in EH cells. Notably, Gsk33
activator (LY-294002) caused a decrease in Glil expression similar to that observed in cyclopamine -treated EH
cells, thus confirming the Glil to be a downstream target of Gsk33. The confocal microscopy studies indicated
that Gsk3@ knock down encouraged the nuclear translocation of Glil as like 3-estradiol- treated cells while Gsk3(3
activator (LY-294002) reduced Glil expression similar to that caused by K1 or MPA. Hence, Gsk3(3 induction
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Figure 8. Schematic representation of functional involvement of Hh signaling molecules in estrogen- mediated
endometrial hyperplasia. Exposure of estrogen induces activation of Glil via canonical pathway. Estrogen
attenuates the Gsk3( protein expression leading to activation of Glilwhich induces various target genes
involved in cellular proliferation of estrogen-mediated hyperplasia progression. Anti-estrogenic agent (K1)
counteracts Glilexpression via both canonical (ligand dependent) such as inhibition of Shh and non- canonical
pathway (ligand independent) as activation of Gsk3. Activation of Gsk3(3 might promote Glil phosphorylation
i.e., its inactivation or proteasomal degradation®> 7%,

promotes inhibition of Glil activation (nuclear translocation) and silencing of Gsk3@ significantly induced the
expression of Glil. Therefore, a decrease in the activity of Gsk3(3 might lead to an increased Glil content in the EH
cells which may be responsible for enhanced proliferation of hyperplasial cells. These results demonstrated that
Gsk3 directly affects the Glil and acts as a negative kinase regulator of Glil in EH cells.

In conclusion, studies revealed that estrogen induces the Shh expression and promotes the activation of Glil
in EH cells which is considered to be one of the indicators of Hh pathway activation. Additionally, it was evident
that estrogen -mediated decreased Gsk3(3 expression encouraged the activation of Glil. Hence, it can be inferred
that estrogen affects the proliferation of endometrium via induced expression of Shh or inhibition of Gsk3(3 that
ultimately provokes the nuclear accumulation of Glil. Moreover, Gsk3(3 activator (LY-294002) caused a decrease
in Glil expression similar to that observed in cyclopamine-treated EH cells and functional blockage of Gsk33
stimulated Glil expression as well as nuclear translocation. Nuclear accumulation of Glil clearly pointed out the
involvement of canonical and/or non-canonical Hh pathway in estrogen- mediated endometrial hyperplasial cell
proliferation. This was supported by the observed effect of anti-estrogenic agent (K1) and progestin (MPA) which
showed growth suppressive effect through inhibition of Shh and Gli 1 along with the induction of Gsk33 expres-
sion/activation. Our study suggests that altered expression of Hh signaling-related molecules might be directly
involved in the pathogenesis of endometrial hyperplasia (Fig. 8). Nevertheless, further efforts will be required
with careful interpretation and analysis to determine the potential determinants and predictors of efficacy of
Hh signaling molecules and Gsk3( in endometrial hyperplasia in large number of human samples. Hedgehog
signaling pathway may prove as one of the vital signaling pathways playing pivotal role in controlling endometrial
hyperplasic condition, making this pathway an attractive and alternative potential target for drug development.

Materials and Methods
Reagents and Antibodies. Modified Eagle’s medium (MEM) and [(3-(4,5-dimethylthiazol-2-y1)-2,5-di-
phenyltetrazolium bromide)] (MTT), Bradford, Anti-rabbit and anti-mouse cy-3 conjugated secondary anti-
bodies, propidium iodide (PI), Annexin V-FITC (fluorescein isothiocyanate)-labeled apoptosis detection kit,
3-estradiol, RIPA Buffer were purchased from Sigma-Aldrich, USA. Lipofectamine Plus reagent and Fetal bovine
serum (FBS) were purchased from Invitrogen (Carlsbad, CA). Immuno-Blot™ PVDF membrane was obtained
from Millipore, MA, USA. Cyclopamine, LY-294002 were purchased Calbiochem, San Diego, CA. ECL reagent
was purchased from GE Healthcare, USA. Primary antibodies such as cytokeratin-7(sc-70936, anti-mouse),
ERa (sc-543), PR (sc-539, anti-rabbit), PCNA(sc-56, anti-mouse), Ihh (sc-13088, anti-rabbit), Shh(sc-9024,
anti-rabbit), Glil(sc-20687, anti-rabbit), p-Gsk33** (sc-11757, anti-goat), Gsk33(sc-71186, anti-mouse), 3-cat-
enin(sc-7693, anti-mouse), CyclinD1(sc-246, anti-mouse), 3-actin(sc-1616,anti-goat), and secondary antibodies
as horseradish peroxidase (HRP) labeled secondary antibodies, Fluorescein isothiocyanate (FITC)-conjugated
secondary antibodies (anti-mouse), ABC vectastain Kit were procured from Santa Cruz (Santa Cruz, CA). All
other reagents, were of the highest grade and commercially available.

Progestin medroxy progesterone acetate (MPA) tablets; DEVIRY-10mg were procured from Elder pharma-
ceuticals, India). MPA was procured from Sigma-Aldrich.

Anti-estrogenic agent K1 (2-(piperidinoethoxyphenyl)-3-(4-hydroxyphenyl)-2H-benzo (b) pyran) was syn-
thesized by Medicinal Chemists of the CSIR-CDRI, Lucknow™" >,

Endometrial tissue collection. Endometrial hyperplasial and normal endometrium sample were col-
lected in the operating room of the Department of Obstetrics and Gynecology, King George’s Medical University,
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Lucknow, India. A specific informed consent was obtained from the patient, and the study was approved by
the Ethics Committee of King George’s Medical University, Lucknow India. We obtained endometrial hyperpla-
sial tissue (n =7) from the patient who had endometrial hyperplasia with abnormal uterine bleeding and was
undergoing total abdominal hysterectomy. Normal endometrial sample (n = 6) was collected from the patients
undergoing hysterectomy for uterine prolapse reasons. All experiments on human subjects were performed in
accordance with relevant guidelines and regulations.

Histopathological examination such as gland-to-stroma ratio, gland’s size and shape, cytologic atypia, nuclear/
cytoplasmic ratio, hyperchromatosis by simple staining and expression of ER, progesterone receptor (PR) and
proliferation marker (Ki67) by immune-histochemistry were carried out by Gynecologists and Pathologists from
Department of Obstetrics and Gynecology and Department of Pathology, King George’s Medical University, who
confirmed the category of samples as hyperplasia to be of atypical type.

Primary culture of endometrial cells. Cell isolation was based on the methods as described by Genc
et al.>? with slight modification®. Tissues were collected in MEM, minced into 1 mm pieces and incubated
with 1 mg/ml collagenase and DNase (2 mg/ml) in MEM for 2h at 37 °C in CO, incubator with regular mixing.
Digested tissue was mechanically dissociated through a 1 ml tip and re-suspended in 2 ml of fresh MEM. Cells
were separated from tissue clumps and debris as described earlier®.

The isolated cells were highly viable. These cells in primary culture showed a typical epithelial morphology
with highly packed polygonal cells. To confirm the epithelial characteristics of primary hyperplasial cells, expres-
sion of an epithelial marker (cytokeratin-7) was checked by immunofluorescence (Supplementary Fig. 1D).

Cell viability assay. Analysis of cell viability was done by MTT assay. Cells were seeded (3 x 10° cells/well)
into 96- well plate MEM containing 10% FBS, 5% CO, and treated with different concentration of anti-estrogenic
agent K1 (1pM, 2.5pM, 5pM, 7.5uM, and 10 pM) and cyclopamine (1pM-50puM, and100pM) for 48 h. The exper-
iments were performed three times with five replicates in each. The MTT assay was performed as described
earlier®.

Western Blotting. Cells were plated in T-25 cm? flasks and made quiescent at confluence by incubation in
serum free MEM and stripped FBS for 24 h. Control and treated cells of different groups were lysed in RIPA buffer
and supernatant was collected by centrifugation (15,000 rpm for 15 minutes).

For in vivo experiments, the frozen endometrial hyperplasial tissue of control vehicle treated and different
treated group were thawed, washed with PBS and homogenized in RIPA buffer for approximately 5min under
ice-cold conditions and incubated overnight in —20°C and supernatant was collected by centrifugation.

Supernatant containing soluble protein was quantified by Bradford Reagent>* and processed as described ear-
lier®. Experiments were performed on three independent patient’s samples and were repeated three times for
each patient sample. Quantitation of band intensity was performed by densitometry using Quantity One H soft-
ware (v.4.5.1) and a Gel Doc imaging system (Bio-Rad).

Immunofluorescence imaging by fluorescence microscopy. Primary human EH cells were grown on
coverslips in 12-well plate. Cells were treated with vehicle, E2 (10 nM), cyclopamine (20 pM) or cyclopamine +E2
for 24 h to check the expression of proliferative markers. Cells were processed as described earlier. Images were
captured at 20 x using Leica fluorescence microscope.

Further, to check the Gsk3f expression, EH cells were treated with vehicle, E2 (10nM), K1 (5pM) or MPA
(5pM) for 24 h and cells were processed for immunofluorescence as previously method. Images were grapsed at
40x using Nikon fluorescence microscope and fluorescence intensity was quantified by NIS-Elements software.

In addition, co-expression of Gsk3(3 and Glil was demonstrated in EH cells transfected with Gsk3( siRNA or
scrambled siRNA or E2- treated or LY-294002- treated cells. Images were captured at 20 x using Leica fluores-
cence microscope. Image fluorescence intensity was measured by Leica LAS Image analysis software. All experi-
ments were repeated at least three times.

Confocal microscopy. To detect sub-cellular localization of Glil in EH cells, cells were seeded on coverslips
in 12-well plate and treated with vehicle, E2 (10nM), 5pM of K1 and MPA (5puM) for 48 h. Cells were then fixed
in 4% p-formaldehyde and permeabilized with 0.1% Triton X-100. Cells were washed with PBS and blocked with
1% BSA and incubated with Glil antibody for overnight followed by 1 h incubation with fluorescence-tagged sec-
ondary antibody (Cy-3), then mounted on slides with SlowFade® Gold Antifade reagent with DAPI (molecular
probes, life technologies). Images were captured at 63X using Carl Zeiss LSM 510 META microscope®. Cells not
exposed to primary antibodies served as negative controls. Fluorescence intensity of images was quantified by
LSM Image Browser software. Similar procedure we followed to detect the nuclear translocation of Glil in pres-
ence of LY-294002, E2 and Gsk33- transfected EH cells.

Annexin-V/propidium iodide labeling and flow cytometry assay for apoptosis. EH Cells (2 x 10°
cells per ml) were cultured in 6-well plates and incubated with cyclopamine for 24 h and processed as described
earlier®. Adherent and non-adherent cells were probed with FITC-conjugated Annexin-V and PI for 10 min.
The staining profiles were determined with FACScan and Cell-Quest software. The experiments were performed
three times.

siRNA transfection. For siRNA transfection, primary human EH cells were seeded in T-25 cm? culture flasks
and allowed to attain confluency of 70-80%. Cells were then incubated in antibiotic-free medium overnight, fol-
lowed by transfection with siRNA duplex-Lipofectamine according to manufacturer’s protocol. Briefly, 50 pmols
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of Glil siRNA or Gsk33 siRNA were diluted in 100 pl of transfection medium and added with 100 pl of diluted
Lipofectamine® RNAiMAX Reagent. The mixture was allowed to incubate at room temperature for 30 min®. Cells
were then transfected with scram siRNA or Glil siRNA or Gsk3( siRNA for 6 h at 37 °C in a CO, incubator fol-
lowed by a different treatment for 48 h. Transfection efficiency of siRNA was also determined by western blotting.

Animal preparation and treatment schedule.  Young adult rats (Sprague Dawley strain) of body weight
of 150 g were used in this study. Animals were housed under uniform animal husbandry conditions with free
access to pelleted food and water. All animal procedures were carried out as per the guidelines provided by the
Institutional Animal Ethics, Use and Care Commiittee. Prior approval was obtained from the Institutional Animal
Ethics Committee (IAEC) of Central Drug Research Institute, Lucknow, India for animal experimentation.

Rats were ovariectomized bilaterally under ether anesthesia and given a rest period of 2 weeks. Following the
rest period, rats were divided into various groups (7 rats per group): group I received olive oil and gumacacia as
vehicle, group II received 3-estradiol (20 ug/kg body weight, in olive oil, subcutaneously) for 21 days, groups III
received (3-estradiol (20 pg/kg body weight, in olive oil, subcutaneously) for 36 days and groups IV, V, VI received,
in addition to estradiol, K1 at 100 pg/kg, 200 ug/kg 400 pg/kg body weight doses (in gum acacia, orally) was given
after 21 days of treatment schedule, and groups VII received, in addition to estradiol, MPA 25 mg/kg body weight
(in water, dose-orally) after 21 days of treatment schedule®. All treatments were given for 14 days. Animals were
euthanized 24 h after the last treatment. Uteri were collected, weighed, and stored at —80 °C until analysis. A mid
portion of a single horn of each uteri was preserved in 4% paraformaldehyde for histological and histomorpho-
metric analysis.

Immunohistochemistry. Immunohistochemical analysis was performed as described earlier®. Briefly,
tissue fragments were fixed in 10% formaldehyde/PBS and embedded in paraffin. Tissues were cut into 5 um
sections and mounted on glass slides and processed with minor modifications as afterprimary antibody incu-
bation and washing, the slides were incubated with biotinylated anti-rabbit IgG (ABC vectastain Kit; Vector
Laboratories, Burlingame, CA, USA; 1:200 in PBS) and then treated with avidin-peroxidase (ABC vectastain Kit)
and revealed with diaminobenzidine (ABC vectastain Kit), according to the manufacturer’s instructions. Tissues
were counterstained with hematoxylin, mounted with DPX (Sigma-Aldrich) and visualized through a Nikon
Eclipse-800 microscope. The staining intensity of all these proteins in glandular epithelium, luminal epithelium
and stromal compartment were quantified by image analysis software Image-Pro Plus 4.0 (Maryland, USA) and
results were expressed as % image analysis score.

Statistical analysis. Results are expressed as Mean =+ SEM for at least three separate determinations for each
experiment. Statistical significance was determined by ANOVA and Newmann Keul’s test. p values less than 0.05
were considered significant.

References
1. Horn, L. C., Schnurrbusch, U,, Bilek, K., Hentschel, B. & Einenkel, J. Risk of progression in complex and atypical endometrial
hyperplasia: clinicopathologic analysis in cases with and without progestogen treatment. Int ] Gynecol Cancer 14, 348-353 (2004).
2. Chandra, V., Kim, J. J., Benbrook, D. M., Dwivedi, A. & Rai, R. Therapeutic options for management of endometrial hyperplasia.
Journal of gynecologic oncology 27(1) (2015).
3. Guinn, A. G, Mashin, I. N. & Zahkarov, D. A. Proliferation, mitosis orientation and morphogenetic changes in the uterus of mice
following chronic treatment with both estrogen and glucocorticoid hormones. J. Endocrinol 169, 23-31 (2001).
4. Horn, L. C,, Meinel, A., Handzel, R. & Einenkel, . Histopathology of endometrial hyperplasia and endometrial carcinoma: an
update. Ann Diagn Pathol 11,297-311 (2007).
5. Akhmedkhanov, A., Zeleniuch-Jacquotte, A. & Toniolo, P. Role of exogenous and endogenous hormones in endometrial cancer:
review of the evidence and research perspectives. Ann NY Acad Sci. 943, 296-315 (2001).
6. Emons, G., Fleckenstein, G., Hinney, B., Huschmand, A. & Heyl, W. Hormonal interactions in endometrial cancer. Endocr Relat
Cancer 7,227-242 (2000).
7. Kurman, R. J., Kaminski, P. E. & Norris, H. J. The behavior of endometrial hyperplasia, A long-term study of “untreated” hyperplasia
in 170 patients. Cancer 56, 403-412 (1985).
8. Ingham, P. W. & McMahon, A. P. Hedgehog signaling in animal development: paradigms and principles. Genes Dev 15, 3059-87
(2001).
9. Hooper, J. E. & Scott, M. P. Communicating with Hedgehogs. Nat Rev Mol Cell Biol 6, 306-317 (2005).
10. Tadaaki, N., Taisen, I. & Tomomi, S. Hedgehog signaling plays roles in epithelial cell proliferation in neonatal mouse uterus and
vagina. Cell and Tissue Research 348, 239-247 (2012).
11. Kubota, K. et al. Expression of hedgehog family genes in the rat uterus during early pregnancy. ] Reprod Dev 54, 340-345 (2008).
12. Taylor, M. D. et al. Mutations in SUFU predispose to medulloblastoma. Nat Genet 31, 306-310 (2002).
13. Thayer, S. P. et al. Hedgehog is an early and late mediator of pancreatic cancer tumorigenesis. Nature 425, 851-856 (2003).
14. Dahmane, N. et al. Activation of the transcription factor Glil and the Sonic hedgehog signalling pathway in skin tumours. Nature
389, 876-881 (1997).
15. Berman, D. M. et al. Widespread requirement for Hedgehog ligand stimulation in growth of digestive tract tumours. Nature 425,
846-851 (2003).
16. Yuan, Z. et al. Frequent requirement of hedgehog signaling in non-small cell lung carcinoma. Oncogene 26, 1046-1055 (2007).
17. Vishnoi, K. et al. Cross-talk between Human Papillomavirus Oncoproteins and Hedgehog Signaling Synergistically Promotes
Stemness in Cervical Cancer Cells. Scientific Reports 6 (2016).
18. Karhadkar, S. S. et al. Hedgehog signalling in prostate regeneration,neoplasia and metastasis. Nature 431, 707-712 (2004).
19. Treier, M. et al. Hedgehog signaling is required for pituitary gland development. Development 128, 377-386 (2001).
20. Lien, W. H,, Klezovitch, O., Fernandez, T. E., Delrow, J. & Vasioukhin, V. aE-catenin controls cerebral cortical size by regulating the
hedgehog signaling pathway. Science 311, 1609-1612 (2006).
21. Vezina, C. M. & Bushman, W. Hedgehog signaling in prostate growth and benign prostate hyperplasia. Current urology reports 8,
275-280 (2007).
22. Kasper, M., Regl, G., Frischauf, A. M. & Aberger, F. GLI transcription factors: mediators of oncogenic Hedgehog signalling. European
Journal of Cancer 42, 437-445 (2006).

SCIENTIFICREPORTS |7:6557| DOI:10.1038/s41598-017-06370-1 14



www.nature.com/scientificreports/

23. Feng, Y. Z. et al. Overexpression of Hedgehog Signaling Molecules and Its Involvement in the Proliferation of Endometrial
Carcinoma. Clin Cancer Res 13, 1389-1398 (2007).

24. Kim, K. H. et al. Expression of Sonic hedgehog signaling molecules in normal, hyperplastic and carcinomatous endometrium.
Pathology International. 59, 279-287 (2009).

25. Riobo, N. A. & Manning, D. R. Pathways of signal transduction employed by vertebrate Hedgehogs. Biochem. ] 403, 369-379 (2007).

26. Varjosalo, M. & Taipale, ]. Hedgehog: functions and mechanisms. Genes Dev 22, 2454-2472 (2008).

27. Ingham, P. W,, Nakano, Y. & Seger, C. Mechanisms and functions of Hedgehog signalling across the metazoa. Nat Rev Genet 12,
393-406 (2011).

28. Hui, M. et al. The Hedgehog signalling pathway in breast development, carcinogenesis and cancer therapy. Breast Cancer Research
15 (2013).

29. Jenkins, D. Hedgehog signalling: emerging evidence for non-canonical pathways. Cell Signal 21, 1023-1034 (2009).

30. Stone, D. M. et al. Characterization of the human suppressor of fused, a negative regulator of the zinc-finger transcription factor Gli.
J. Cell Sci 112, 4437-4448 (1999).

31. Frame, S. & Cohen, P. GSK3 takes centre stage more than 20 years after its discovery. Biochem J. 359, 1-16 (2001).

32. Price, M. A. & Kalderon, D. Proteolysis of the hedgehog signaling effector cubitus interruptus requires phosphorylation by glycogen
synthase kinase 3 and casein kinase 1. Cell 108, 823-835 (2002).

33. Takenaka, K., Kise, Y. & Miki, H. GSK3b positively regulates Hedgehog signaling through Sufu in mammalian cells. Biochemical and
Biophysical Research Communications 353, 501-508 (2007).

34. Gunin, A. G., Emelianov, V. U., Mironkin, I. U, Morozov, M. P. & Tolmachev, A. S. Lithium treatment enhances estradiol-induced
proliferation and hyperplasia formation in the uterus of mice. Eur ] Obstet Gynecol Reprod Biol 114, 83-91 (2004).

35. Dhar, J. D, Setty, B. S., Duran, S. & Kapil, R. S. Biological profile of 2-[4-(2-N-piperidinoethoxy) phenyl]-3-phenyl (2H) benzo (b)
pyran-a potent anti-implantation agent in rat. Contraception 44, 461-472 (1991).

36. Kharkwal, G. et al. Anti-implantation effect of 2-[piperidinoethoxyphenyl]-3-[4-hydroxyphenyl]-2H-benzo(b)pyran, a potent
antiestrogenic agent in rats. Fertil Steril 95, 1322-1327 (2011).

37. Chandra, V. et al. Apoptosis induction and inhibition of hyperplasia formation by 2-[piperidinoethoxyphenyl]-3-[4-
hydroxyphenyl]-2H-benzo(b)pyran in rat uterus. Am J Obstet Gynecol 205, 362e1-362el1 (2011).

38. Chandra, V. et al. Anti-tumorigenic action of 2-[piperidinoethoxyphenyl]-3-[4-hydroxyphenyl]-2H-benzo (b)pyran: evidence for
involvement of GPR30/EGEFR signaling pathway. Gynecol Oncol. 129, 433-442 (2013).

39. Beurel, E. et al. GSK- 3beta reactivation with LY294002 sensitizes hepatoma cells to chemotherapy-induced apoptosis. Int ] Oncol
27,215-222 (2005).

40. Lillianne, G., Harris. & Rajeev, S. Hedgehog Signaling: Networking to Nurture a Promalignant Tumor Microenvironment. Mol
Cancer Res9,1165-1174 (2011).

41. Takamoto, N., Zhao, B., Tsai, S. Y. & DeMayo, . J. Identification of Indian hedgehog as a progesterone-responsive gene in the murine
uterus. Mol. Endocrinol 16,2338-2348 (2002).

42. Matsumoto, H., Zhao, X,, Das, S. K., Hogan, B. L. & Dey, S. K. Indian hedgehog as a progesterone-responsive factor mediating
epithelial-mesenchymal interactions in the mouse uterus. Dev. Biol 245, 280-290 (2002).

43. Wei, Q, Levens, E. D., Stefansson, L. & Nieman, L. K. Indian Hedgehog and its targets in human endometrium: menstrual cycle
expression and response to CDB-2914. The Journal of Clinical Endocrinology & Metabolis 95, 5330-5337 (2010).

44. Smith, K., Alnifaidy, R., Wei, Q. & Nieman, L. K. Endometrial Indian hedgehog expression is decreased in women with
endometriosis. Fertility and Sterility 95, 2738-2741 (2011).

45. Tamm, K., R66m, M., Salumets, A. & Metsis, M. Genes targeted by the estrogen and progesterone receptors in the human
endometrial cell lines HEC1A and RL95-2. Reproductive Biology and Endocrinology 7, 1 (2009).

46. McCubrey, . A. et al. GSK-3 as potential target for therapeutic intervention in cancer. Oncotarget (2014).

47. Polotsky, A. J., Zhu, L., Santoro, N. & Pollord, J. W. Lithium chloride treatment induces epithelial cell proliferation in xenografted
human endometrium. Hum Reprod 1, 1-8 (2009).

48. Cardona-Gomez, P, Perez, M., Avila, J., Garcia-Segura, L. M. & Wandosell, F. Estradiol inhibits GSK3 and regulates interaction of
estrogen receptors, GSK3, and beta-catenin in the hippocampus. Molecular and Cellular Neuroscience 25, 363-373 (2004).

49. Cardona-Gomez, P, Mendez, P. & Garcia-Segura, L. M. Synergistic interaction of estradiol and insulin-like growth factor-I in the
activation of PI3K/Akt signaling in the adult rat hypothalamus. Mol. Brain Res 107, 80-88 (2002).

50. Kapil, R. S., Durani, S., Dhar, J. D. & Setty, B. S. Novel benzopyrans and process for their production; European patent no. 90308787/2
(1990).

51. Sharma, A. P, Saeed, A., Durani, S. & Kapil, R. S. Structure-activity relationship of antiestrogens.Effect of the side chain and its
position on the activity of 2,3-diaryl-2H-1-benzopyrans. ] Med Chem 33, 3216-3222 (1990).

52. Geng, S. et al. The effect of COX-2 inhibitor, nimesulide, on angiogenetic factors in primary endometrial carcinoma cell culture. Clin
Exp Med 7, 6-10 (2007).

53. Shukla, V. et al. Phytoestrogen genistein inhibits EGFR/PI3K/NF-KB activation and induces apoptosis in human endometrial
hyperplasial cells. RSC Adv 5, 56075-56085 (2015).

54. Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 7, 248-54 (1976).

55. Popli, P. et al. Regulation of cyclooxygenase-2 expression in rat oviductal epithelial cells: Evidence for involvement of GPR30/Src
kinase-mediated EGFR signaling. The Journal of steroid biochemistry and molecular biology 154, 130-141 (2015).

56. Manohar, M. et al. Proteomic Identification and Analysis of Human Endometrial Proteins Associated with Unexplained Infertility.
J Proteomics Bioinform 7, 359 (2014).

57. Jia, J. et al. Shaggy/GSK3 antagonizes Hedgehog signalling by regulating Cubitus interruptus. Nature 416, 548-552 (2002).

58. Heride, C. et al. The centrosomal deubiquitylase USP21 regulates Glil transcriptional activity and stability. J Cell Sci 129, 4001-4013
(2016).

Acknowledgements

The authors wish to thank Dr. K. Mitra (SAIF facility, CSIR-CDRI) and Dr. Kavita Singh for help in confocal
microscopy, Mr. A.L. Vishwakarma for FACS analysis. Authors are grateful to Indian Council of Medical Research
for financial support (GAP 0159). One of the authors (J.B.K.) is recipient of senior research fellowship from
Council of Scientific and Industrial Research, New Delhi. This is CSIR-CDRI manuscript number 100/2017/AD.

Author Contributions

A.D. conceptualized the study and P.S. provided endometrial samples with confirmatory histopathological
examination by expert Gynecologists and Pathologists. ].B.K. performed major experimental work. S.K., PP, and
V.S., assisted in performing in vitro experiments. M.K.H., K.H. provided antiestrogen. A.D. and ].B.K. analyzed
the data and drafted and communicated the final manuscript. All authors have approved the final version of the
manuscript.

SCIENTIFICREPORTS |7:6557| DOI:10.1038/541598-017-06370-1 15



www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06370-1

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7:6557| DOI:10.1038/s41598-017-06370-1 16


http://dx.doi.org/10.1038/s41598-017-06370-1
http://creativecommons.org/licenses/by/4.0/

	The regulation of Hh/Gli1 signaling cascade involves Gsk3β- mediated mechanism in estrogen-derived endometrial hyperplasia

	Results

	Hedgehog signaling molecules i.e., Ihh, Shh, Gli1 or Gsk3β are differentially expressed in normal and hyperplasial cells of ...
	Endometrial hyperplasial cell viability is inhibited by the anti-estrogenic agent (K1). 
	Anti-estrogenic agent (K1) or progestin (MPA) alters the expression profile of hedgehog signaling molecules and proliferati ...
	Estrogen up-regulated the expression of Gli1 and its nuclear translocation while K1 or MPA counteracted its expression in e ...
	Effect of cyclopamine, hedgehog signaling inhibitor or knockdown of Gli1 caused growth inhibition of endometrial hyperplasi ...
	Estrogen diminished the expression of Gsk3β in endometrial hyperplasial cells while K1 or MPA enhanced its expression. 
	Gsk3β acted as a negative kinase regulator of hedgehog pathway that suppresses the activity of Gli1 in primary human endome ...
	Effect of K1 or MPA treatment on uterine mass growth and expression of proliferative markers in uterus of rat with experime ...
	K1 or MPA treatment antagonized estrogen-induced activation of hedgehog signaling molecules in rat uterine tissue. 

	Discussion

	Materials and Methods

	Reagents and Antibodies. 
	Endometrial tissue collection. 
	Primary culture of endometrial cells. 
	Cell viability assay. 
	Western Blotting. 
	Immunofluorescence imaging by fluorescence microscopy. 
	Confocal microscopy. 
	Annexin-V/propidium iodide labeling and flow cytometry assay for apoptosis. 
	siRNA transfection. 
	Animal preparation and treatment schedule. 
	Immunohistochemistry. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Differential expression of Hh signaling molecules in primary human normal endometrial (NE) and primary human endometrial hyperplasial (EH) cells.
	Figure 2 Anti-estrogenic agent (K1) or progestin (MPA) antagonizes estrogen- induced activation of Hh signaling molecules and proliferative markers in primary human EH cells.
	Figure 3 Estrogen up-regulates the expression of Gli1 and its nuclear localization while K1 or MPA counteracts its expression in primary human endometrial hyperplasial cells.
	Figure 4 Effect of cyclopamine, Hh signaling inhibitor or knockdown of Gli1 on growth inhibition of endometrial hyperplasial cells.
	Figure 5 Estrogen diminishes the expression of Gsk3β in endometrial hyperplasial cells while K1 or MPA stimulates its expression.
	Figure 6 Gsk3β acts as a negative kinase regulator of Hh pathway that suppresses the activity of Gli 1 in primary human endometrial hyperplasial cells.
	Figure 7 Anti-estrogenic agent (K1) or progestin (MPA) treatment antagonized estrogen- induced activation of Hh signaling molecules in rat uterine tissue.
	Figure 8 Schematic representation of functional involvement of Hh signaling molecules in estrogen- mediated endometrial hyperplasia.


