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Diindolylmethane-mediated Gli1 Protein Suppression
Induces Anoikis in Ovarian Cancer Cells in Vitro and Blocks
Tumor Formation Ability in Vivo™
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Background: Anoikis, a detachment-free cell death, and pathways involving anoikis are not well understood.

Results: Diindolylmethane and cyclopamine induce anoikis in vitro and in vivo by inhibiting Glil.

Conclusion: Glil suppresses anoikis resistance and inhibits tumor formation ability of ovarian cancer cells.

Significance: This is the first report demonstrating the role of Glil in anoikis. Glil inhibitors can be used clinically to inhibit

metastasis.

Anoikis is a cell death that occurs due to detachment of a cell
from the extracellular matrix (ECM). Resistance to anoikis is a pri-
mary feature of a cell that undergoes metastasis. In this study for
the first time, we demonstrated the potential role of Glil in anoikis
resistance. Treatment of various ovarian cancer cells by different
concentrations of diindolylmethane (DIM), an active ingredient of
cruciferous vegetables, reduced the anoikis resistance in a concen-
tration-dependent manner. Reduction in anoikis resistance was
associated with a decrease in the expression of Glil and an increase
in the cleavage of poly(ADP-ribose) polymerase (PARP). Sonic
hedgehog (Shh) treatment not only increased the expression of
Glil, but also blocked anoikis induced by DIM and abrogated the
change in the expression of Glil and cleaved PARP by DIM. To
confirm the role of Glil, hedgehog inhibitor cyclopamine, Glil
siRNA and Glil™/~ mouse embryonic fibroblasts (MEFs) were
used. Cyclopamine treatment alone significantly reduced anoikis
resistance in A2780 and OVCAR-429 cells. Cyclopamine-medi-
ated reduction in anoikis resistance was associated with reduced
expression of Glil and induction of cleaved PARP. Shh treatment
blocked cyclopamine-induced anoikis. Silencing Glil expression
induced anoikis and cleavage of PARP in A2780 and OVCAR-429
cells. Furthermore, Glil~/~ MEFs were more sensitive to anoikis
compared with Glil*/* MEFs. Our iz vivo studies established that
DIM- or cyclopamine-treated ovarian cancer cells under suspen-
sion culture conditions drastically lost their ability of tumor forma-
tion in vivo in mice. Taken together, our results establish that Glil
is a critical player in anoikis resistance in ovarian cancer.

Extracellular matrix (ECM)? serves as a basement membrane
for the growth of cells (1). Epithelial cells depend on proper
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cell-cell and cell-matrix interactions for proper differentiation
and survival (2). However, transformed epithelial cells acquire
the ability to grow in anchorage-independent growth condi-
tions, making it a critical feature of metastasis (3). Anoikis,
meaning homeless in Greek, is apoptosis induced by lack of
proper ECM attachment (4). Both normal and immortalized
cells undergo anoikis. For the tumor cells to become metastatic,
cells must survive detachment from the ECM and resist the
apoptotic stimuli associated with invasion, migration, and
metastasis by activating survival mechanisms (5). Hence, cells
that are resistant to anoikis can lodge in distant sites, leading to
metastasis (5). Anoikis is relatively a new concept, and many
study groups are trying to evaluate new pathways that are
involved in anoikis resistance. It is important to note that there
is no common mechanism of anoikis resistance among all can-
cer types (6).

Hedgehog signaling was first identified in Drosophila as a
pathway that directs patterning and is crucial for proper devel-
opment (7). Subsequent studies identified three members of
this family which include sonic hedgehog (Shh), desert hedge-
hog (Dhh), and Indian hedgehog (Ihh) (8). Among these three
proteins, Shh is widely studied due to its role in cancer. At the
molecular level, when Shh ligand binds to Ptch receptor, it
releases Smo, which becomes active and initiates a signaling
cascade that results in the activation of Glil, a transcription
factor that translocates to nucleus, binds to DNA, and causes
the activation of several genes (9). Distinct tissues require spe-
cific levels of hedgehog signaling for proper function, and an
increase or decrease of pathway activity results in severe
defects, including cancer (10). Molecules of hedgehog signaling
such as Glil are aberrantly expressed in various cancers includ-
ing ovarian cancer (10-12). Accumulating evidence suggests
that hedgehog signaling through Glil plays a role in cell cycle
progression, antiapoptosis, angiogenesis, metastasis, and EMT
(7,13-18). However, the role of Gli1 in anoikis is not yet known.

Ovarian cancer is a leading gynecological malignancy in the
United States with 15,500 deaths and 22,280 new cases diag-

poly(ADP-ribose) polymerase; poly-HEMA, poly(2-hydroxyethyl methacry-
late); Shh, sonic hedgehog.
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nosed in 2011 (19). Ovarian cancer is one of the difficult cancers
to detect before it metastasizes despite several daring attempts
for early detection. Ovarian tumor cells are most sensitive to
metastasis because the ovaries are exposed to the peritoneum
(20). The most common sites of ovarian cancer metastasis are
liver, lungs, and stomach, where cells travel through the perito-
neum (21). Ovarian epithelial tumor cells that are resistant to
anoikis can find their metastatic sites easily (5). Thus, ovarian
cancer makes a very attractive and important model to study
anoikis (22, 23). Several recent studies reported that hedgehog
signaling plays a crucial role in ovarian tumorigenesis (11, 12).
Hence, in this study we sought to determine whether hedgehog
signaling plays any role in anoikis resistance in ovarian cancer
cells.

Diindolylmethane (DIM) is an active constituent of crucifer-
ous vegetables. Anticancer effects of DIM have been shown
against prostate, breast, colon, and pancreatic cancers (24 -27).
Previously published studies from our laboratory indicated that
DIM treatment suppresses the growth of ovarian cancer cells in
vitro and in vivo (28 —=31). In addition, DIM inhibits angiogene-
sis and blocks invasion of ovarian cancer cells (32). In the cur-
rent study, we investigated the role of DIM-induced anoikis in
ovarian cancer cells.

MATERIALS AND METHODS

Chemicals—Cyclopamine was purchased from Enzo Life Sci-
ences (Farmingdale, NY). Gli siRNA was obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). BR-DIM is a kind gift
from Dr. Michael Zeligs (Bio Response, Boulder, CO). Poly(2-
hydroxyethyl methacrylate) (poly-HEMA), sulforhodamine B,
MCDB105 medium, medium 199, and antibody against actin
were obtained from Sigma-Aldrich. Antibodies against Glil
and CI-PARP were obtained from Cell Signaling Technology.
Shh was obtained from R&D Systems. Transfection reagent
siPORT was obtained from Applied Biosystems (Carlsbad, CA).
RPMI and McCoy 5A were purchased from Mediatech (Manas-
sas, VA). DMEM was procured from ATCC (Manassas, VA).

Cell Culture—A2780, OVCAR-429, SKOV-3, and TOV-21G
were procured and cultured as described previously (32).
Gli1"’" and Glil "/~ MEFs, a kind gift from Dr. Bushman (Uni-
versity of Wisconsin, Madison, WI), were maintained in
DMEM as explained previously (33).

Poly-HEMA Coating—Poly-HEMA coating was applied to
culture plates to culture regular adherent cells in a suspension
form to simulate extracellular matrix detachment growth con-
ditions. Poly-HEMA was dissolved in absolute ethanol at a final
concentration of 1 mg/ml by incubating it on a shaker at 60 °C
overnight. Immediately, low adherent culture plates (catalog
no. 351029) were coated with poly-HEMA and allowed to dry.
After poly-HEMA coating was uniformly applied, plates were
washed with sterile PBS and used for different anoikis assays.

Anoikis Assay—Anoikis assay was performed as described
previously with few modifications (22, 34). Briefly, 1 X 10° cells
were plated in poly-HEMA -coated plates. DMSO was added to
control plates whereas other plates were exposed to various
concentrations of DIM or cyclopamine. After the desired time,
cells were centrifuged at 1000 rpm for 5 min and uniformly
distributed in a 24-well plate and incubated at 37 °C in an incu-
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bator. After 8 h, plates were processed for Sulforhodamine B
(SRB) assay as described previously by us (29). The average
control value was used to divide the average value of treated
sample and multiplied by 100. Anoikis was represented as a
graph plotted as percentage anoikis resistance on the y axis
against drug concentration on the x axis.

Western Blotting—A2780 or OVCAR-429 cells were exposed
to varying concentrations of DIM or cyclopamine under sus-
pension culture conditions for the desired time. Cells were col-
lected, lysed, and approximately 10— 60 ug of protein was sub-
jected to SDS-gel electrophoresis followed by immunoblotting
as previously described by us (28).

Gli Knockdown—Briefly, 0.3 X 10° A2780 or OVCAR-429
cells were plated in OPTI-MEM without antibiotics and
reverse-transfected with siRNA. Complexes were prepared by
incubating 100 nm Glil siRNA with 8 ul of siPORT transfection
reagent in 200 ul of OPTI-MEM without serum or antibiotic
for 1 h. These complexes were then added to the cells. Six hours
after transfection, the medium was replaced by regular
medium. After 48 h of transfection, cells were grown under
matrix-free conditions for 24 h and processed for anoikis assay
and Western blotting as described above.

In Vivo Anoikis Experiment—An in vivo anoikis experiment
was performed as described previously with few modifications
(35, 36). Four- to 6-week-old female athymic nude mice were
purchased from Charles River Laboratories (Wilmington, MA).
The use of mice and their treatment were approved by Institu-
tional Animal Care and Use Committee (IACUC), Texas Tech
University Health Sciences Center, and all of the experiments
were carried out in strict compliance with regulations. Mice
were fed with an antioxidant-free AIN-76A special diet for a
week before starting the experiment. A2780 or OVCAR-429
cells were treated with DMSO or cyclopamine or DIM for 20 h
under suspension culture conditions. The treated cells were
washed thoroughly three times with Hanks” buffer to remove
the free drug. Viable cells were counted by trypan blue dye
exclusion assay. Approximately 5 X 10° viable cells from each
group were resuspended in a 1:1 mixture of Matrigel and
Hanks’ buffer and inoculated subcutaneously into the flanks of
nude mice using a Hamilton syringe. Once palpable tumors
were formed, the tumor volume was measured every other day
using digital vernier calipers as described previously by us
(37). Tumor volume was calculated as volume = (length X
width?)/2. The experiment was terminated after 28 days. In
another experiment, A2780 cells grown under suspension cul-
ture conditions were injected as described above. After a palpa-
ble tumor was formed, either scrambled siRNA or 0.5 um Glil
siRNA was administered intratumorally once every 3 days until
the experiment was terminated on day 23.

Statistical Analysis—All the statistical analysis was per-
formed using Prism 5.0 (GraphPad Software Inc., San Diego,
CA). The datarepresent mean * S.D. or S.E. Student’s ¢ test was
used to compare the control and treated groups. In experiments
involving more than three groups, nonparametric analysis of
variance followed by Bonferroni’s post hoc multiple compari-
son test was used. All statistical tests were two-sided. Differ-
ences were considered statistically significant when the p value
was <0.05.
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RESULTS

DIM Reverses Anoikis Resistance by Inhibiting Glil in Ovar-
ian Cancer Cells—W e have demonstrated previously that DIM
induces apoptosis and exerts antiangiogenic effects in ovarian
cancer cells (32). However, the mechanism by which DIM
mediates these properties was not clear. Recent studies indi-
cated that malignant cells acquire metastatic potential only
after overcoming anoikis, a type of cell death which is triggered
by detachment of cells from the ECM. To determine whether or
not DIM overcomes anoikis resistance, A2780, SKOV-3, TOV-
21G, and OVCAR-429 ovarian cancer cell lines were cultured
as a suspension culture in poly-HEMA-coated plates and
treated with varying concentrations of DIM for 24 h. The
treated cells were recultured on an adherent plate where only
anoikis-resistant cells attach and grow. Our results indicated
that DIM treatment reduced the anoikis resistance in various
ovarian cancer cell lines in a concentration-dependent manner.
Reduction in the survival is represented as a percentage
decrease in anoikis resistance. Anoikis resistance by 25-75 um
DIM treatment was reduced by 25-75% in A2780 cells (Fig.
1Ai). Similar concentrations of DIM reduced anoikis resistance
by 15-40% in SKOV-3, 10-30% in TOV-21G, and 20-50% in
OVCAR-429 cells (Fig. 1Aii—iv). These results clearly establish
that DIM reduces anoikis resistance in ovarian cancer cells in a
concentration-dependent manner.

Because anoikis is a form of apoptosis, the results were con-
firmed by Western blotting. Our Western blot analysis revealed
that DIM treatment induces cleavage of caspase3 and PARP in
A2780 and OVCAR-429 cells, strengthening our above obser-
vations with regard to anoikis (Fig. 1B).

Hedgehog signaling transcription factor Glil plays an impor-
tant role in cancer progression. Furthermore, hedgehog signal-
ing is aberrantly expressed in ovarian cancer. However,
whether Glil is a target of DIM and whether hedgehog signal-
ing plays any role in anoikis were not known. To test the role of
hedgehog/Glil in DIM-induced anoikis, A2780 or OVCAR-429
ovarian cancer cells were treated with DIM under suspension
culture conditions. Our Western blot analysis demonstrates
that DIM treatment significantly reduced the expression of Glil
in both cell lines tested (Fig. 1B). The decrease in the expression
of Glil was approximately 60 —70% in both the cell lines.

To determine whether the Glil down-regulation was the
cause or effect of anoikis, we evaluated the time-dependent
effect of DIM in A2780 cells grown under suspension culture
conditions. We observed that Glil suppression by DIM in
A2780 cells was as early as 2 h whereas the cleavage of PARP
was observed only at 4 h (Fig. 1C), suggesting that Glil down-
regulation was associated with the induction of anoikis in
A2780 ovarian cancer cells.

DIM Down-regulates Glil under Adherent Culture Con-
ditions—Next, we questioned whether there is any anoikis
induction in A2780 cells grown under suspension culture con-
ditions compared with adherent cells. Our results indicated a
very modest decrease in the survival of A2780 cells under sus-
pension culture compared with those in adherent culture con-
ditions (Fig. 1D). Accordingly, our Western blot analysis
revealed no change in the expression of Glil when A2780 cells
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were grown under adherent or suspension cell culture condi-
tions (Fig. 1E).

Because we observed a decrease in Glil expression in cells
grown under suspension culture conditions in response to DIM
treatment, we asked ourselves whether DIM down-regulates
Glil in adherent culture conditions as well. To answer this
question, we treated A2780 cells grown under adherent condi-
tions with DIM. Exposure of A2780 cells to 50 um DIM resulted
in the down-regulation of Glil in adherent cells (Fig. 1F). These
results suggest Glil as a target of DIM in both adherent as well
as suspension culture conditions.

Shh Pretreatment Reverses Anoikis Sensitization by DIM—To
strengthen the role of Glil in anoikis resistance, Shh was used to
increase the expression of Glil. Shh is a 45-kDa precursor pro-
tein that is cleaved into a 20-kDa N-terminal Shh peptide and
35-kDa C-terminal peptide (38). The N-terminal peptide is
responsible for retaining signaling capabilities and the C-termi-
nal for intramolecular precursor processing, acting as choles-
terol transferase (38). Together, they play an important role in
hedgehog signal generation (39). Glil translocates to nucleus
and binds to specific regions of DNA leading to the increase in
the expression of genes including Glil itself. As shown in Fig.
24, treatment of A2780 or OVCAR-429 cells with 10 ng/ml Shh
resulted in an enormous increase in the expression of Shh. Sim-
ilarly, a >2-fold increase in the expression of Glil was observed
in both cell lines in response to Shh treatment.

Because our results indicated the involvement of Glil in
DIM-induced anoikis, we hypothesized that Shh treatment
would block DIM-induced anoikis. As expected, our results
showed that Shh substantially abrogated the reduction in the
anoikis resistance by DIM in four different ovarian cancer cell
lines. For example, A2780 cells treated with 50 um DIM showed
a 70% reduction in the anoikis resistance (Fig. 2B). However,
Shh treatment blocked DIM-induced anoikis by almost 40%
(Fig. 2B). Similarly, significant reduction in anoikis resistance
by DIM in OVCAR-429, SKOV-3, and TOV-21G cells was
completely blocked by Shh pretreatment, confirming our
hypothesis (Fig. 2B).

In support of the above observations, our Western blot anal-
ysis also revealed that substantial reduction in the expression of
Glil by DIM was significantly blocked by Shh pretreatment
(Fig. 2C). Similarly, Shh treatment substantially decreased the
cleavage of PARP induced by DIM in A2780 and OVCAR-429
cells (Fig. 2C). These results clearly establish that DIM induces
anoikis by inhibiting Glil in ovarian cancer cells.

Cyclopamine Reduces Anoikis Resistance in Ovarian Cancer
Cells by Inhibiting Glil—Because induction of anoikis by DIM
was mediated by Glil inhibition, we questioned whether hedge-
hog inhibitor can induce anoikis in ovarian cancer cells. To
answer our question, we used cyclopamine, a well known Shh
inhibitor. Cyclopamine acts as an antagonist to Shh and blocks
smoothened (Smo) receptor on cell membrane there by block-
ing Glil. A2780 or OVCAR-429 cells were grown in poly-
HEMA-coated plates as described above and treated with 25
M cyclopamine for 24 h. Our results demonstrate that cyclo-
pamine reduces anoikis resistance in ovarian cancer cells (Fig.
3A). Decrease in the anoikis resistance was ~40% in A2780
cells, and the reduction in anoikis resistance in OVCAR-429
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FIGURE 2. Shh reverses anoikis induced by DIM. A, representative blots of Shh and Gli1 from lysates collected from A2780 (i) and OVCAR-429 cells (ii) exposed
to 10 ng/ml Shh for 24 h under suspension culture conditions. B, representative bar graphs showing percentage anoikis resistance in cells treated under
suspension culture conditions with DMSO, 50 um DIM alone, or in combination with Shh in A2780 (i), OVCAR-429 (ii), SKOV-3 (jii), and TOV-21G cells (iv). *, p <
0.05 compared with control; #, p < 0.05 compared with DIM treatment. Error bars, S.D. C, representative blots of Gli1 and CI-PARP from lysates collected from
cells treated under suspension culture conditions with DMSO or DIM in the presence or absence of Shh. Actin was used as loading control.

FIGURE 1. DIM reverses anoikis resistance in ovarian cancer cells. Ai, A2780; Aii, SKOV-3; Aiii, TOV-21G; and Aiv, OVCAR-429 cells were grown in poly-HEMA-
coated plates as suspension culture and treated with DMSO or various concentrations of DIM. After 24 h, cells were replated in an adherent 24-well plate and
allowed to attach overnight. Viable cells were analyzed by Sulforhodamine B (SRB) assay. Representative bar graphs show the percentage anoikis resistance in
different treatment conditions. *, p < 0.05 compared with control. Error bars, S.D. B, blots are representative of Gli1, Cl-caspase3, and CI-PARP from lysates
collected from A2780 (i) and OVCAR-429 cells (ii) grown under suspension culture conditions and treated with or without 50 um DIM. Actin was used as loading
control. G, representative blot of Gli1 and CI-PARP from lysates collected from A2780 cells grown under suspension culture conditions and treated with 50 um
DIM for different time points are shown. Actin was used as a loading control. D, A2780 cells were grown for 24 h under adherent and suspension culture
conditions. The cells were trypsinized and replated in a 24-well plate and allowed to attach overnight. Viable cells were analyzed by SRB assay. Representative
bar graphs show the percentage anoikis resistance under different growth conditions. E, representative Western blots are shown of Gli1, Cl-caspase3, and
CI-PARP from lysates collected from A2780 cells grown under adherent and suspension culture conditions. F, representative blots of Gli1, Cl-caspase3, and
CI-PARP from lysates collected from A2780 cells grown under adherent culture conditions and treated with 50 um DIM are shown. Actin was used as a loading
control.
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FIGURE 3. Cyclopamine induces anoikis in ovarian cancer cells. A, bar graphs representing percentage anoikis resistance in A2780 (i) and OVCAR-429 cells
(if) treated with 25 um cyclopamine for 24 h under suspension culture conditions. *, p < 0.05 compared with control. Error bars, S.D. B, representative blots of
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conditions. Actin was used as loading control. C, representative bar graphs showing percentage anoikis resistance in A2780 (i) and OVCAR-429 cells (ii) treated
with 25 um cyclopamine for 24 h in the presence or absence of 10 ng/ml Shh in suspension culture conditions. *, p < 0.05 compared with control; #, p < 0.05

compared with cyclopamine treatment.

cells was approximately 35% (Fig. 3A4). In accordance with these
data, our Western blotting data indicated that cyclopamine
treatment reduced the expression of Glil in both A2780 and
OVCAR-429 cell lines. Reduction in the Glil expression corre-
sponded with increase in the cleavage of PARP, indicating that
anchorage-independent cell death is induced by cyclopamine in
ovarian cancer cells (Fig. 3B). Moreover, treating A2780 or
OVCAR-429 cells with Shh prior to cyclopamine restored the
anoikis resistance that was reduced by cyclopamine treatment
(Fig. 3C). These results further strengthen our hypothesis that
inhibiting hedgehog signaling reverses anoikis resistance in
ovarian cancer cells.

Silencing Glil Using siRNA Induces Anoikis in Ovarian Can-
cer Cells—To further confirm the role of Glil in inducing anoi-
kis in our model, Glil was transiently silenced using specific
Glil siRNA in A2780 and OVCAR 429 ovarian cancer cells. As
expected, Glil siRNA completely silenced the expression of
Glil (Fig. 4A). Interestingly, the decrease in the expression of
Glil was associated with the increase in the cleavage of PARP
(Fig. 4A). Our results also confirmed that inhibiting the expres-
sion of Glil sensitizes ovarian cancer cells to anoikis (Fig. 4B).
Glil knockdown resulted in 70% decrease in anoikis resistance
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in A2780 cells and approximately 50% in OVCAR-429 cells
(Fig. 4B).

As a proof of principle, Glil wild-type and knock-out MEFs
were used to test the role of Glil in anoikis. Both Glil1*/* and
Glil ™/~ cells were grown under suspension conditions, and
anoikis resistance was determined. As expected, our results
indicate that anoikis resistance was 60% lesser in Glil =/~ MEFs
compared with Glil*/* MEFs (Fig. 4C). Taken together, these
results establish the role of Glil and thereby hedgehog signaling
in anoikis in ovarian cancer cells.

Because we observed that silencing Glil expression using
Glil siRNA resulted in induction of anoikis in ovarian cancer
cells, we hypothesized that administering Glil siRNA would
retard the tumor formation in vivo. To test our hypothesis, we
implanted A2780 tumor xenografts by injecting 5 X 10° cells
grown under suspension culture conditions for 24 h, in the
flanks of female athymic nude mice. After palpable tumor mass
was formed, control siRNA was injected intratumorally in the
tumors of control mice whereas mice from the treated group
were injected with Glil siRNA once every 3 days. Tumor vol-
ume was measured using vernier calipers. Our results demon-
strated that intratumoral injection of Glil siRNA substantially
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in suspension culture condition for 24 h after transfecting Gli1 siRNA in adherent cells for 48 h. Actin was used as loading control. B, bar graphs representing
percentage anoikis resistance in A2780 (i) and OVCAR-429 cells (ii) transfected with Gli1 siRNA. *, p < 0.05 compared with control. Error bars, S.D. C, bar graphs
representing percentage anoikis resistance in Gli1 ™/ and Gli1~/~ MEF cells grown in suspension culture conditions for 24 h. D, effect of control and Gli1 siRNA
on the growth of A2780 ovarian tumor xenografts. *, p < 0.05 compared with control.

retarded the growth of A2780 tumors compared with control
tumors (Fig. 4D), suggesting that Glil suppression reduces the
formation of ovarian tumors iz vivo.

Effect of DIM and Cyclopamine on Ovarian Tumor Forma-
tion in Vivo—Several previous studies established that cells that
are sensitive to anoikis, lose tumor formation ability in mice.
Because we observed that both DIM and cyclopamine reduce
the anoikis resistance, we sought to determine the tumor for-
mation ability of ovarian cancer cells treated with DIM or cyclo-
pamine. A2780 or OVCAR-429 cells were treated with DMSO,
10 uMm cyclopamine, or 75 um DIM for 20 h in suspension cul-
ture conditions. After 20 h of treatment, viable cells were
counted using trypan blue. About 5 X 10° viable cells were
injected in flanks of female athymic nude mice to deter-
mine the tumor formation ability of cells. Once palpable
tumors were formed, tumor measurements were noted using
vernier calipers every 2 days. Our results indicate that both
DIM and cyclopamine almost completely suppressed the tumor
formation ability of ovarian cancer cells in vivo. For example, on
day 28 the average tumor volume formed by A2780 cells treated
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with cyclopamine was around 20 mm?, and those treated by
DIM was 30 mm?®, which was substantially lesser compared
with an average tumor volume of 700 mm? formed by control
cells treated with only DMSO, demonstrating approximately
95% tumor growth inhibition (Figs. 54 and 6A4). Similarly, in
OVCAR-429 cells, the mean tumor volume formed by control
OVCAR-429 cells was ~130 mm?®, whereas cyclopamine- and
DIM-treated cells formed a tumor that accounted for 20 mm?®
and 40 mm?, respectively (Figs. 5B and 6B). Taken together,
these results establish that DIM or cyclopamine substantially
inhibits the tumor formation ability of ovarian cancer cells in
vivo.

DISCUSSION

To best of our knowledge, this is the first report showing the
role of hedgehog/Glil in relation to anoikis. The key findings
from our study are that hedgehog/Glil signaling plays an
important role in anoikis resistance, and disrupting Glil
induces anoikis in ovarian cancer cells. Our study shows evi-
dence that inhibiting Glil by DIM or hedgehog signaling inhib-
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FIGURE 5. DIM treatment inhibits tumor formation potential of ovarian
cancer in athymic nude mice. A2780 (A) or OVCAR-429 cells (B) were treated
with DMSO or 75 um DIM under suspension culture conditions for 20 h after
which 5 X 10° viable cells counted by trypan blue assay were injected in
flanks of female athymic nude mice. Once each mouse had a palpable tumor,
tumor volume was measured every other day using vernier calipers as
described under “Materials and Methods.” Effect of DIM on A2780 cells (A) and
OVCAR-429 cells (B) on tumor formation ability is represented by graphs plot-
ted as tumor volume (mm?) against number of days. *, p < 0.05 compared
with control.

itor cyclopamine reverses anoikis resistance in ovarian cancer
cells. Silencing Glil using siRNA also sensitized ovarian cancer
cells to anoikis. Furthermore, Glil '~ MEFs were more suscep-
tible to anoikis compared with Glil*’* MEFs. As a proof of
concept, we showed that both DIM and cyclopamine reduced
the tumor formation capability of ovarian cancer cells when
treated under ECM-free conditions.

One of the key reasons for the high mortality rate of ovarian
cancer is because it is usually detected in late stages after it has
metastasized to organs around peritoneum. Malignant cells
metastasize only after acquiring resistance to anoikis (40).
Because ovaries are exposed to the peritoneum, cancer cells
from the ovarian surface epithelium can easily lodge into met-
astatic sites. The ovarian cancer cells detach from the primary
tumor and subsequently invade the peritoneum, leading to the
accumulation of large amounts of ascites containing tumor
cells (34). A recent report suggested that intraperitoneally
injected cancer cells take 5 days to adhere to the peritoneum,
indicating that these cells acquire resistance to anoikis and
thereby gain metastatic potential (41). Hence, understanding
anoikis and factors that play a role in anoikis resistance is of
prime importance in ovarian cancer.
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FIGURE 6. Cyclopamine treatment inhibits tumor formation potential of
ovarian cancer in athymicnude mice. A2780 (A) or OVCAR-429 cells (B) were
treated with DMSO or 10 um cyclopamine under suspension culture condi-
tions for 20 h after which 5 X 10° viable cells counted by trypan blue assay
were injected in flanks of female athymic nude mice. Once each mouse had a
palpable tumor, tumor volume was measured every other day using vernier
calipers as described under “Materials and Methods.” Effect of cyclopamine
on A2780 cells (A) and OVCAR-429 cells (B) on tumor formation ability is rep-
resented by graphs plotted as tumor volume (mm?) against number of days. ¥,
p < 0.05 compared with control. Error bars, S.D.

In this study, we identified Glil as a novel mediator regulat-
ing DIM-induced anoikis in ovarian cancer cells. Glil is a major
transcription factor of hedgehog signaling (14). Several recent
studies showed that hedgehog plays a role in metastasis of var-
ious cancers (16). Furthermore, it is reported that expression of
hedgehog/Glil proteins increased stepwise in benign, border-
line, and malignant neoplasms (12, 42). Hence, there is every
reason for this pathway to play a major role in anoikis resist-
ance. Cyclopamine is a well known hedgehog inhibitor and
blocks Glil expression. Our results showing that cyclopamine-
mediated anoikis was associated with Glil suppression were in
support with recent studies showing that cyclopamine inhibits
Glil (42). Glil plays a major role in transcribing several prosur-
vival genes and aid in angiogenesis, Epithelial to Mesenchymal
Transition (EMT), and metastasis (43). Silencing Glil using
siRNA in our model blocked anoikis resistance, confirming the
role of Glil in anoikis resistance. We observed significant anoi-
kis in cells that were devoid of Glil expression. Our results
demonstrated that silencing Glil induces cleavage of PARP in
ovarian cancer cells. Because there was no induction of cleaved
PARP in A2780 cells cultured under suspension conditions for
24 h, it is possible that the Glil suppression might be leading to
onset of apoptosis in A2780 suspension cells. Importantly, our
results are in agreement with two recently published studies
which demonstrated that silencing Glil expression using Glil
siRNA induces apoptosis (42, 44). These observations were also
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confirmed by Glil knock-out MEFs. Approximately 50%
reduced anoikis resistance was observed in untreated Gli '~
MEFs compared with their wild-type counterparts. All of these
data confirm that sonic hedgehog/Glil plays a major role in
conferring anoikis resistance and promoting abdominal dis-
semination of ovarian cancer. Hence, our studies to some
extent support the accumulating clinical and pathologic evi-
dence on the role of hedgehog in the aggressiveness of various
cancers.

DIM is a phytochemical present in cruciferous vegetables.
Several studies including those from our laboratory demon-
strated the anticancer potential of DIM against various cancers
(28, 32, 45). DIM is also currently in clinical trials to treat sev-
eral cancers (45). Our studies on DIM led us to two new find-
ings: (i) DIM is able to induce anoikis and (ii) hedgehog/Glil is
a therapeutic target of DIM. DIM treatment reduced the
growth of various ovarian cancer cells in ECM-free culture con-
ditions. Importantly, Glil expression was significantly reduced
by DIM treatment. Furthermore, Shh not only substantially
blocked anoikis induced by DIM, but also blocked the down-
regulation of Glil by DIM, suggesting that Glil is a target of
DIM. Our studies are in agreement with two other reports
which showed that phytochemicals such as curcumin and
EGCQG inhibit hedgehog/Glil signaling in meduloblastoma and
prostate cancer cells (46, 47). We observed that Glil expression
varied in various ovarian cancer cells (supplemental Fig. 1). Glil
expression was highest in SKOV-3 cells followed by A2780,
TOV-21G, and OVCAR-429 cells. No correlation was observed
between the expression of Glil and suppression of anoikis
resistance by DIM in these cancer cells. However, involvement
of other signaling pathways in DIM induced anoikis in ovarian
cancer cells cannot be ruled out.

Several studies showed that cells that are sensitive to anoikis
fail to form tumors in vivo (35, 36). Our results showed that
exposing the cells to cyclopamine under suspension culture
condition inhibited the A2780 cell growth and tumor formation
in nude mice. This supported a potential role of Glil in the
growth of ovarian tumors in vivo. These in vivo observations
were further confirmed using another ovarian cancer cell line,
OVCAR-429. Similarly, exposure of A2780 or OVCAR-429 to
DIM under suspension condition prior to tumor inoculation
significantly reduced the tumor formation ability and delayed
ovarian tumor appearance. Furthermore, intratumoral injec-
tion of Glil siRNA substantially reduced the A2780 tumor
xenografts compared with control tumors. Our studies along
with several previous studies suggest that hedgehog/Glil is a
good target for anticancer therapy in ovarian cancer and advo-
cate the use of hedgehog inhibitors clinically. Two very recent
reports indicated that hedgehog signaling is aberrantly
expressed in patients with various tumors including ovarian
tumors (11, 12, 42). It is noteworthy that a clinical trial using
hedgehog inhibitor GDC-0049 against ovarian cancer was
recently concluded in November 2011 (48); however, the
results of these studies have not been published yet. Our studies
would further strengthen the hypothesis that hedgehog inhibi-
tors may play a significant role in ovarian cancer treatment.

In summary, we report here novel characteristics of Glil in
promoting resistance to anoikis. These results strongly suggest
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that DIM, cyclopamine, or any other hedgehog pathway inhib-
itor can be used as a rational therapeutic strategy for preventing
and/or inhibiting metastasis in ovarian cancer.
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