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ABSTRACT
Genetic alterations, including the overexpression of epidermal
growth factor receptor (EGFR) (in approximately 70% of ovarian
tumors), play a crucial role in the signal transduction pathways
that regulate key cellular functions, such as cell survival and
proliferation, and are responsible for compromising traditional
chemotherapy. 3,3�-Diindolylmethane (DIM) is an indole com-
pound present in Brassica vegetables. In our previous studies,
we demonstrated that BR-DIM, a formulated version of DIM,
suppressed the growth of ovarian cancer cells by causing cell
cycle arrest and apoptosis. In the present study, we delineated
the mechanism by which DIM suppressed the growth of
SKOV-3, OVCAR-3, and TOV-21G human ovarian cancer cells.
DIM treatment caused significant down-regulation of the con-
stitutive EGFR protein level as well as phosphorylation of EGFR
at Tyr1068, Tyr992, Tyr845, and Tyr1173 in various ovarian
cancer cells. To determine whether DIM suppressed the acti-
vation of EGFR by activating phosphorylation, cells were

treated with epidermal growth factor. Epidermal growth factor
treatment significantly blocked the DIM-mediated inhibition of
EGFR activation and apoptosis in both SKOV-3 and OVCAR-3
cells. In addition, DIM treatment drastically reduced the phos-
phorylation of mitogen-activated protein kinase kinase (MEK)
and extracellular signal-regulated kinase (ERK), which are
downstream to EGFR, without affecting their protein levels. DIM
treatment also inhibited the kinase activity of ERK, as observed
by the down-regulation of phospho-E twenty-six like transcrip-
tion factor 1 (p-ELK1) in all three ovarian cancer cell lines. DIM
significantly suppressed the growth of ovarian tumors in vivo.
Tumor growth suppressive effects of DIM in SKOV-3 tumor
xenografts were associated with reduced phosphorylation of
EGFR, MEK, and ERK. These results indicate that DIM induces
apoptosis in ovarian cancer cells by inhibiting the EGFR-ERK
pathway in vitro and in vivo.

Introduction
Ovarian carcinoma is the second leading gynecological ma-

lignancy in the Unites States and European countries. Ap-
proximately 22,800 cases are estimated to occur each year
(Zeineldin et al., 2010; Jemal et al., 2011). Ovarian cancer is
rarely detected in its early stages due to lack of screening
tests. However, the majority of patients with this malignancy
are detected in stages III to IV, and hardly 20% of them
survive �5 years (Bast et al., 2009). Platinum and taxane
drugs that are used in the clinic to treat ovarian cancer are

associated with severe systemic toxicity and side effects.
Moreover, tumors acquire resistance to these drugs at certain
stages of the treatment (Ozols et al., 2006). The most common
form of ovarian cancer that arises from ovarian surface epi-
thelium expresses epidermal growth factor receptor (EGFR)
(Zeineldin et al., 2010).

EGFR is a transmembrane receptor tyrosine kinase that is
important in cell growth and proliferation. Various ligands,
such as epidermal growth factor (EGF), transforming growth
factor-�, and epiregulin, bind to EGFR and activate it. The
activated receptor dimerizes and results in the autophos-
phorylation of several tyrosine sites (Yarden and Sliwkowski,
2001). Different phosphorylation sites in EGFR act as dock-
ing sites for a variety of proteins that are upstream of several
signaling cascades and involved in proliferation, differentia-
tion, migration, and antiapoptosis (Turner et al., 1996). Some
of these signaling pathways include mitogen-activated pro-
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tein kinase (MAPK), protein kinase C, and phosphatidylino-
sitol 3-kinase (Bier, 1998). EGFR plays a significant role in
neural development and the formation of skin (Sibilia et al.,
2007). In addition, it is important for the development of
lung, liver, and bone (Sibilia et al., 2007). However, muta-
tions in EGFR lead to malignant tumor formation in all of
those organs. Accumulated literature strongly suggests that
EGFR is activated or overexpressed in several cancers, in-
cluding ovarian cancer.

Almost 70% of ovarian tumors express high levels of EGFR
(Alper et al., 2001). In addition to its role in transducing
signals that lead to cell survival, EGFR plays a significant
role in the epithelial-to-mesenchymal transition of tumor
cells and angiogenesis, thereby causing metastasis to distant
organs (Casanova et al., 2002). Because EGFR is involved in
various aspects of cancer growth, including tumor initiation,
angiogenesis, and metastasis, it represents an attractive tar-
get for therapeutic intervention.

3,3�-Diindolylmethane (DIM), an active metabolite of in-
dole-3-carbinol, is present in cruciferous vegetables (Ciska et
al., 2009). DIM is formed by the dimerization of indole-3-
carbinol. Accumulating epidemiological evidence indicates
an inverse relationship between the intake of cruciferous
vegetables and the risk of ovarian cancer (Zhang et al., 2002).
Several studies, including those from our laboratory, have
suggested that DIM possesses chemopreventive and thera-
peutic properties (Li et al., 2005; Ali et al., 2008; Kandala and
Srivastava, 2010; Rajoria et al., 2011). Moreover, DIM was
shown to be nontoxic to normal cells (Rahman and Sarkar,
2005). A recently concluded DIM clinical trial demonstrated
that 50% of cervical cancer patients showed improvement
(Del Priore et al., 2010). It also is currently in clinical trials
for prostate cancer (Heath et al., 2010). In our previous
study, we showed that DIM exhibits antiproliferative prop-
erties in ovarian cancer cells by causing G2/M cell cycle arrest
(Kandala and Srivastava, 2010). In the present study, we
investigated the mechanism by which DIM inhibits the pro-
liferation of ovarian cancer cells.

Materials and Methods
Chemicals. BR-DIM was a kind gift from Dr. Michael Zeligs

(BioResponse, Boulder, CO). Antibodies against cleaved caspase-3,
cleaved poly(ADP-ribose) polymerase (PARP), p-EGFR (Tyr1068),
p-EGFR (Tyr992), p-EGFR (Tyr845), EGFR, p-extracellular signal-
regulated kinase (ERK) (Thr202/Tyr204), ERK, and p-mitogen-acti-
vated protein kinase kinase (MEK) (Ser217), MEK antibodies, and
the ERK kinase activity kit were obtained from Cell Signaling Tech-
nology (Danvers, MA). The antibody against p-EGFR (Tyr1173) was
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Actin anti-
body, EGF, MCDB105 medium, and Medium 199 were procured from
Sigma-Aldrich (St. Louis, MO). RPMI 1640 medium and McCoy’s 5A
medium were purchased from Mediatech (Herndon, VA). Suramin
and 2�-amino-3�-methoxyflavone (PD98059) were obtained from Cal-
biochem (San Diego, CA).

Cell Cultures. SKOV-3, OVCAR-3, and TOV-21G cells lines were
procured from the American Type Culture Collection (Manassas,
VA). The three cell lines differ from each other in terms of expressing
p53. SKOV-3 has null p53, OVCAR-3 has mutated p53, and TOV-
21G expresses wild-type p53. SKOV-3 cells were maintained in Mc-
Coy’s 5A medium supplemented with 10% fetal bovine serum (FBS).
OVCAR-3 cells were maintained in RPMI 1640 medium supple-
mented with 20% FBS, 10 mM sodium pyruvate, 10 mM HEPES, 10
mg/l bovine insulin, and 4.5 g/l glucose. TOV-21G cells were main-

tained in a 1:1 mixture of MCDB105 medium and Medium 199
supplemented with 15% FBS. A 1% antibiotic mixture was used in all
of the above media. All of the cell lines were maintained at 37°C in
a humidified incubator circulated with 5% CO2/95% air.

Western Blot Analysis. SKOV-3, OVCAR-3, and TOV-21G cells
were exposed to varying concentrations of DIM alone or in combina-
tion with cisplatin. Cells were collected and lysed, and 20 to 80 �g of
protein was subjected to SDS gel electrophoresis followed by immu-
noblotting as described by us previously (Kandala and Srivastava,
2010).

Annexin V Apoptosis Assay. SKOV-3 or OVCAR-3 cells were
plated at a density of 0.3 � 106 cells per well in a six-well plate and
allowed to attach overnight. Cells then were treated with or without
DIM. After 24 h, cells were exposed to EGF for 15 min, washed,
suspended in binding buffer, and incubated for 15 min with annexin
V-fluorescein isothiocyanate (BD Biosciences, San Jose, CA). Fluo-
rescence was measured using a C6 flow cytometer (Accuri, Ann
Arbor, MI) with a minimum of 10,000 events per sample as described
by us previously (Boreddy et al., 2011).

EGF Treatment. SKOV-3 or OVCAR-3 cells were treated with 75
�M DIM for 24 h followed by incubation with 50 ng/ml EGF for 15
min. Cells then were processed for apoptosis assay or Western blot
analysis as described above.

ERK Activity. Control and DIM-treated cells were lysed. Approx-
imately 500 �g of protein was incubated overnight with 15 �l of
immobilized antibody bead slurry at 4°C and centrifuged at 14,000g
for 30 s. The pellet was washed with phosphate-buffered saline (PBS)
and suspended in 50 �l of kinase buffer supplemented with 200 �M
ATP substrate and incubated for 30 min at 30°C. The protein was
resolved by gel electrophoresis. ERK activity was determined by
immunoblotting with phospho-E twenty-six like transcription factor
[p-ELK (Ser383)].

Cell Cycle Analysis. The effect of DIM on cell cycle distribution
in the presence and absence of EGF was assessed by flow cytometry
after staining the cells with propidium iodide. Stained cells were
analyzed using a flow cytometer (Accuri) as described by us previ-
ously (Kandala and Srivastava, 2010).

In Vivo Tumor Xenograft. Four- to 6-week-old female athymic
nude mice were purchased from Charles River Laboratories, Inc.
(Wilmington, MA). The use of mice and their treatment was ap-
proved by the Institutional Animal Care and Use Committee of the
Texas Tech University Health Sciences Center, and all of the exper-
iments were carried out in strict compliance with regulations. Mice
were fed with antioxidant-free AIN-76A special diet for a week before
starting the experiment. Approximately 5 � 106 SKOV-3 cells were
injected subcutaneously into each flank (both right and left). Eight
mice were assigned randomly to each group. Because each mouse
was implanted with two xenografts, each group had 16 tumors. Mice
in the control group received PBS, whereas mice in the treatment
group received 3 mg of DIM suspended in PBS by oral gavage every
day. Tumor growth was monitored until day 48 as described by us
previously (Boreddy et al., 2011). At day 48, mice were euthanized,
and tumors were removed, weighed, and processed for Western blot
analysis.

Quantification and Statistical Analysis. All of the statistical
analyses were performed using Prism 5.0 (GraphPad Software Inc.,
San Diego, CA). The data represent mean � S.D. Student’s t test was
used to compare the control and treated groups. In experiments
involving more than three groups, nonparametric analysis of vari-
ance followed by a Bonferroni post hoc multiple comparison test was
used. All of the statistical tests were two sided. Differences were
considered statistically significant when the p value was less than
0.05.

Results
DIM Inhibits the Activation of EGFR in Ovarian

Cancer Cells. DIM is a dimer of indole-3-carbinol (Fig. 1A).
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We have demonstrated previously that DIM inhibits the pro-
liferation of ovarian cancer cells by inducing apoptosis (Kan-
dala and Srivastava, 2010). We hypothesized that the growth
suppressive effect of DIM in ovarian cancer cells was medi-
ated by inhibiting EGFR activation. To test this hypothesis,
we exposed SKOV-3, OVCAR-3, and TOV-21G cells to vary-
ing concentrations of DIM for 24 h. We observed that
Tyr1068 and Tyr1173 phosphorylation sites on EGFR were
expressed in all three cell lines tested. The phosphorylation
of EGFR at Tyr992 was prominent in both SKOV-3 and
OVCAR-3 cells, whereas Tyr845 was active only in SKOV-3
cells (Fig. 1, B–D). Our results further reveal that DIM
substantially inhibits the activation of EGFR by blocking
various phosphorylation sites expressed in all three different
ovarian cancer cell lines tested (Fig. 1, B–D). For example, a
60% to 70% decrease in the phosphorylation of EGFR at
Tyr1068, Tyr1173, Tyr992, and Tyr 845 was observed by

DIM treatment in SKOV-3 cells. Almost 30% to 80% inhibi-
tion at Tyr1068, Tyr1173, and Tyr992 was observed in
OVCAR-3 cells, and a 30% to 60% blockade in EGFR phos-
phorylation at Tyr1068 and Tyr1173 was observed in TOV-
21G cells. DIM also down-regulated the protein expression of
EGFR in all three ovarian cancer cells. Taken together, these
results demonstrate that DIM blocks the activation of EGFR
in ovarian cancer cells without being specific to a particular
cell line.

DIM Treatment Blocks EGFR Downstream Signal-
ing. Activation of EGFR leads to the phosphorylation of MEK
at Ser217, which in turn activates ERK by phosphorylating it
at Thr202/Tyr204. Because we observed a significant block-
ade in EGFR activation by DIM treatment, we sought to
determine the effects of DIM on molecules that were down-
stream to EGFR. Exposure of SKOV-3, OVCAR-3, or TOV-
21G cells to different concentrations of DIM for 24 h resulted
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Fig. 1. DIM inhibits the activation of
EGFR in ovarian cancer cells. A, struc-
ture of DIM. B–D, representative blots
and their densitometric analyses, show-
ing the concentration-dependent effect of
DIM on p-EGFR (Tyr1068), p-EGFR
(Ser1173), p-EGFR (Tyr992), or p-EGFR
(Tyr845) and EGFR in SKOV-3 (B),
OVCAR-3 (C), and TOV-21G (D) ovarian
cancer cells. Actin was used as a loading
control. Each experiment was repeated
three times independently. �, p � 0.05
compared with control.
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in significant inhibition of the activation of MEK and ERK
(Fig. 2). An approximately 50% reduction was observed in the
phosphorylation of MEK at Ser217, whereas 70% inhibition
was observed in the phosphorylation of ERK at Thr202/
Tyr204 in SKOV-3 cells. ERK phosphorylation was reduced
70 and 90% in OVCAR-3 and TOV-21G cells, respectively.
Likewise, up to 60 and 70% reduction in the phosphorylation
of MEK was observed in OVCAR-3 and TOV-21G cells, re-
spectively. The constitutive protein levels of MEK and ERK
were not altered by DIM treatment. These results indicate
that DIM modulates downstream molecules of the EGFR
pathway.

Effects of DIM on EGFR Signaling Were Inhibited by
EGF. EGFR can be activated by growth factors and its li-
gand, EGF. When EGF binds, EGFR is phosphorylated and
in turn phosphorylates its downstream molecules, such as
MEK and ERK. Treatment of SKOV-3 or OVCAR-3 cells with
50 ng/ml EGF resulted in 3-fold activation of EGFR (Fig. 3, A
and B). EGF treatment significantly blocked DIM-mediated
suppression of EGFR phosphorylation at Tyr1068 (Fig. 3, A
and B). Phosphorylation of ERK that was reduced by DIM

treatment was prevented by EGF treatment. Nonetheless,
EGF did not show any effect on the protein levels of EGFR or
ERK in SKOV-3 and OVCAR-3 cells. Because AKT also is
regulated by EGFR, we tested the effects of DIM on p-AKT
(Ser473). DIM treatment reduced the activation of AKT by
blocking its phosphorylation at Ser473. However, EGF treat-
ment blocked the effects of DIM on AKT. Because EGF treat-
ment blocked the effects of DIM, we hypothesized that EGF
treatment would abrogate DIM-induced apoptosis. The ef-
fects of EGF and DIM on apoptosis by flow cytometry and
cleavage of caspase-3 and PARP thus were evaluated. From
Fig. 3, A and B, it is clear that EGF treatment substantially
decreased the cleavage of caspase-3 and PARP induced by DIM
in SKOV-3 and OVCAR-3 cells compared with that induced by
DIM treatment alone. In support of these data, our flow cytom-
etry results also showed that EGF treatment significantly
blocked DIM-induced apoptosis in both SKOV-3 and OVCAR-3
cells (Fig. 3, C and D). These results confirm that DIM treat-
ment induces apoptosis through the EGFR pathway.

We previously reported that DIM induces G2/M cell cycle
arrest in ovarian cancer cells (Kandala and Srivastava,
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Fig. 2. DIM inhibits the MEK-ERK axis
in ovarian cancer cells. A–C, representa-
tive blots and their densitometric analy-
ses, showing the concentration-depen-
dent effects of DIM on p-MEK (Ser217),
MEK, p-ERK (Thr202/Tyr204), and ERK
in SKOV-3 (A), OVCAR-3 (B), and TOV-
21G (C) ovarian cancer cells. Actin was
used as a loading control. Each experi-
ment was repeated three times indepen-
dently. �, p � 0.05 compared with control.
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2010). To test the role of EGFR in DIM-induced cell cycle
arrest, we treated SKOV-3 cells with 50 ng/ml EGF, followed
by treatment with DIM for 24 h, and analyzed the cells for
cell cycle distribution by flow cytometry. Our results showed
that DIM-treated SKOV-3 cells were arrested in the G2/M
phase (Supplemental Fig. 1). However, EGF treatment failed
to block G2/M cell cycle arrest induced by DIM (Supplemental
Fig. 1).

We also confirmed our observations using inhibitors of
EGFR and ERK. Suramin, an EGFR inhibitor, not only
blocked the activation of EGFR, MEK, ERK, and AKT but

also induced apoptosis in SKOV-3 cells, as indicated by the
cleavage of caspase-3 (Fig. 3Ei). Likewise, treatment of
SKOV-3 cells with PD98059, an inhibitor of MEK, inhib-
ited the activation of MEK and ERK and increased the
cleavage of caspase-3 (Fig. 3Fi). Apoptosis-inducing effects
of suramin and PD98059 were further confirmed by the
annexin V apoptosis assay, showing that inhibitors alone
induce apoptosis (Fig. 3, Eii and Fii). Taken together, these
results suggest that the EGFR-ERK pathway is critical for
the growth of ovarian cancer cells and a target for thera-
peutic intervention.
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Fig. 3. EGF overrides the effects of
DIM. Effects of DIM on EGFR activa-
tion and apoptosis. A and B, SKOV-3
(A) or OVCAR-3 (B) cells were stimu-
lated with 50 ng/ml EGF for 15 min
after treatment with 75 �M DIM for
24 h. Whole-cell lysates were resolved
by 10% SDS polyacrylamide gel elec-
trophoresis for the analysis of the
phosphorylation of EGFR at Tyr705,
phosphorylation of ERK at Ser202/
Tyr204, phosphorylation of AKT at
Ser473, EGFR, ERK, and cleavage of
caspase-3 and PARP. Actin was used
as a loading control. C and D, effects of
EGF on DIM-induced apoptosis also
were determined in SKOV-3 (C) and
OVCAR-3 (D) cells by flow cytometry.
E and F, effects of suramin (E) and
PD98059 (F) on EGFR signaling and
apoptosis. The experiments were re-
peated three times, and similar re-
sults were obtained. The differences
among all of the groups were com-
pared by analysis of variance with
Bonferroni post hoc comparisons or
Student’s t test. Statistical tests were
two sided. �, p � 0.05 compared with
control; #, p � 0.05 compared with
control.
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DIM Treatment Inhibits ERK Activity in Ovarian
Cancer Cells. ERK is a major MAPK molecule that is down-
stream of the EGFR pathway. Phosphorylation of ERK leads
to the activation of its downstream transcription factor
ELK-1, which is responsible for cell proliferation. ERK is
reported to be activated in a majority of ovarian tumors
(Ahmed et al., 2002; Steinmetz et al., 2004). Because we
observed substantially reduced phosphorylation of ERK by
DIM treatment, we wanted to confirm these observations by
ERK kinase activity. ERK activity was determined by eval-
uating the phosphorylation of its downstream substrate
ELK-1 at Ser383. Our results demonstrate that DIM treat-
ment strongly suppressed ERK activity in a concentration-
dependent manner in all three ovarian cancer cell lines
(Fig. 4A). DIM treatment reduced ERK activity by approxi-
mately 70% in SKOV-3 or OVCAR-3 cells (Fig. 4B), whereas
in TOV-21G cells inhibition was 80% (Fig. 4B). These results
establish that ERK is a major target of DIM in our model.

DIM Suppresses the Growth of Ovarian Tumor Xeno-
grafts by Inhibiting the EGFR Pathway. To determine
whether oral administration of DIM can suppress the growth
of ovarian tumors in vivo in mice, we implanted 5 � 106

SKOV-3 tumor cells in both flanks of female athymic nude
mice and randomly divided the mice into two groups. Mice in
the control group received PBS, whereas mice in the treat-
ment group received 3 mg/day DIM by oral gavage. Our
results indicate that the oral administration of 3 mg of DIM
everyday substantially suppressed the growth of ovarian tu-
mors in vivo. For example, at day 48, the average weight of
the tumors in control mice was approximately 325 mg,
whereas the average weight of the tumors in mice from the
treatment group was approximately 205 mg, indicating a
suppression of approximately 33% (Fig. 5A). To further es-
tablish that the inhibition of the EGFR pathway was medi-
ating the tumor growth suppressive effects of DIM, tumors
were lysed and subjected to Western blot analysis as de-
scribed by us in our previous study (Pramanik et al., 2011).
Our results reveal that the expression of p-EGFR (Tyr1068),
EGFR, p-MEK (Ser217), and p-ERK (Tyr202/Thr204) were
reduced significantly with DIM treatment compared with the
control (Fig. 5, B and C). These results establish that DIM
reduces the growth of ovarian tumor cells in vitro and in vivo
by targeting EGFR.

Discussion
The Erbb or EGFR family of proteins is important for cell

growth. In response to various growth factors, EGFR is acti-
vated by autocrine or paracrine signaling by phosphorylation
at various tyrosine residues (Yarden and Sliwkowski, 2001).
Activated EGFR mediates many diverse biological processes,
including cell survival, differentiation, invasion, angiogene-
sis, and apoptosis (Wieduwilt and Moasser, 2008). Aberrant
expression of EGFR was reported in various cancers, includ-
ing ovarian cancers. Almost 70% of ovarian tumors express
high levels of EGFR. Inhibition of EGFR activation has been
shown to suppress the growth of human malignant cells, and
hence the targeted disruption of EGFR could be one potential
approach to treat ovarian cancer.

In this study, we clearly demonstrated that DIM-induced
apoptotic death of human ovarian cancer cells was associated
with substantial reductions in activated EGFR (Tyr1068,

Tyr1173, Tyr998, and Tyr845) and protein levels of EGFR.
The loss of EGFR expression in response to DIM treatment
was observed in three different ovarian cancer cell lines
differing in their p53 status, indicating that the actions of
DIM were not specific to any cancer cell line and independent
of p53. In addition, DIM-induced suppression of EGFR acti-
vation was abrogated significantly by EGF treatment. EGF
treatment also significantly blocked DIM-induced apoptosis
in ovarian cancer cells, thus confirming the involvement of
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Fig. 4. ERK activity was inhibited significantly by DIM. A, concentration-
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EGFR. A recent finding suggests that the EGF-ligand-EGFR
axis is an important mechanism that supports the autocrine
growth of approximately 70% of ovarian tumors (Kohler et
al., 1989). Moreover, 17 ovarian carcinoma cell lines exam-
ined expressed high levels of EGFR, and their growth was
stimulated by EGF (Alper et al., 2001). Our results indicate
that EGFR is a molecular target of DIM in ovarian cancer
cells. Our results are in agreement with recent studies that
showed that resveratrol, capsaicin, DIM, and silibinin sup-
press the growth of prostate, breast, and lung cancer cells by
targeting EGFR (Stewart and O’Brian, 2004; Li et al., 2005;
Ali et al., 2008; Rho et al., 2010; Thoennissen et al., 2010;
Rajoria et al., 2011).

Several pathways are affected by EGFR activation; MAPK
is the main one. Activated EGFR activates MEK by phos-
phorylating it at Ser217 (Cowley et al., 1994). MEK in turn

phosphorylates ERK at Thr202 and Tyr204, thereby leading
to its activation (Crews et al., 1992). Activation of ERK leads
to the transcription of several genes, thereby promoting cell
survival and cell cycle progression (Roux and Blenis, 2004).
Several studies have shown the involvement of MEK and
ERK signaling in apoptosis (Cowley et al., 1994; Roux and
Blenis, 2004). Moreover, clinical data suggest that MEK
and ERK are activated in 70% of ovarian tumors (Wang et al.,
2005; Leung and Choi, 2007). The blockade of MEK or ERK
has been shown to cause apoptosis in breast cancer and
leukemia (Nishioka et al., 2008; Jang et al., 2010). Our study
reveals that DIM blocks the activation of both MEK and ERK
in all three ovarian cancer cell lines. The DIM inhibition of
ERK was further verified by the kinase activity of ERK by
determining the phosphorylation of its downstream sub-
strate ELK-1. ERK activity was reduced by DIM in a concen-

A

B Tumor  lysates

p-EGFR (Tyr1068)

EGFR

p-ERK (Thr202/Tyr204)

ERK

p-MEK (Ser217)

Actin

Control DIM

Cl-PARP

Cl-Caspase 3

Control DIM
0

100

200

300

400

*

Av
er

ag
e 

tu
m

or
 w

ei
gh

t

C

p-EGFR EGFR p-MEK p-ERK ERK Cl-cas3 Cl-PARP
0.0

0.5

1.0

1.5
Control
DIM

*
*

*

*

De
ns

ito
m

et
ry

Fig. 5. DIM suppressed ovarian tumor
growth by blocking the EGFR path-
way. SKOV-3 tumor cells were im-
planted into athymic nude mice and
randomized into two groups. Mice re-
ceived PBS or 3 mg/day DIM by oral
gavage everyday. A, effect of DIM on
tumor weight on day of sacrifice. �,
p � 0.05 compared with control. B,
inhibition of EGFR signaling in the
tumors of mice administered with
DIM. Tumors from control and treated
mice were excised at day 48 after im-
plantation, lysed, and analyzed by
Western blot for p-EGFR (Tyr1068),
EGFR, p-MEK (Ser217), p-ERK (Thr202/
Tyr204), ERK, cleaved caspase-3, and
cleaved PARP. Blots were stripped and
reprobed with an actin antibody to verify
equal protein loading. Each lane repre-
sents a different tumor sample. C, densi-
tometric quantification of Western blots
represented above. The differences be-
tween the groups were compared by Stu-
dent’s t test. Statistical tests were two
sided. �, p � 0.05 compared with control.
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tration-dependent manner in all three ovarian cancer cell
lines. Several studies demonstrated the association of ERK
activity with EGFR activation (Hall and Davis, 2002; Shi et
al., 2008). Our results confirm that ERK is a downstream
target of DIM in ovarian cancer cells. Furthermore, the ex-
posure of cells to EGF, a ligand of EGFR, substantially in-
creased the activation of MEK and ERK. These observations
indicate that EGFR is upstream and pivotal in the activation
of MEK and ERK in our model. Our results also show that
the reduction in the activation of MEK and ERK by DIM
treatment was blocked by EGF. Pharmacological inhibitors
of EGFR and MEK also induced apoptosis in ovarian cancer
cells, indicating the significance of EGFR in the survival of
ovarian cancer cells. These results also support the fact that
the inactivation of MEK and ERK by DIM was regulated by
blocking EGFR phosphorylation, thus confirming that EGFR
is a target of DIM in ovarian cancer cells.

Oral administration of 3 mg of DIM per day substantially
reduced the growth of ovarian tumors. The tumors from
DIM-treated mice demonstrated inhibition of EGFR signal-
ing and increased apoptosis. DIM is a major indole compound
present in cruciferous vegetables and consumed on a daily
basis (Grose and Bjeldanes, 1992). DIM is well tolerated not
only by healthy volunteers but also by patients with cervical
cancer (Reed et al., 2008; Del Priore et al., 2010). In addition,
DIM alone demonstrated significant clinical improvement in
patients with cervical intraepithelial neoplasia (Del Priore et
al., 2010). Several pharmacokinetic studies on DIM stated
that up to 300 mg of a single dose of DIM can be tolerated by
humans (Reed et al., 2008). Our dose of DIM falls within the
accepted and tolerated dose in humans. Nevertheless, fur-
ther clinical studies are needed to show that DIM has no side
effects. Considering the fact that several EGFR-targeted
therapies such as monoclonal antibodies, small molecule in-
hibitors, or receptor tyrosine kinase inhibitors failed to pass
phase II clinical trials to treat ovarian cancer (Barrena Medel
et al., 2010), it is tempting to speculate that DIM should be
tried in clinical trials as a therapeutic option against ovar-
ian cancer based on the success of DIM in other cancer
models.

In conclusion, our results establish that DIM induces apo-
ptosis in ovarian cancer cells by inhibiting EGFR signaling.
Our results also provide evidence that DIM suppress the
phosphorylation of MEK and ERK, which are regulated by
EGFR. More importantly, DIM suppressed the growth of
ovarian tumors in vivo by inhibiting the EGFR pathway.
Taken together, our study provides support for the use of
DIM in preclinical and clinical settings in the management of
ovarian cancer patients.
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