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Inhibitory effect of 2-(piperidinoethoxyphenyl)-3-
(4-hydroxyphenyl)-2H-benzo(b)pyran (K-1) on human
primary endometrial hyperplasial cells mediated via
combined suppression of Wnt/b-catenin signaling and
PI3K/Akt survival pathway

V Chandra1, I Fatima1, M Manohar1, P Popli1, VK Sirohi1, MK Hussain2, K Hajela2, P Sankhwar3 and A Dwivedi*,1

Endometrial hyperplasia is a precursor to the most common gynecologic cancer diagnosed in women. Apart from estrogenic
induction, aberrant activation of the Wnt/b-catenin signal is well known to correlate with endometrial hyperplasia and its
carcinoma. The benzopyran compound 2-(piperidinoethoxyphenyl)-3-(4-hydroxyphenyl)-2H-benzo (b) pyran(K-1), a potent
antiestrogenic agent, has been shown to have apoptosis-inducing activity in rat uterine hyperplasia. The current study was
undertaken to explore the effect of the benzopyran compound K-1 on growth and Wnt signaling in human endometrial
hyperplasial cells. Primary culture of atypical endometrial hyperplasial cells was characterized by the epithelial cell marker
cytokeratin-7. Results revealed that compound K-1 reduced the viability of primary endometrial hyperplasial cells and
expression of ERa, PR, PCNA, Wnt7a, FZD6, pGsk3b and b-catenin without affecting the growth of the primary culture of normal
endometrial cells. The b-catenin target genes CyclinD1 and c-myc were also found to be reduced, whereas the expression of
axin2 and Wnt/b-catenin signaling inhibitor Dkk-1 was found to be upregulated, which caused the reduced interaction of Wnt7a
and FZD6. Nuclear accumulation of b-catenin was found to be decreased by compound K-1. K-1 also suppressed the pPI3K/pAkt
survival pathway and induced the cleavage of caspases and PARP, thus subsequently causing the apoptosis of endometrial
hyperplasial cells. In conclusion, compound K-1 suppressed the growth of human primary endometrial hyperplasial cells
through discontinued Wnt/b-catenin signaling and induced apoptosis via inhibiting the PI3K/Akt survival pathway.
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Wnt/b-catenin signaling is known to have a prominent role in a
number of developmental processes,1 differentiation and
proliferation,2 survival and adhesion3 as well as the regulation
of menstrual cycle.4 In the endometrium, Wnt/b-catenin
signaling is under the control of finely tuned hormonal
equilibrium, for example, estrogen induces the nuclear
accumulation of b-catenin during the proliferative phase,
which is later decreased during the secretary phase by
progesterone, in the menstrual cycle.5,6 Aberrant regulation of
the Wnt signaling pathway results in neoplastic transformation
and thus lays at the root of initiation and progression of many
malignancies.7,8 Moreover, nuclear b-catenin staining has
been found to be prominent in the early onset of endometrial
cancer, endometrial hyperplasia and well-differentiated endo-
metriod carcinomas.9,10

Unopposed estrogen action induces proliferative disorders
and changes in the tissue structure of uterus, culminating into

atypical hyperplasia and subsequently, the endometrial
carcinogenesis.11,12 The regression of hyperplastic to normal
endometrium is the main purpose of any conservative
treatment in order to prevent the development of adenocarci-
noma. Currently, as a mode of treatment for hyperplasia,
cyclical progestin therapy is recommended, whereas in
patients with cellular atypia, hysterectomy is recommended.
However, neither progestin treatment, the major hormonal
therapy for endometrial cancer, nor cytotoxic chemotherapy
showed substantial benefits for the treatment of endometrial
hyperplasia. Therefore, future research activities must eval-
uate new compounds and treatment strategies.

In our prior studies, it has been demonstrated that
benzopyrans are the class of potent antiestrogenic com-
pounds13,14 that showed antiproliferative and apoptotic
activity in rat endometrial hyperplasia15 and in human
endometrial cancer cells.16,17 However, the complete mechanism

1Division of Endocrinology, CSIR-Central Drug Research Institute, Lucknow, Uttar Pradesh, India; 2Division of Medicinal and Process Chemistry, CSIR-Central Drug
Research Institute, Lucknow, Uttar Pradesh, India and 3Department of Obstetrics & Gynecology, King George’s Medical University, Lucknow, Uttar Pradesh, India
*Corresponding author: A Dwivedi, Division of Endocrinology, CSIR-Central Drug Research Institute, Jankipuram Extension, Lucknow, Uttar Pradesh 226031, India.
Tel: +91 0522 277 2486; Fax: +91 0522 2623405/2623938; E-mail: anila.dwivedi@rediffmail.com

Received 05.3.14; revised 16.6.14; accepted 18.6.14; Edited by A Stephanou

Abbreviations: K-1, 2-(piperidinoethoxyphenyl)-3-(4-hydroxyphenyl)-2H-benzo(b)pyran; PCNA, proliferating cell nuclear antigen; FZD6, frizzled receptor; Gsk3b,
glycogen synthase kinase 3 beta; Dkk-1, dickkopf-1; PI3K, phosphoinositide 3-kinase; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; MTT, [3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide]; DMSO, dimethyl sulfoxide; rTdT, recombinant terminal deoxynucleotidyl transferase; Dcm, membrane
potential; FITC, fluorescein isothiocyanate; PI, propidium iodide; FACS, fluorescence activated cell sorting; DEVD-pNA, acetyl-Asp-Glu-Val-Asp p-nitroanilide; LRP, LDL
receptor-related proteins; DAPI, 40,6-diamidino-2-phenylindole; PARP, poly ADP-ribose polymerase; APC, adenomatosis polyposis coli; TCF, T-cell factor; LEF,
lymphoid enhancing factor; Cyt-c, cytochrome complex

Citation: Cell Death and Disease (2014) 5, e1380; doi:10.1038/cddis.2014.334
& 2014 Macmillan Publishers Limited All rights reserved 2041-4889/14

www.nature.com/cddis

http://dx.doi.org/10.1038/cddis.2014.334
mailto:anila.dwivedi@rediffmail.com
http://www.nature.com/cddis


of action of 2-(piperidinoethoxyphenyl)-3-(4-hydroxyphenyl)-
2H-benzo(b)pyran (K-1), responsible for inhibition of endo-
metrial hyperplasia, remains to be explored in human
endometrial hyperplasial cells. Because estrogen is one of
the factor responsible for inducing Wnt/b-catenin signaling
that may be responsible for inducing proliferation and
hyperplasia formation in endometrium,4,5 we further analyzed
whether the benzopyran compound (K-1) modulates Wnt/b-
catenin signaling in human endometrial hyperplasial cells
from proliferation (Wnt-On) to differentiation (Wnt-Off).
Accordingly, in the current study, we explored the antiproli-
ferative efficacy of K-1 on primary culture cells derived from
human endometrial hyperplasial tissue and investigated the
Wnt/b-catenin pathway and its downstream signaling. We
have also studied the effect of K-1 on cell survival pathway to
substantiate the above conjecture.

Results

K-1 inhibits endometrial hyperplasial cell proliferation.
Firstly, the effect of K-1 on cell viability was examined by
3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay. Treatment of primary endometrial hyperplasial
cells with K-1 showed decreased cell viability in a concentra-
tion-dependent manner with IC50 of B5 mM (Po0.001), in the
absence or presence of estradiol (Figure 1c). K-1 was
ineffective in normal endometrial primary culture cells but
suppressed the estradiol-induced proliferation in normal
endometrial cells (Figure 1b). This showed that K-1 has an
antiproliferative effect on primary endometrial hyperplasial
cells without affecting the normal endometrial cells.

K-1 alters the expression of proliferation markers and
Wnt/b-catenin signaling markers in primary endometrial
hyperplasial cells. To study the proliferation and Wnt/b-
catenin signaling pathway, we analyzed proliferation markers
(ERa, PR), downstream targets and integral parts of the
Wnt/b-catenin signaling (Wnt7a, FZD6, pGsk3b, Gsk3b and
axin2). K-1 was shown to downregulate the expression of
ERa, PR, Wnt7a and FZD6 whereas upregulate the expres-
sion of axin2 in a dose-dependent manner (Figure 2a). The
densitometric analysis revealed that K-1 reduced the
expression of ERa byB76%, PR by B86%, Wnt7a by
B77%, FZD6 by B55% and upregulated the expression of
axin2 by 1.7 times at a concentration of 7.5 mM. Gsk3b, an
important downstream mediator of Wnt signaling that
regulates b-catenin phosphorylation and ubiqutinization,
was found to be activated by K-1 via its dephosphorylation
(Po0.001). These data suggest that K-1 significantly down-
regulates the Wnt/b-catenin signaling in hyperplasial cells.

K-1 downregulates the expression of b-catenin and its
nuclear localization. K-1 was found to reduce the expres-
sion of b-catenin and its downstream regulators (Figure 2b).
The densitometric analysis showed that K-1 reduced the
expression of b-catenin by B65%, CyclinD1 by B75%,
c-myc by B70% and PCNA by B81% at a concentration of
7.5mM. Simultaneously, K-1 also reduced the nuclear
localization of b-catenin (Figure 3), which might also be
responsible for suppression of b-catenin activation.

Effect of K-1 on Wnt/FZD6 binding and Dkk-1 expression.
Co-immunoprecipitation studies were performed to analyze
whether K-1 inhibits Wnt7a and FZD6 interaction and

Figure 1 K-1 (2-[piperidinoethoxyphenyl]-3-[4-hydroxyphenyl]- 2H-benzo(b)
pyran) inhibits endometrial hyperplasial cell proliferation. (a) Chemical structure of
compound K-1, (b and c) cellular growth pattern of normal primary endometrial cells
and primary endometrial hyperplasial cells. Cells were treated with various
concentrations of compound K-1 (1, 2.5, 5, 7.5 and 10mM) in the absence or
presence of estradiol (10 nM) for 48 h. Cell viability was measured using MTT assay.
The percentage of viable cells was calculated as the ratio of treated cells to the
control cells. Data are expressed as mean (of three different experiments on normal
samples and five different experiments on hyperplasial samples);±S.E.M.,
P values are a-Po0.001, b-Po0.01, c-Po0.05 and d-P40.05 versus control
and e-Po0.001, f-Po0.01, g-Po0.05 and h-P40.05 versus estradiol
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modulates Wnt/b-catenin signaling. Results indicated that
K-1 decreased the interaction of Wnt7a/ FZD6 complex in a
dose-dependent manner (Figure 4a). The densitometric
analysis showed B78% reduction in Wnt7a/FZD6 binding
by K-1, which might be responsible for the deactivation of
Wnt/b-catenin signaling.

Further, the expression of Dkk-1, a well-proven inhibitor
of Wnt/b-catenin signaling, was found to be upregulated
(1.8-fold) by K-1 (Figure 4b).

K-1 suppresses the estradiol-induced proliferation markers
in normal endometrial cells. To analyze whether K-1 acts

through estrogen-mediated signaling to interfere with Wnt
signaling, the effect of K-1 on estradiol-induced expression of
ERa, PR, PCNA, Wnt7a, pPI3K and PI3K biomarkers in
normal endometrial cells were studied. The densitometric
analysis showed that K-1 significantly reduced the estradiol-
induced expression of ERa by B37%, PR by B42%, PCNA
by B39%, Wnt7a by B49% and pPI3K/PI3K by B58% at a
concentration of 7.5mM (Figure 5b). Interestingly, K-1 did not
cause any effect on the above-mentioned biomarkers in
normal endometrial cells when incubated with K-1 alone
(Figure 5a).

K1 interferes with the PI3K/Akt survival pathway in
endometrial hyperplasial cells. We also studied the effect
of K-1 on the PI3K/Akt pathway, an important cell survival
and proliferation pathway in hyperplasia development.
Phosphorylation status of PI3K (at tyr485) and Akt
(at ser473) was significantly downregulated by K-1. The
densitometric analysis of immunoblots showed that the K-1
decreased the intracellular levels of phosphorylated PI3K by
B80% which in turn decreased the activation of Akt by
B65% at a concentration of 7.5 mM of K-1 (Figure 4b).

K-1 triggers apoptosis in primary endometrial hyperplasial
cells. To check whether the loss in cell viability on treatment
with the K-1 is due to the induction of apoptosis, we analyzed
annexin-V/PI-stained cells by flow cytometry, caspase-3
activity and terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay. In the annexin-V/PI assay, K-1
significantly increased the percentage of apoptotic cells
in a concentration-dependent manner and at 7.5 mM; the
apoptotic cell fraction was approximately fivefold higher as
compared with that of control (Po0.001) (Figure 6a). In the
caspase-3 activity assay, it was found to be increased by
threefold at 7.5 mM of K-1 (Po0.001) (Figure 6b). Also,
visually, a higher number of TUNEL-positive cells were
observed in K-1-treated groups (Figure 7a).

Further, the mitochondrial transmembrane potential (cm) of
hyperplasial cells was analyzed and results showed a
significant drop (Po0.001) in Dcm in the presence of K-1
(Figure 7b). These results indicated that the apoptotic
signaling pathway activated by K-1 is likely to be mediated
via the mitochondrial pathway (Figure 6b). The role of K-1 in
inducing apoptosis was analyzed by expression of cleaved
caspase-9 and 3 and cleaved PARP (Figure 7c). Densito-
metric results showed that K-1 significantly upregulated the
expression of caspase-9 and 3 and cleaved PARP. The levels
of the pro- and antiapoptotic proteins (Bax and Bcl-2) were
also found to be altered in K-1-treated hyperplasial cells. K-1
elicited a dose-dependent reduction in Bcl-2 expression
(Po0.001) and an increase in the Bax up to 1.8-fold
(Po0.001) (Figure 7c).

Discussion

Endometrial hyperplasia represents a precancerous,
non-physiological and noninvasive proliferation of the
endometrium18 and eventually that may lead to endometrial
carcinoma. In case of enhanced or unopposed estrogen
signaling, constitutive activation of Wnt/b-catenin signaling

Figure 2 Effect of compound K-1 on the expression of (a) proliferation markers
and Wnt/b-catenin signaling markers, and (b) its downstream effectors. Endometrial
hyperplasial cells were treated with vehicle or compound K-1 at various
concentrations (2.5, 5 and 7.5mM) for 48 h. Thirty-five micrograms of whole cell
lysate protein in each lane was probed for the expression of ERa, PR, Wnt7a, FZD6,
axin2, pGsk3b(ser9), Gsk3b, b-catenin, CyclinD1, c-myc and PCNA using specific
antibodies. b-actin was used as a control to correct for loading. Representative blots
are shown (upper panels) and densitometric quantitation of protein expression
levels are shown as fold changes (lower panels). Data are expressed as mean of
three different experiments;±S.E.M., P values are a-Po0.001, b-Po0.01,
c-Po0.05 and d-P40.05 versus control
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triggers endometrial hyperplasia, which may further develop
into endometrial cancer.10 Among various known Wnts, the
Wnt7a ligand is able to directly stimulate canonical Wnt
signaling and induce proliferation in endometrium.19,20 We
have previously shown that K-1 shows inhibitory activity
against endometrial hyperplasia in a rat model.14 In the
current study, we have established a human primary atypical
endometrial hyperplasia cell culture for studying its effect on
the human tissue. Initially, we compared the growth pattern of
normal endometrial cells and hyperplasial cells, and it was
interesting to observe that the compound significantly
inhibited the growth of hyperplasial cells but not of normal
endometrial cells. However, K-1 inhibited the estrogen-
induced growth of normal endometrial cells. Under similar
conditions, PCNA levels also remained below the baseline
levels in K-1-treated cells. The difference in PCNA levels
caused by the compound in the presence of E2 indicated the
suppression of estrogen action caused by K-1 in these cells
(Figures 1 and 5). Because in hyperplasial endometrial cells,
the unoppposed estrogen action is supposed to be respon-
sible for cellular growth, we hypothesize that the differential

and specific effect of K-1 on hyperplasial cells may be due to
its effect on estrogen-regulated signaling pathways. Also, in
endometrium, estrogen has been shown to induce the Wnt
signaling pathway, whereas progesterone has been shown to
suppress the same.5 Therefore, we further tried to analyze
whether K-1 has any effect on Wnt signaling using human
endometrial primary culture. We have observed that K-1
suppresses the endometrial primary culture growth via
downregulating Wnt/b-catenin signaling.

The regulation of Wnt/b-catenin pathway is governed by
Wnt ligand and Frizzled receptor itself and various other
downstream markers such as axin2, b-catenin, adenomatosis
polyposis coli (APC) and Gsk3b. Cytoplasmic stabilized
b-catenin migrates to the nucleus, where it associates with
TCF/LEF transcription factors, leading to the transcription of
b-catenin target genes.21,22 We found the reduced expression
of b-catenin as well as its nuclear accumulation as observed
by confocal microscopy in K-1-treated cells. Subsequently,
the downstream effectors CyclinD1 and c-myc23 were found
to be downregulated in treated cells. Further, the reduced
expression of Wnt7a ligand and FZD6, and the increased

Figure 3 Demonstration of nuclear b-catenin accumulation in primary endometrial hyperplasial cells by confocal microscopy. Cells were treated with vehicle, 2.5, 5 and
7.5mM of the compound K-1 for 24 h. Cells were fixed, permeabilized, incubated with b-catenin antibody overnight, and subsequently incubated with FITC-conjugated anti-
rabbit antibody for 2 h. The preparations were washed and counterstained with DAPI (Sigma-Aldrich). Representative micrographs demonstrating the distribution of b-catenin
are shown. Cell images were grasped using a confocal fluorescence microscope
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expression of axin2 accompanied by a reduced expression of
phosphorylated Gsk3b in human hyperplasial primary cell
culture under the influence of K-1 suggested the attenuation of
Wnt/b-catenin signaling.

One of the known Wnt/b-catenin inhibitors, Dkk-1, is a
proapoptotic gene,24 which has been demonstrated to interact
with LRP5/6 and to inhibit Wnt/b-catenin signaling via
disrupting the binding of the Wnt/FZD ligand–receptor

Figure 5 K-1 suppresses estradiol-induced proliferation markers and Wnt7a.
Western blot analysis was done to see the effect of compound K-1 on primary
culture of normal endometrial cells (a) in the absence of estradiol and (b) in the
presence of estradiol. The expression of proliferation markers (ERa, PR and
PCNA), Wnt7a and cell survival marker (pPI3K-tyr485/PI3K) was analyzed in the
presence of estradiol (10 nM). Cells were treated with vehicle or E2, K-1,
K-1þE2, for 48 h. Thirty-five micrograms of whole cell lysate protein in each lane
was probed for the expression of ERa, PR, PCNA.Wnt7a, pPI3K(tyr485) and PI3K
using specific antibodies. b-actin (upper panel) was used as a control to correct for
loading. Representative blots are shown and densitometric quantitation of protein
expression levels are shown as fold changes (lower panel). Data are expressed as
mean of three different experiments;±S.E.M., P values are a-Po0.001,
b-Po0.01, c-Po0.05 and d-P40.05 versus control and e-Po0.001, f-Po0.01,
g-Po0.05 and h-P40.05 versus estradiol

Figure 4 Effect of K-1 on Wnt/FZD6 binding, Dkk-1 expression and markers of
cell survival pathway in endometrial hyperplasial cells. (a) Interaction between
Wnt7a ligand and FZD6 was determined by co-immunoprecipitation. Cells were
treated with vehicle or compound at various concentrations, for 48 h. Cell lysates
were immunoprecipitated with anti-FZD6 and subsequently immunoblotted with
anti-Wnt7a. NC is the negative control in which cell lysate was incubated with
non-immune serum instead of anti-FZD6. Representative blots are shown in the
upper panel and densitometric quantitation of protein expression levels are
shown as fold changes. Data are expressed as mean of three different
experiments;±S.E.M., P values are a-Po0.001, b-Po0.01, c-Po0.05
and d-P40.05 versus control. (b) Phosphorylation status of PI3K, Akt and
expression of Dkk-1 as determined by western blot analysis in endometrial
hyperplasial cells. Cells were treated with vehicle, 2.5, 5 and 7.5 mM of the
compound for 48 h. Thirty-five micrograms of whole cell lysate protein in each
lane was probed for the expression of pPI3K(tyr485), PI3K, pAkt(ser473),
Akt and Dkk-1 using specific antibodies. b-actin was used as a control to
correct for loading. Representative blots are shown in the upper panel and
densitometric quantitation of protein expression levels are shown as fold
changes. Data are expressed as mean of three different experiments;±S.E.M.,
P values are a-Po0.001, b-Po0.01, c-Po0.05 and d-P40.05 versus
control
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complex.25 Interestingly, K-1 caused the induced expression
of Dkk-1 and inhibited Wnt/ FZD ligand–receptor binding as
demonstrated by co-immunoprecipitation experiment. Evi-
dences have been given that progesterone induction of Dkk-1
and Foxo-1 results in the inhibition of Wnt signaling in human
endometrium.6 It appears that our compound behaves like
progesterone in modulating the Wnt signaling in endometrial

cells although it is known to bind to estrogen receptor (ER). It
competes with estradiol for binding to both hERa and hERb
indicating its interaction with both ER subtypes.17 We have
earlier shown that K-1 inhibits classical and non-classical
estrogen signaling in uterus.15,16 Because Wnt signaling
pathway is known to be regulated via estrogen, we explored
further whether K-1 is able to suppress the estrogen-induced
Wnt signaling in human endometrial cells. Interestingly, the
profound effect of K-1 on Wnt7a expression was observed in
hyperplasial cells and also the phosphorylated PI3K was
reduced in these cells when incubated with K-1. In experi-
ments on normal cells, no significant effect on Wnt7a and
pPI3k was observed, but when cells were treated with E2, the
significant inhibition in these proteins was observed. This
indicates that K-1 acts specifically on E2-induced Wnt
expression. In absence of E2, the basal levels of Wnt were
not changed. The probable reason may be the inhibition of E
action in endometrial hyperplasial cells which might have
higher expression levels of ER. Besides, in hyperplasial cells,
the aberrant endogenously synthesized E may be responsible
for higher ER expression. Because K-1 is already known to
interact with ERs, and antagonize the action of E,14,17 it might
cause the inhibition of estrogen-induced signaling mechanism
in normal endometrial cells when exogenous E was given.

Further, it is likely that compound is responsible for
suppression of Wnt signaling due to interference with
ER-mediated signaling in endometrial hyperplasia.4 Thus,
the difference in K-1 action in endometrial hyperplasial cells or
estradiol-treated normal endometrial cells as compared with
normal endometrial cells may be because of the change in
expression of ERs, ERa/ERb ratio26 and/or the expression of
coactivators or corepressors.27 These differences may
modulate the role of K-1 in different cell types leading to
cell-specific effects.

ERa has been observed to be associated with important
growth factor pathway such as the PI3K pathway, thus
indirectly cross-talking with canonical Wnt signaling.24 In
PI3K/Akt survival pathway, phosphorylation of PI3K and its
downstream target Akt enhances proliferation and survival of
cells through suppression of apoptosis. Akt phosphorylation
causes many modulations in a cell to make it cancerous.
Deactivation of Gsk3b by Akt phosphorylation is one of those
modulations.25 Akt also activates the expression of the
antiapoptotic gene Bcl-2, which negatively controls the
expression of proapoptotic gene Bax,26,27 and subsequently
inhibits the mitochondria-induced apoptotic signaling cas-
cade. Here, we demonstrated that K-1 was involved in
inhibiting the phosphorylation of PI3K and Akt. Significant
downregulation of the expression of Bcl-2 and the upregula-
tion of Bax observed may be due to reduced Akt activity
that may enhance Cyt-c release from mitochondria by
reducing its membrane potential in K-1-treated cells. Further,
mitochondria-induced apoptotic signaling cascade was sup-
ported by the presence of cleaved fragments of caspase-9
and 3 and PARP. These findings were supported by caspase-3
activation, TUNEL-staining and annexin-V/PI staining.

In summary, the present study has demonstrated
that K-1 hinders the Wnt/b-catenin signaling in endometrial
hyperplasial cells, Wnt7a/ FZD6 binding and subsequent
signaling. It induced axin2 and Wnt/b-catenin inhibitor Dkk-1.

Figure 6 K-1 induces apoptosis and activates caspase-3 in primary endometrial
hyperplasial cells. (a) Analysis of apoptosis in primary endometrial hyperplasial cells
treated with compound K-1 by flow cytometric analysis of annexin-V/PI-stained cells
after 48-h culture. AVþ /PI� -intact cells; AV� /PIþ -nonviable/necrotic cells;
AVþ /PI� and AVþ /PIþ -apoptotic cells. Representative images are shown in
the upper panel and the percentage of cell fraction with S.E.M. was calculated
based on three independent experiments. P values are a-Po0.001, b-Po0.01,
c-Po0.05 and d-P4.05 versus control. (b) Induction of caspase-3 proteolytic
activity was checked in primary endometrial hyperplasial cells after treatment of
compound K-1 (2.5, 5 and 7.5mM). Proteolytic activity was measured by cleavage of
the caspase-3 substrate DEVD-pNA as described in ‘Materials and Methods’.
Cell lysates were prepared after 48 h. Results are expressed as mean±S.E.M.,
n¼ 3.± S.E.M., P values area -Po0.001, b-Po0.01, c-Po0.05 and d-P40.05
versus control
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Simultaneously, K-1 also downregulated the phosphorylation
of PI3K/Akt, which enhanced apoptosis in primary endome-
trial hyperplasial cells. Hypothetically, two mechanisms may
be involved in the regulation of Wnt signaling under the
influence of these effects; compound K-1 either enhances
Dkk-1 and antagonizes the estrogen-induced Wnt signaling
via ER (through ERE) or it might induce Foxo-1 expression,
which acts as transcription factor for Wnt-regulated gene
expression, although the latter possibility needs to be
analyzed further. Altogether, these data suggest that K-1
significantly down regulates the Wnt/b-catenin signaling
which might be considered as one of the mechanisms
responsible for specific anti-proliferative activity of K-1 in
human endometrial hyperplasial cells. Thus, the benzopyran
derivative K-1 can serve as a future therapeutic agent for
treatment of endometrial hyperplasia over the currently
available therapy.

Materials and Methods
Compound. K-1 (Figure 1a) was synthesized as described earlier.28,29

Antibodies and reagents. All culture media and other reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-cytokeratin7, -ERa,
-PR, -PCNA, -pGsk3b (ser9), -Gsk3b, -c-myc, -b-catenin, -CyclinD1, -Wnt7a,
-FZD6, -Dkk-1, -pPI3K(tyr 485), -PI3K, -Akt, -b-actin antibodies, peroxidase- and
fluorescein isothiocyanate (FITC)-conjugated secondary antibodies were procured

from Santa Cruz (Dallas, TX, USA). Antibodies for axin2, pAkt(ser473), cleaved
caspase-3 and 9, cleaved PARP, Bax and Bcl-2 were purchased from Cell
Signalling Technology, Life Sciences (Boston, MA, USA).

TUNEL detection kit was obtained from Roche (Basel, Switzerland). Immuno-Blot
PVDF membrane was purchased from Millipore (Billerica, MA, USA). ECL reagent
and ECL Hyperfilm were purchased from GE Healthcare (Little Chalfont, UK).

Endometrial tissue collection. Endometrial hyperplasia samples (five
different cases of atypical hyperplasia) were collected from patients with abnormal
uterine bleeding (age: 25–40 years) from the Department of Obstetrics and
Gynecology, King George’s Medical University, Lucknow, Uttar Pradesh, India.
Normal endometrial samples (three different cases) were collected from the
patients undergoing hysterectomy for uterine prolapse reasons. An informed
written consent was obtained from each patient and the study was approved by
the local Human Ethics Committee.

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 expert 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 and after the evaluation, tissue
samples were taken for further studies.

Primary culture of endometrial cells. Cell isolation was based on the
methods as described by Genc et al.30 Briefly, tissues were collected in MEM,
minced and incubated with 1 mg/ml collagenase and DNase (2 mg/ml) for 2 h at
37 1C with periodic mixing. Digested tissue was mechanically dissociated and
resuspended in 2 ml of fresh MEM. The cells were filtered through 18-mesh sterile

Figure 7 Effect of K-1 on TUNEL staining, expression of markers of apoptosis in primary endometrial hyperplasial cells. (a) Primary endometrial hyperplasial cells were
treated with vehicle, 2.5, 5 and 7.5mM of the compound K-1 for 24 h. Cells were fixed, permeabilized and the procedure was followed as described in Materials and Methods.
Representative figures stained for TUNEL showing a large number of TUNEL-positive cells (greenish yellow) in K-1-treated groups in a concentration-dependent manner. Cell
images were grasped using a Nikon fluorescence microscope at � 40. (b) Cells were treated with vehicle, or compound K-1 at 2.5, 5 and 7.5mM concentrations, for 24 h.
Mitochondrial membrane potential was measured by normalization of the 590 : 530 nm JC-1 emission ratios and then normalized to untreated cells. Results are expressed as
mean±S.E.M., n¼ 3.± S.E.M., P values are a-Po0.001, b-Po0.01, c-Po0.05 and d-P40.05 versus control. (c) Cells were treated with the indicated concentrations of
compound for 48 h, and 35mg whole cell lysate in each lane was probed for the expression of Bcl-2,Bax, cleaved caspase3/9 and cleaved PARP using specific antibodies.
b-actin was used as a control to correct for loading. Representative blots are shown (left panel) and densitometric quantitation of protein expression levels are shown as fold
changes (right panel). Data are expressed as mean of three different experiments;±S.E.M., P values are a-Po0.001, b-Po0.01, c-Po0.05 and d-P40.05 versus control
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gauze, centrifuged and washed twice with MEM containing 10% fetal bovine
serum (FBS), 1 mM sodium pyruvate, 2 mM L-glutamine and 2% of antibiotic-
antimycotic solution. Then cells were transferred into plastic culture flasks (75 cm2)
(Corning Incorporated, Corning, NY, USA) and incubated at 37 1C with saturating
humidity and 5% CO2. Prior to experiments, cells were cultured in phenol red-free
MEM supplemented with 10% charcoal-stripped FBS and 1% antibiotic-antimycotic
solution.

The endometrial hyperplasial cells were characterized by examining the
expression of cytokeratin-7, an epithelial marker, by immunofluorescence
(Supplementary Figure S1).

Equal numbers of cells were used each time in separate studies.

Cell viability assay. For determination of cell viability, MTT assay was
performed. The primary culture of endometrial hyperplasial cells and normal
endometrial cells were seeded (2.5� 103 cells/well) into 96-well plate and treated
with K-1 (1, 2.5, 5, 7.5 and 10mM) in the absence or presence of estradiol (10 nM)
for 48 h. Then MTT (0.5 mg/ml) (Sigma-Aldrich) was added and incubated for 2 h
at 37 1C. After removing supernatants, cells were incubated with 100ml of dimethyl
sulfoxide (DMSO). The OD was read with Microquant (Bio Tek, Winooski, VT,
USA) at 540 nm. The IC50 value of the compound was determined by Compusyn
software. The experiments were performed three times with five replicates in case
of hyperplasial endometrial primary cells and with three replicates in case of
normal endometrial primary cells.

Western blot analysis. Endometrial primary culture cells were treated with
vehicle or various concentrations of K-1 or estradiol for 48 h. After each treatment,
cells were lysed in lysis buffer (Sigma-Aldrich) supplemented with a protease
inhibitor cocktail. Equal amounts of protein were separated by gel electrophoresis
and transferred to Immuno-Blot PVDF membrane. The membrane was blocked
with 5% skimmed milk and incubated with primary antibody overnight at 4 1C.
The membranes were then incubated with secondary antibody for 1 h. Antibody
binding was detected using enhanced chemiluminescence detection system
(GE Healthcare). After developing, the membrane was stripped and re-probed with
b-actin, Gsk3b, PI3K and Akt antibodies. Each experiment was repeated
three times. Quantitation of band intensity was performed by densitometry
using Quantity-One software (v.4.5.1) and a Gel-Doc2000 imaging system
(Bio-Rad, Hercules, CA, USA).

Immunofluorescence imaging by confocal microscopy. Primary
endometrial hyperplasia cells were grown on coverslips in 12-well plate and
treated with vehicle, or 2.5, 5 and 7.5mM of K-1 for 24 h. Cells were then fixed in
methanol and acetone (1 : 1) and followed by permeabilization with 0.1% Triton
X-100. Cells were washed with PBS and blocked with 1% BSA and incubated with
b-catenin antibody overnight followed by 1 h incubation with fluorescence-tagged
secondary antibody. Following incubation, cells were counterstained with 40,6-
diamidino-2-phenylindole (DAPI) for 5 min. Images were captured at � 100 and
analyzed using LSM-Image-Examiner Software to detect fluorescence and DAPI
emissions. Cells not exposed to primary antibodies served as negative controls.

Co-immunoprecipitation assay. Interaction between Wnt7a ligand and
FZD6 proteins was studied by co-immunoprecipitation of the complex followed by
immunoblotting. Protein A-Sepharose beads were used and the desired protein
was immunoprecipitated according to manufacturer’s instructions (Sigma-Aldrich).
Briefly, 2mg of anti-FZD6 was added to 500mg of cell lysate treated with indicated
concentrations of K-1 and incubated for overnight at 4 1C. For negative control,
cell lysate was incubated with corresponding non-immune serum. Then, 100ml of
beads suspension was added and samples were incubated for 1 h at 4 1C.
Immunoprecipitated complexes were collected by centrifugation at 3000� g for
2 min at 4 1C and washed three times with RIPA buffer. Immunoprecipitates were
resuspended in Laemmli sample buffer and heated for 5 min at 95 1C. The
supernatants were collected by centrifugation at 12 000� g for 30 s at room
temperature. Equal volumes of immunoprecipitated proteins were run on 8% SDS-
PAGE and transferred to PVDF membrane. The proteins were probed with anti-
Wnt7a, followed by the corresponding secondary antibody. Bands were detected
and analyzed by densitometry using Quantity-One Software (v. 4.5.1) and a Gel-
Doc2000 (Bio-Rad) imaging system.

Terminal deoxynucleotidyltransferase-mediated nick end
labeling assay. TUNEL staining was performed by using a ‘Dead End’

fluorometric TUNEL kit (Roche, Upper Bavaria, Germany) as per manufacturer’s
protocol. Briefly, slides were equilibrated with equilibration buffer and were
incubated for 30 min at 37 1C with recombinant terminal deoxynucleotidyl
transferase (rTdT) incubation buffer. The negative control slide was incubated
without the rTdT enzyme. Sections were then rinsed in buffer to stop the reaction,
followed by PBS washing and examined under light microscope (Nikon Eclipse
80i, Shinagawa-Ku, Tokyo, Japan). Images were captured using an NIS-Elements
F-3.0 camera (Nikon, Tokyo, Japan).

Measurement of mitochondrial membrane potential. Dcm was
determined using JC-1 (cationic mitochondrial vital dye) as a probe according
to the method of Dey and Moraes.31 Briefly, treated cells were collected
and incubated for 20 min with 5 mM JC-1 at 37 1C, washed and resuspended
in media. The Dcm was measured at 590 nm for J-aggregates and at
530 nm for J-monomer. The ratio of 590/530 nm was considered as the relative
Dcm value. The experiments were performed thrice with three replicates
in each.

Annexin-V/propidium iodide labeling and flow cytometry assay
for apoptosis. Cells (2� 105cells/ml) were cultured in 6-well plates and
treated with K-1 (2.5, 5 and 7.5mM) for 48 h. Adherent and non-adherent cells
were probed with FITC-conjugated annexin-V and PI. The staining profiles were
determined with FACScan and Cell-Quest software. The experiments were
performed thrice with three replicates in each.

Caspase-3 colorimetric assay. Caspase-3 activity was determined using
the colorimetric Caspase-3 assay kit (Sigma-Aldrich). Briefly, cells were trypsinized
and centrifuged for 5 min at 600 g at 4 1C. Then, cell pellets were resuspended in
ice-cold cell lysis buffer and incubated on ice for 20 min. Supernatants collected
after centrifugation were incubated with 1 mM caspase-3 substrate (DEVD-pNA)
for 2 h at 37 1C and the OD was measured at 405 nm. The experiments were
performed three times with three replicates in each.

Statistical analysis. Results were expressed as mean ±S.E.M. for at least
three separate determinations for each experiment. Statistical significance was
determined by ANOVA and Newman Keul’s test, and the levels of probability were
noted.
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