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BACKGROUND: Bortezomib is a proteasome inhibitor with minimal clinical activity as a monotherapy in solid tumours, but its
combination with other targeted therapies is being actively investigated as a way to increase its anticarcinogenic properties. Here,
we evaluate the therapeutic potential of co-treatment with bortezomib and indole-3-carbinol (I3C), a natural compound found
in cruciferous vegetables, in human ovarian cancer.
METHODS: We examined the effects of I3C, bortezomib and cisplatin in several human ovarian cancer cell lines. Synergy was
determined using proliferation assays and isobologram analysis. Cell cycle and apoptotic effects were assessed by flow cytometry.
The mechanism of I3C and bortezomib action was determined by RNA microarray studies, quantitative RT–PCR and western
blotting. Antitumour activity of I3C and bortezomib was evaluated using an OVCAR5 xenograft mouse model.
RESULTS: I3C sensitised ovarian cancer cell lines to bortezomib treatment through potent synergistic mechanisms. Combination
treatment with bortezomib and I3C led to profound cell cycle arrest and apoptosis as well as disruptions to multiple pathways,
including those regulating endoplasmic reticulum stress, cytoskeleton, chemoresistance and carcinogen metabolism. Moreover,
I3C and bortezomib co-treatment sensitised ovarian cancer cells to the standard chemotherapeutic agents, cisplatin and carboplatin.
Importantly, in vivo studies demonstrated that co-treatment with I3C and bortezomib significantly inhibited tumour growth and
reduced tumour weight compared with either drug alone.
CONCLUSION: Together, these data provide a novel rationale for the clinical application of I3C and bortezomib in the treatment of
ovarian cancer.
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Ovarian cancer is the most lethal of gynaecologic malignancies,
largely due to the late stage at diagnosis and development of
chemoresistance after initial platinum- and paclitaxel-based combi-
nation chemotherapy. Treatment of patients with intrinsic or
acquired chemoresistance represents a major clinical challenge (Bast
et al, 2009). Furthermore, the molecular mechanisms underlying the
aggressive biology of these tumours are poorly understood. This
suggests that more effective therapeutic agents are needed to
improve the treatment outcome of patients associated with
biologically aggressive ovarian tumours, poor survival and chemore-
sistance (Etemadmoghadam et al, 2009; Nakayama et al, 2010).
Strategies that overcome drug resistance and exploit pathways
involved in tumourigenesis are attractive treatment options.

Bortezomib, the first-in-class proteasome inhibitor, has
anticancer properties through wide-ranging mechanisms such as
disruption of the cell cycle, promotion of apoptosis, and inhibition
of proliferation and angiogenesis (Boccadoro et al, 2005). In both

ovarian and colorectal tumour cell lines, bortezomib has been
shown to inhibit cellular growth through upregulation of p27kip1

and induction of apoptosis (Uddin et al, 2008, 2009; Bruning et al,
2009), suggesting a possible therapeutic role for bortezomib in
ovarian cancer. Several phase I clinical trials have evaluated the
dose-limiting toxicities and maximum tolerated dose of bortezo-
mib when combined with chemotherapeutic agents in ovarian
cancer (Aghajanian et al, 2005; Cresta et al, 2008; Ramirez et al,
2008). However, a recent phase II study demonstrated minimal
clinical activity of bortezomib as a single-agent treatment in
recurrent platinum-sensitive ovarian or primary peritoneal cancer
(Aghajanian et al, 2009). Currently, bortezomib is FDA approved
and licensed for the treatment of multiple myeloma and mantle cell
lymphoma, but it has generally not been an effective monotherapy
in solid tumours. Combination of bortezomib with novel targeted
agents has emerged as a treatment strategy that could broaden
its clinical efficacy (Wright, 2010). We hypothesised that the
combination of bortezomib with another agent could result in an
effective treatment strategy for epithelial ovarian cancer.

Indole-3-carbinol (I3C) is a natural compound present in
cruciferous vegetables, such as broccoli and cabbage. In vitro
and in vivo studies demonstrate that I3C exhibits chemopreventive
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and anticancer properties in a variety of cancers, especially those
that are hormonally responsive (Chinni et al, 2001; Rahman et al,
2006; Weng et al, 2008). Like bortezomib, I3C demonstrates
anticarcinogenic properties through multiple mechanisms, includ-
ing the induction of apoptosis, G1 cell cycle arrest, activation of the
endoplasmic reticulum (ER) stress response and reversal of multi-
drug resistance (Weng et al, 2008). Previous studies have
demonstrated a potential benefit of I3C in the treatment of high-
risk breast cancer, vulvar intraepithelial neoplasia and recurrent
respiratory papillomatosis, while clinical trials of I3C are ongoing
in cervical and prostate cancer (Rosen and Bryson, 2004; Reed
et al, 2005; Naik et al, 2006). With the exception of a single study of
I3C in human ovarian cancer cells (Raj et al, 2008), no further
reports have investigated the biological effects nor clinical benefits
of I3C in ovarian cancer.

Both I3C and bortezomib have been shown to target a broad
spectrum of signalling pathways, which are likely to contribute to
their ability to sensitise cells to apoptosis. Considering their potent
anticarcinogenic properties and pleiotropic effects, we investigated
the sensitivity of ovarian cancer cells and tumour xenografts to I3C
and bortezomib combination treatment. In this report, we provide
the first evidence that I3C and bortezomib work synergistically
against ovarian cancer by promoting apoptosis, upregulating
enzymes required for carcinogen metabolism, inducing ER stress,
deregulating metabolic pathways, inhibiting carcinogenesis
and reducing chemoresistance. These data provide support for
the further investigation of I3C and bortezomib combination
treatment in epithelial ovarian carcinoma.

MATERIALS AND METHODS

Cell culture and reagents

Human ovarian carcinoma cell lines OVCAR3, OVCAR5, OVCAR8,
A2780, SKOV3, 3A, HEY and CAOV3 cells were purchased from
American Type Culture Collection (Manassas, VA, USA). Cells
were cultured in DMEM (MediaTech, Manassas, VA, USA)
supplemented with 10% FBS, 100 U ml�1 penicillin and 100 mg ml�1

streptomycin. Cell lines were cultured at 371C and with 5% CO2 in
a humidified atmosphere. Bortezomib (Velcade) was purchased
from LC Laboratories (Woburn, MA, USA). Indole-3-carbinol,
cisplatin and carboplatin were purchased from Sigma-Aldrich
(St Louis, MO, USA). The following antibodies were used: RB,
phospho-RBS807/S811, GADD45A, MET, SNAI1, CTBNN1, TOP2A
and NFkB (Cell Signaling Technology, Danvers, MA, USA); CDK1,
CYP1B1, p21cip1 and p27kip1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA); ATF3 (Abcam, Cambridge, MA, USA); Actin
(Sigma-Aldrich) and GAPDH (Fitzgerald, Acton, MA, USA). The
following reagents and secondary antibodies were used in western
blot analysis: Odyssey blocking buffer and Infrared IRDye-labelled
secondary antibodies (LI-COR Biosciences, Lincoln, NE, USA).

Proliferation assays

Cells (4� 103 per 100ml per well) were plated in 96-well plates. After
an overnight incubation, cells were treated with I3C, bortezomib,
cisplatin or carboplatin at the indicated concentrations. After 48-h
post-drug treatment, MTS/PMS solution (MTT Assay, Promega,
Madison, WI, USA) was added according to the manufacturer’s
instructions and the absorbance recorded at 490 nm on an
Ultramark-EX Microplate spectrophotometer (BioRad, Hercules,
CA, USA) (Figure 1). For cisplatin and carboplatin experiments
(Figure 2), we used a luminescent-based assay (CellTiter-Glo
Luminescent Cell Viability Assay, Promega) for increased sensitivity.
After 48-h post-drug treatment, CellTiter-Glo reagent was added
to each well according to the manufacturer’s protocol. Luminescence
was measured on a Veritas microplate luminometer (Turner

BioSystems, Sunnyvale, CA, USA) after 15 min. IC50 values were
determined and used for the evaluation of drug interactions. Multiple
independent experiments were performed in triplicate, and data were
expressed as a relative percentage compared with the untreated
control group set at 100%.

Flow cytometry

Cells (5� 105) were plated into 100-mm tissue culture plates. After
an overnight incubation, I3C and bortezomib were added at the
indicated concentrations and samples were harvested 24 h post
treatment. For cell cycle analysis, samples were fixed in 70% ethanol
and subsequently treated with propidium iodide (PI) (Sigma-
Aldrich) and RNase A (Sigma-Aldrich). Samples were analysed for
PI incorporation with a Becton Dickinson FACScan (Franklin Lakes,
NJ, USA) using ModFit LT software (Verity Software House,
Topsham, ME, USA). For the apoptosis assay, cells were co-stained
with annexin V and PI according to the manufacturer’s protocol
(Annexin V-FITC Apoptosis Detection Kit, BD Biosciences, San Jose,
CA, USA), followed by flow cytometric analysis using CellQuest
version 3.1 software (BD Biosciences) to gate viable, early and late
apoptotic cells. The results generated were from multiple indepen-
dent experiments performed in triplicate. A total of 10 000 events
were collected for final analysis.

Isobologram analysis

Synergy between I3C and bortezomib was studied as previously
described (Taylor-Harding et al, 2010). To calculate the combined
effects of the drugs, the combination index (CI) isobologram
method was used (Chou and Talalay, 1984). Assessment of synergy
was performed using CalcuSyn software (Biosoft, Cambridge, UK).
Combination index values o1, ¼ 1 and 41 indicate synergy,
additivity and antagonism, respectively.

Western blot analysis

Western blot was performed as previously described (Taylor-
Harding et al, 2010) with the following modifications. The
membrane was blocked for 1 h with Odyssey blocking buffer
(LI-COR Biosciences) and immunoblotted with primary antibody
overnight at 41C in blocking buffer supplemented with 0.1%
Tween-20. After washing in TBST (0.1% Tween-20 in TBS), the
membrane was probed with Infrared IRDye-labelled secondary
antibody (LI-COR Biosciences) (1:10 000 dilution) in blocking
buffer with 0.1% Tween-20 for 1 h. After washing, the membrane
was visualised using the Odyssey Infrared Imager (LI-COR
Biosciences).

Quantitative RT–PCR (qRT – PCR)

Total RNA was isolated with TriReagent (Molecular Research
Center, Cincinnati, OH, USA) and purified with the RNeasy kit
(Qiagen, Germantown, MD, USA). Complementary DNA was
generated by reverse transcription with Superscript III (Invitrogen,
Carlsbad, CA, USA) and oligo dT priming. Quantitative RT–PCR
was performed on the BioRad iCycler using QuantiTect SYBR
Green (BioRad) according to the manufacturer’s protocol. The
results generated were from two independent experiments
performed in triplicate. Quantitation was calculated by the
comparative method (2�DDCt) and data expressed relative to cells
treated with vehicle (mock) set to 1. Primer sequences used in
qRT–PCR are listed in Supplementary Table S1.

Microarray gene expression profiling

OVCAR5 cells were treated with vehicle, 37.5 nM bortezomib,
675mM I3C, or with I3C and bortezomib in combination for 24 h.
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Three independent experiments were performed for a total of four
triplicate conditions (12 samples). Total RNA was isolated as
described for qRT–PCR analysis and the quality of RNA
confirmed using an Agilent 2100 bioanalyzer (Santa Clara, CA,
USA). Probe labelling, microarray hybridisation, washing and
scanning were carried out as per manufacturer’s instructions
(Illumina, San Diego, CA, USA). Twelve samples were used to
probe the Illumina HumanHT-12 v4 Expression BeadChip contain-
ing 47 231 human gene transcripts.

Microarray data normalisation and analysis

Quality control of the microarray expression data was performed
using the lumi R package (Du et al, 2008). We applied the lumiT
function with a default setting to check the assumption of a
constant variance. Variance-stabilising transformation was
performed when needed. To remove systematic variation of non-
biological origin, the data were normalised via the lumiN function,
which performs quantile normalisation. Quality control of the
normalised data was performed using the lumiQ function in
the lumi R package. To identify differentially expressed genes, the
cleaned data were analysed using the eBayes function in limma R
package (Smyth, 2005). An empirical Bayes method to shrink the
probe-wise sample variances towards a common value was utilised.
Genes that had FDR adjusted P-values o0.01 were selected as
differentially expressed. Among these, the top 1000 significantly
altered genes (Po0.0025) were analysed. The selected genes were
then compared with the Gene Ontology (GO) database using the

Fisher’s exact test, assuming a hypergeometric distribution, to
evaluate gene set enrichment. The GOstats R package (Falcon and
Gentleman, 2007) was utilised for the gene set enrichment analysis.

In vivo tumour xenograft studies

Six-week-old female nude mice were obtained from Charles River
Laboratories (Wilmington, MA, USA) and maintained according to
IACUC guidelines. Mice were inoculated subcutaneously in both
flanks with an equal volume of 8� 106 OVCAR5 cells and matrigel
(Becton Dickinson) in a total volume of 200 ml. Mice were
randomly divided into four treatment groups with four mice per
group (eight tumours). Treatments were as follows: vehicle
(control); I3C alone (20 mg kg�1); bortezomib alone (1 mg kg�1)
and the drug combination (20 mg kg�1 I3C with 1 mg kg�1

bortezomib). Treatment was given intraperitoneally twice weekly
starting 4 days post inoculation. Tumour size was measured
twice weekly with a caliper, and tumour volume was calculated
as follows: L�W2, where L¼ length and W¼width. Data were
expressed relative to the initial tumour volume 4 days post
inoculation. The initial tumour volume was set to 1 for each
treatment group.

Statistical analysis

Data were analysed using a two-tailed Student’s t-test. A P-value of
o0.05 was considered statistically significant.
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Figure 1 Indole-3-carbinol and bortezomib exhibit synergistic cytotoxicity in OVCAR3 and OVCAR5 cells. (A) Dose-dependent cytotoxicity of I3C,
bortezomib and their combination. OVCAR3 and OVCAR5 cells were treated with I3C and bortezomib at the indicated concentrations for 48 h. Cell
viability was measured as described in Materials and Methods. The data shown represent the mean±s.e.m. (n¼ 3). (B) Isobologram analysis of combination
I3C with bortezomib used in equipotent concentrations in OVCAR3 and OVCAR5 cells. The line designates the CI where CI¼ 1 (additive effect).
Combination index o1 indicates synergism and CI41 represents antagonism. The combination data points (CI¼ 0.73 for OVCAR3 and CI¼ 0.27 for
OVCAR5) calculated by CalcuSyn software indicate synergism at ED50. (C) The CI values of combination I3C and bortezomib at a range of EDs. TheCI
values at ED25, ED50, ED75 and ED90 indicate a synergistic interaction between I3C and bortezomib in OVCAR3 and OVCAR5 cells.
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RESULTS

Synergistic cytotoxicity between I3C and bortezomib

To determine whether I3C and bortezomib exhibit a combined
effect in ovarian cancer cells, we examined the effect of individual
and combination treatment with I3C and bortezomib after 48-h
exposure using the MTT assay. To ensure that the contributing
effects from each drug was equivalent, the IC50 for each drug was
determined and serial dilutions were generated based on the IC50
of each drug providing a 1:1 equipotent I3C/bortezomib ratio.
We found that the drug combination caused greater inhibition
of cellular proliferation than either drug alone in OVCAR3 and
OVCAR5 cells (Figure 1A), an effect that was reproducible in a
panel of ovarian cancer cell lines (Figure 2B and data not shown).
To determine whether I3C and bortezomib interact synergistically,
isobologram analysis was performed. This analysis provides a CI
value that measures the degree of interaction between two or
more drugs, where a CI o1 and a CI 41 indicates synergism
and antagonism, respectively (Chou and Talalay, 1984). A CI of
0.73 and 0.27 was identified for OVCAR3 and OVCAR5 cells,

respectively, when the effective dose (ED) of both agents inhibited
cell viability by 50% (Figure 1B). Irrespective of high cytotoxicity
(90% inhibition, ED90) or low cytotoxicity (25% inhibition, ED25),
the CI values remained below 1, indicating that synergism occurs
independently of the equipotency levels of I3C and bortezomib
(Figure 1C). Our data demonstrate that I3C and bortezomib
exhibit a robust synergistic interaction in ovarian cancer cells,
particularly in OVCAR5 cells.

I3C and bortezomib combination sensitises ovarian cancer
cells to standard platinum-based chemotherapeutic agents

To determine whether I3C and bortezomib could sensitise cells to
cisplatin, we treated OVCAR3 and OVCAR5 cells with subtoxic
doses of equipotent I3C and bortezomib with increasing concen-
trations of cisplatin. We found that combination I3C and
bortezomib could sensitise cells to cisplatin in a dose-dependent
manner (Figure 2A). To ensure that this effect was not limited to
these cell lines, we tested a panel of ovarian cancer cell lines with
equipotent concentrations of I3C and bortezomib plus cisplatin.
Interestingly, we found that in all six cell lines tested, co-treatment
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Figure 2 Indole-3-carbinol and bortezomib combination sensitises ovarian cancer cells to platinum-based chemotherapeutic agents. (A) OVCAR3 and
OVCAR5 cells were treated with I3C, bortezomib, cisplatin or (C) carboplatin at the indicated concentrations for 48 h. Cell viability was measured as
described in Materials and Methods. The data shown represent the mean±s.e.m. (n¼ 3). (B) SKOV3, OVCAR8, HEY and CAOV3 cells were treated
with I3C, bortezomib and cisplatin as in (A). The data shown represent the mean±s.e.m. (n¼ 3).
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with I3C and bortezomib conferred sensitivity to cisplatin
(Figure 2B and data not shown). To further explore the cytotoxic
effects of I3C and bortezomib with conventional platinum-based
chemotherapeutics, we examined the effect of carboplatin with I3C
and bortezomib in OVCAR3 and OVCAR5 cells. Similarly, co-
treatment with I3C and bortezomib could sensitise cells to
carboplatin (Figure 2C) suggesting that I3C and bortezomib can
increase the antitumour effects of standard platinum-based
chemotherapeutic agents.

I3C and bortezomib combination enhances apoptosis

To determine whether the cytotoxic effects of I3C and bortezomib
were due to apoptosis, annexin V and PI co-staining was
performed followed by flow cytometric analysis. As the cytotoxic
effects of I3C and bortezomib were evident at 24 h, we determined
the effects on apoptosis at this time point to assess for direct
effects. To evaluate the apoptotic effects of equipotent doses of I3C
and bortezomib, the IC10 for each drug was established for
OVCAR3 and OVCAR5 cells, which provided an initial concentra-
tion that caused minimal (10%) cytotoxicity. The IC10 for I3C in
OVCAR3 and OVCAR5 were 180 and 450 mM, respectively, which
induced apoptosis in both cell lines (Figure 3, upper panels).
Raising the IC10 concentration by 1.5 fold increased apoptosis in a
dose-dependent manner. The IC10 for bortezomib in OVCAR3 and
OVCAR5 cells were 12.5 and 25 nM, respectively. Increasing
concentrations of bortezomib similarly induced apoptosis in a

dose-dependent manner (Figure 3, middle panels). When OVCAR3
and OVCAR5 cells were treated with combination I3C and
bortezomib, a dose-dependent increase in apoptosis was observed
compared with using either drug alone (Figure 3, lower panels).
Specifically, we found that OVCAR3 cells treated with maximum
doses of I3C/bortezomib increased apoptosis by 31.3% and 26.9%
compared with I3C or bortezomib alone, respectively. OVCAR5
cells treated with maximum doses of I3C/bortezomib increased
apoptosis by 57.8% and 56.8% compared with I3C or bortezomib
alone, respectively. These data indicate that I3C and bortezomib
induce apoptosis, and that the drug combination significantly
enhances this effect, especially in OVCAR5 cells.

I3C and bortezomib combination induces cell cycle arrest

To determine whether the cytotoxic effects of I3C and bortezomib
could be attributed to alterations in the cell cycle, OVCAR3 and
OVCAR5 cells were treated with I3C and bortezomib for 24 h and
subjected to PI flow cytometric analysis. Identical drug concentra-
tions used for the annexin V/PI apoptosis assay were used for
cell cycle analysis. We found that in OVCAR3 cells, increasing
concentrations of I3C reduced the percentage of cells in G1
(Figure 4A), whereas I3C induced a G1 arrest at maximal
concentration (675mM) in OVCAR5 cells (Figure 4B). Increasing
bortezomib concentrations induced a G2-M arrest in both
OVCAR3 and OVCAR5 cells, although this effect was more prono-
unced in OVCAR5 cells (Figures 4A and B). In both OVCAR3 and
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OVCAR5 cells, co-treatment with I3C and bortezomib
shifted the cell cycle towards G2-M in a dose-dependent manner
(Figures 4A and B). Additionally, OVCAR5 cells treated with
combination I3C and bortezomib at maximum concentration
exhibited a significant sub-G1 peak indicative of apoptosis
(Figure 4B, bottom right), consistent with the elevated levels of
apoptosis observed in annexin V/PI assays (Figure 3B, bottom
right). These data suggest that while individual treatment with I3C
and bortezomib have different effects on cell cycle distribution that
appear to be context-dependent, the combination of these agents
commonly impede the cell cycle by exerting a G2-M arrest.

In parallel, we sought to determine whether co-treatment with
I3C and bortezomib may elicit a cell cycle arrest at the G1-S
boundary. Co-treatment with increasing I3C and bortezomib
severely reduced the levels of phosphorylated RB compared with
using either drug alone (Figures 4C and D). This suggests that I3C
and bortezomib can prevent RB phosphorylation and maintain RB
in an active repressive state thereby blocking the cell cycle at the
G1-S transition.

I3C and bortezomib combination affects multiple
pathways important for cancer progression

To determine the mechanism responsible for the synergistic effect
of I3C and bortezomib, we performed RNA microarray analysis.
Considering that both the apoptotic and synergistic effects of
I3C and bortezomib were more robust in OVCAR5 cells compared
with OVCAR3 cells at equipotent doses, we selected OVCAR5 cells
for microarray analysis. We treated OVCAR5 cells with vehicle
(mock), 675 mM I3C, 37.5 nM bortezomib or combination for 24 h,
identical to the maximum concentrations used for our apoptosis
and cell cycle studies. Subsequent microarray analysis of replicate
samples from triplicate experiments shared similar gene expres-
sion patterns that clustered together in the dendrogram
(Figure 5A) demonstrating the high reproducibility of our results.

We focused on significantly altered genes (Po0.0025) with
log-fold changes 41.5 (upregulated) or o�1.5 (downregulated).
While I3C treatment has significantly more differentially expressed
genes (216 genes) in common with co-treatment compared with
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Figure 4 Indole-3-carbinol and bortezomib cause cell cycle arrest in OVCAR3 and OVCAR5 cells. (A) OVCAR3 and (B) OVCAR5 cells were treated
with I3C, bortezomib or in combination for 24 h at the indicated concentrations. Cells were fixed and stained with PI followed by flow cytometric analysis for
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used as a loading control.
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bortezomib (147 genes), the majority is unique to the combination
condition (297 genes) (Figure 5B). In total, I3C/bortezomib
treatment altered the expression of 774 genes. Classification of
these genes indicate that co-treatment with I3C and bortezomib
induces gene expression changes in multiple pathways, particularly
carcinogenesis (Supplementary Table S2), consistent with the
GO gene enrichment dataset (data not shown). Validation of our
microarray data by qRT– PCR and western blot analysis in
both OVCAR3 and OVCAR5 cells showed that target genes
involved in cell cycle control (e.g., CDKN1A and CDK1), apoptosis

(e.g., BCL2L1 and BCL10) and signal transduction (e.g., DUSP1 and
NFkBIB) were significantly deregulated (Figure 5C, Supplementary
Figure S1 and data not shown). Moreover, metastasis (e.g., MET
and SNAI1), angiogenesis and adhesion target genes showed
altered expression (Supplementary Figure S1 and Supplementary
Table S2). Notably, co-treatment with I3C and bortezomib
appeared to downregulate TOP2A and ABCC4, target genes that
are typically associated with chemoresistance. Consistent with
our microarray data, qRT–PCR showed that TOP2A was severely
downregulated (Figure 5C), a result that was reproducible by

Combination

I3C (818)

Combination (774)

Bortezomib (780)

412 75 444

114

216

297

147

Combination
Combination

Bortezomib

OVCAR5

Bortezomib
Bortezomib

I3C
I3C
I3C

Mock
Mock
Mock

30
25
20

10
5
0

15

0

2

4

6 250

200

150

100

50

0

100

50

0

60

40

20

0

2.5

2

1

0.5

0

1.5

Heat shock proteins ER stress markers Cancer pathways

ATF3
DDIT3

HERPUD1
Apoptosis: BCL10, PPP1R15A, PMAIP1

Cell cycle control/DNA damage

HSPA1B
HSPA6
HSPB8

Metabolic pathways

Glycosylphosphatidylinositol
biosynthesis: PIGM, PIGU

I3C
Bortezomib

Drug metabolism

Phase I: Phase II:
CYP1A1
CYP1B1
CYP4F11

CES2
GSTT1
SAT1

Glycosaminoglycan
biosynthesis: CHST4, EXT1

Cytoskeletal regulators

Centrosome and mitotic
spindle apparatus

CENPF
CLASP1
KLHL9

GPHN
MKLN1
TNS3

0

5

10
2

1

0.5

0

1.5

Cell cycle arrest: CDKN1A, CDKN1C, GADD45A

Cell cycle control: CDCA7, CDK1, E2F2

Signal transduction
MAPK: IL1RAPL1, MAP3K1, MAP3K5
TGFB: SMAD3, TGFBR2, TRIM33

Metastasis: FUT8, MET, MTSS1

Angiogenesis: ETV6, ID1, RUNX1

Adhesion: FAT1, MTSS1

Drug resistance: TOP2A

Oncogenesis: MYEOV, EEF2K, DDX10

DNA repair: ATM, BRCA1, XRCC5
DNA replication: MCM3, MCM6, POLA1

Drug resistance and
metabolic pathways

Apoptosis and
heat shock proteins

OVCAR5

OVCAR3

R
el

at
iv

e 
ex

pr
es

si
on

 (
ar

bi
tr

ar
y 

un
its

)

G2M arrest ER stress

CDKN1A TOP2A BCL10 DDIT3

ATF3HSPA6PIGMGADD45A

MocK I3C Bort Comb MocK I3C Bort Comb MocK I3C Bort Comb MocK I3C Bort Comb
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western analysis in OVCAR3 cells but not in OVCAR5 cells
(Supplementary Figure S1B), suggesting that these effects are
transient and/or evident only at the transcriptional level.

Besides promoting cell death and inhibiting cancer progression,
the combination of I3C and bortezomib deregulated other
biological processes including ER stress, protein folding, centro-
some and mitotic spindle apparatus, carcinogen metabolism,
metabolic pathways and cytoskeletal regulators (Supplementary
Table S2). Representative target genes (e.g., DDIT3, HSPA6 and
CENPF) from each of these processes were validated by qRT–PCR
with the majority of them demonstrating regulation as determined
by microarray analysis (Figure 5C and Supplementary Figure S1A).

Overall, we found that co-treatment with I3C and bortezomib
causes widespread gene deregulation that impinges on multiple
pathways ultimately resulting in cell death (Figure 5D). A summary
of target genes both related to and identified by microarray
analysis were confirmed by qRT–PCR and western analysis
(Supplementary Table S3).

I3C and bortezomib co-treatment inhibits the growth
of OVCAR5 tumour xenografts in nude mice

To examine the effect of I3C and bortezomib in vivo, we monitored
the tumour growth of OVCAR5 tumour xenografts in nude mice

treated with I3C and/or bortezomib. Initially, we performed a dose-
finding study to establish the tolerable dosages of I3C and bortezomib
(see Supplementary Methods for details and Supplementary
Figure S2). Based on our dose-finding data, we randomly assigned
mice to the following four treatment groups: vehicle (control); I3C
(20 mg kg�1); bortezomib (1 mg kg�1) or combination treatment
(20 mg kg�1 I3C with 1 mg kg�1 bortezomib). Although treatment
with I3C or bortezomib alone initially induced tumour regression
(Figure 6A), these mice relapsed after prolonged treatment (X31 days
post treatment). In contrast, the combination of I3C and bortezomib
significantly inhibited tumour growth (Figure 6A) compared with
control animals (64.6% tumour reduction, Po0.001) or individual
treatment with I3C (47.6% tumour reduction, P¼ 0.007) or
bortezomib (35.9% tumour reduction, P¼ 0.029) by the final day of
treatment, consistent with our in vitro results. Indeed, the final
weight (65.4% tumour reduction in I3C/bortezomib combination vs
control, P¼ 0.053) and appearance of the tumours post treatment
were consistent with the measurements obtained from earlier time
points (Figures 6B–D). Moreover, we found that co-treatment
with reduced bortezomib levels (0.5 mg kg�1) inhibited tumour
growth and increasing levels of I3C significantly potentiated
bortezomib-induced tumour regression in a dose-dependent manner,
emphasising the synergistic effect of these two drugs (Supplementary
Figure S2).
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DISCUSSION

Ovarian cancer is a highly heterogeneous disease involving the
deregulation of multiple genes and pathways commonly evaded by
gene- or pathway-specific agents (Donninger et al, 2004; Landen
et al, 2008). We rationalised that targeted therapeutics that
can overcome drug resistance and exploit pathways involved in
tumourigenesis may be beneficial in the treatment of ovarian
cancer. Here, we have shown that the combination of potent
anticarcinogens, I3C and bortezomib, inhibits several signalling
pathways and exerts antiproliferative and apoptotic effects in
ovarian cancer cells, consistent with the individual properties of
these drugs. Microarray analysis and validation studies showed
that combination I3C and bortezomib induces pleiotropic effects
reflecting its use as a multi-targeted combination therapy. We have
extended the limited data of I3C treatment in ovarian cancer and
found that I3C and bortezomib combination demonstrate syner-
gistic cytotoxicity through additionally influencing chemoresis-
tance, metastasis, cytoskeletal regulation, ER stress, carcinogen
metabolism and metabolic pathways. Importantly, we show that
I3C and bortezomib co-treatment inhibits tumour growth in vivo.
Collectively, these data provide the first evidence that combining
I3C with bortezomib is effective and may demonstrate a clinical
benefit in the management of ovarian cancer.

In our study, we found that inhibition of carcinogenesis-
associated pathways was the main mechanism of combination
I3C/bortezomib-induced cytotoxicity, particularly through inhibi-
tion of cell proliferation, DNA replication and promotion of cell
cycle arrest, consistent with our findings in vivo. Additionally,
deregulation of the cell cycle was extended to centrosome and
mitotic spindle apparatus inactivation. As many of the target genes
altered by combination I3C and bortezomib were involved in cell
cycle control, we explored whether the mechanism of these drugs
may act through a common cell-cycle-related factor. Given that I3C
and bortezomib inhibit the cyclin E pathway using independent
mechanisms (Nguyen et al, 2008; Uddin et al, 2008, 2009; Bruning
et al, 2009), we considered whether overexpression of cyclin E
would cause an enhanced response to combination therapy.
However, synergy was more robust in low-cyclin-E-expressing
OVCAR5 cells compared with OVCAR3 cells, implying that the
mechanism of I3C and bortezomib is cyclin-E-independent, and
that other biological pathways are responsible for the effects seen
with this drug combination.

Indeed, I3C and bortezomib combination induced apoptosis and
inhibited several signal transduction pathways that promote
cell survival, including MAPK, TGFb, NFkB and PI3K-AKT.
Co-treatment with these two agents also affected metastasis and
tumour suppressor genes (TSGs). One metastasis-associated gene,
MET, is a proto-oncogene that was downregulated both at the RNA
and protein level consistent with our microarray analysis. MET
promotes tumour growth, angiogenesis and activates multiple cell
survival signalling pathways (Xiao et al, 2001; Birchmeier et al,
2003; Derksen et al, 2003; Garcia et al, 2007). Aberrant MET
activation occurs in many human cancers, correlates with poor
prognosis, and is considered an important candidate for targeted
therapy (Kaposi-Novak et al, 2006; Comoglio et al, 2008; Liu et al,
2008). However, we also identified and confirmed the upregulation
of SNAI1, which promotes tumour growth and metastasis in
various solid tumours, including ovarian (Jin et al, 2010). Several
TSGs were deregulated including CCBE1. Interestingly, CCBE1 is a
new TSG candidate that was upregulated in our microarray dataset
and is frequently inactivated in ovarian cancer (Barton et al, 2010).
Several biotransformation enzymes required for carcinogen
detoxification were upregulated in our microarray dataset similar
to treatment with I3C in prostate cancer cells (Li et al, 2003).
Metabolic enzymes required for post-translational modifications
were deregulated, including downregulation of PIGM, a gene
encoding a glycosylphosphatidylinositol biosynthetic enzyme

required for growth in yeast (Maeda et al, 2001; Kim et al,
2007). Among the validated targets, ER stress (DDIT3 and ATF3)
and heat shock proteins (HSPA6) were the most severely
upregulated. This is typically observed in cells undergoing cellular
stress (Santoro, 2000), and is preceded by ER stress and DDIT3-
induced apoptosis (Zimmermann et al, 2000; Fribley and Wang,
2006). We also found that chemoresistance-associated genes
TOP2A (cell-cycle-regulated gene) and ABCC4 (multidrug-resistant
gene) were both downregulated, although the latter was just above
the log-fold threshold (�1.47). TOP2A is upregulated in chemore-
sistant ovarian and hepatocellular tumours, and correlates with
reduced survival (Ju et al, 2009; Wong et al, 2009), implying that
I3C/bortezomib treatment may circumvent drug resistance. Con-
sistent with this, our data also demonstrated that I3C/bortezomib
treatment sensitised cells to standard platinum-based chemother-
apeutic agents.

From a clinical perspective, these findings in conjunction with
our I3C/bortezomib-induced tumour regression data provide
compelling evidence for the potential treatment of patients that
succumb to platinum-resistant disease. Future studies that address
whether I3C/bortezomib treatment can potentiate the effects of
cisplatin and carboplatin in vivo or additional in vivo studies that
compare I3C/bortezomib treatment with standard combination
chemotherapy (e.g., cisplatin/paclitaxel) could highlight the
advantage of this novel drug combination.

We acknowledge several limitations of our study. First, we
selected a single cell line and time point to determine the
mechanism of I3C and bortezomib action. Overlap of the target
genes from an additional OVCAR3 microarray study may have
narrowed down the most essential target genes/pathways required
for I3C and bortezomib action. As the cytotoxic effect of I3C and
bortezomib was rapid (24 h), a compilation of gene expression
profiles from earlier time points may provide more insight into the
mechanism of these combined agents in ovarian cancer, similar to
the study performed with I3C in prostate cancer cells at three time
points (Li et al, 2003). Second, we primarily focused on target
genes that had log-fold changes 41.5 or o�1.5. According to our
arbitrary cutoff, 189 genes were significantly deregulated in
our microarray analysis that failed to meet the log-fold ratio
criteria. This suggests that additional target genes/pathways that
confer subtle changes in gene expression may contribute to the
deleterious effects of I3C and bortezomib. Third, bortezomib
resistance is a significant problem despite clinical success in
patients with myeloma and mantle cell lymphoma (Ruschak et al,
2011). Perhaps using alternative, irreversible proteasome inhibi-
tors in combination with I3C may demonstrate comparable or
improved effects.

In summary, this is the first study to describe the synergistic
effects of combination I3C and bortezomib in ovarian
cancer. The ability of this combination of agents to inhibit tumour
growth in vivo, sensitise cells to standard chemotherapeutic
agents, promote apoptosis and interfere with genes affecting
multiple pathways important for cancer progression supports
the utility of I3C and bortezomib in the treatment of ovarian
cancer.
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Bertoni F, Viganò L, Maur M, Capri G, Maccioni E, Tosi D, Gianni L
(2008) Phase I study of bortezomib with weekly paclitaxel in patients
with advanced solid tumours. Eur J Cancer 44: 1829 – 1834

Derksen PW, de Gorter DJ, Meijer HP, Bende RJ, van Dijk M, Lokhorst HM,
Bloem AC, Spaargaren M, Pals ST (2003) The hepatocyte growth
factor/Met pathway controls proliferation and apoptosis in multiple
myeloma. Leukemia 17: 764 – 774

Donninger H, Bonome T, Radonovich M, Pise-Masison CA, Brady J, Shih
JH, Barrett JC, Birrer MJ (2004) Whole genome expression profiling of
advance stage papillary serous ovarian cancer reveals activated pathways.
Oncogene 23: 8065 – 8077

Du P, Kibbe WA, Lin SM (2008) Lumi: a pipeline for processing Illumina
microarray. Bioinformatics 24: 1547 – 1548

Etemadmoghadam D, deFazio A, Beroukhim R, Mermel C, George J, Getz
G, Tothill R, Okamoto A, Raeder MB, Harnett P, Lade S, Akslen LA,
Tinker AV, Locandro B, Alsop K, Chiew YE, Traficante N, Fereday S,
Johnson D, Fox S, Sellers W, Urashima M, Salvesen HB, Meyerson M,
Bowtell D, AOCS Study Group (2009) Integrated genome-wide DNA copy
number and expression analysis identifies distinct mechanisms
of primary chemoresistance in ovarian carcinomas. Clin Cancer Res 15:
1417 – 1427

Falcon S, Gentleman R (2007) Using GOstats to test gene lists for GO term
association. Bioinformatics 23: 257 – 258

Fribley A, Wang CY (2006) Proteasome inhibitor induces apoptosis
through induction of endoplasmic reticulum stress. Cancer Biol Ther 5:
745 – 748

Garcia S, Dales JP, Charafe-Jauffret E, Carpentier-Meunier S, Andrac-Meyer
L, Jacquemier J, Andonian C, Lavaut MN, Allasia C, Bonnier P, Charpin C
(2007) Overexpression of c-Met and of the transducers PI3K, FAK and

JAK in breast carcinomas correlates with shorter survival and
neoangiogenesis. Int J Oncol 31: 49 – 58

Jin H, Yu Y, Zhang T, Zhou X, Zhou J, Jia L, Wu Y, Zhou BP, Feng Y (2010)
Snail is critical for tumor growth and metastasis of ovarian carcinoma.
Int J Cancer 126: 2102 – 2111

Ju W, Yoo BC, Kim IJ, Kim JW, Kim SC, Lee HP (2009) Identification of
genes with differential expression in chemoresistant epithelial ovarian
cancer using high-density oligonucleotide microarrays. Oncol Res 18:
47 – 56

Kaposi-Novak P, Lee JS, Gomez-Quiroz L, Coulouarn C, Factor VM,
Thorgeirsson SS (2006) Met-regulated expression signature defines a
subset of human hepatocellular carcinomas with poor prognosis and
aggressive phenotype. J Clin Invest 116: 1582 – 1595

Kim YU, Ashida H, Mori K, Maeda Y, Hong Y, Kinoshita T (2007)
Both mammalian PIG-M and PIG-X are required for growth of
GPI14-disrupted yeast. J Biochem 142: 123 – 129

Landen Jr CN, Birrer MJ, Sood AK (2008) Early events in the pathogenesis
of epithelial ovarian cancer. J Clin Oncol 26: 995 – 1005

Li Y, Li X, Sarkar FH (2003) Gene expression profiles of I3C- and
DIM-treated PC3 human prostate cancer cells determined by cDNA
microarray analysis. J Nutr 133: 1011 – 1019

Liu X, Yao W, Newton RC, Scherle PA (2008) Targeting the c-MET
signaling pathway for cancer therapy. Expert Opin Investig Drugs 17:
997 – 1011

Maeda Y, Watanabe R, Harris CL, Hong Y, Ohishi K, Kinoshita K,
Kinoshita T (2001) PIG-M transfers the first mannose to glycosylpho-
sphatidylinositol on the lumenal side of the ER. EMBO J 20: 250 – 261

Naik R, Nixon S, Lopes A, Godfrey K, Hatem MH, Monaghan JM (2006) A
randomized phase II trial of indole-3-carbinol in the treatment of vulvar
intraepithelial neoplasia. Int J Gynecol Cancer 16: 786 – 790

Nakayama N, Nakayama K, Shamima Y, Ishikawa M, Katagiri A, Iida K,
Miyazaki K (2010) Gene amplification CCNE1 is related to poor
survival and potential therapeutic target in ovarian cancer. Cancer 116:
2621 – 2634

Nguyen HH, Aronchik I, Brar GA, Nguyen DH, Bjeldanes LF, Firestone GL
(2008) The dietary phytochemical indole-3-carbinol is a natural elastase
enzymatic inhibitor that disrupts cyclin E protein processing. Proc Natl
Acad Sci USA 105: 19750 – 19755

Rahman KW, Li Y, Wang Z, Sarkar SH, Sarkar FH (2006) Gene expression
profiling revealed survivin as a target of 3,30-diindolylmethane-induced
cell growth inhibition and apoptosis in breast cancer cells. Cancer Res 66:
4952 – 4960

Raj MH, Abd Elmageed ZY, Zhou J, Gaur RL, Nguyen L, Azam GA, Braley
P, Rao PN, Fathi IM, Ouhtit A (2008) Synergistic action of dietary
phyto-antioxidants on survival and proliferation of ovarian cancer cells.
Gynecol Oncol 110: 432 – 438

Ramirez PT, Landen Jr CN, Coleman RL, Milam MR, Levenback C,
Johnston TA, Gershenson DM (2008) Phase I trial of the proteasome
inhibitor bortezomib in combination with carboplatin in patients with
platinum- and taxane-resistant ovarian cancer. Gynecol Oncol 108: 68 – 71

Reed GA, Peterson KS, Smith HJ, Gray JC, Sullivan DK, Mayo MS, Crowell
JA, Hurwitz A (2005) A phase I study of indole-3-carbinol in women:
tolerability and effects. Cancer Epidemiol Biomarkers Prev 14: 1953 – 1960

Rosen CA, Bryson PC (2004) Indole-3-carbinol for recurrent respiratory
papillomatosis: long-term results. J Voice 18: 248 – 253

Ruschak AM, Slassi M, Kay LE, Schimmer AD (2011) Novel proteasome
inhibitors to overcome bortezomib resistance. J Natl Cancer Inst 103:
1007 – 1017

Santoro MG (2000) Heat shock factors and the control of the stress
response. Biochem Pharmacol 59: 55 – 63

Smyth GK (2005) Limma: linear models for microarray data.
In Bioinformatics and Computational Biology Solutions using R and

I3C sensitises ovarian cancer cells to bortezomib

B Taylor-Harding et al

342

British Journal of Cancer (2012) 106(2), 333 – 343 & 2012 Cancer Research UK

T
ra

n
sla

tio
n

a
l

T
h

e
ra

p
e
u

tic
s

http://www.nature.com/bjc


Bioconductor, Gentleman R, Carey V, Dudoit S, Irizarry R, Huber W
(eds) pp 397 – 420. Springer: New York

Taylor-Harding B, Orsulic S, Karlan BY, Li AJ (2010) Fluvastatin and
cisplatin demonstrate synergistic cytotoxicity in epithelial ovarian cancer
cells. Gynecol Oncol 119: 549 – 556

Uddin S, Ahmed M, Bavi P, El-Sayed R, Al-Sanea N, AbdulJabbar A, Ashari
LH, Alhomoud S, Al-Dayel F, Hussain AR, Al-Kuraya KS (2008)
Bortezomib (velcade) induces p27Kip1 expression through S-phase
kinase protein 2 degradation in colorectal cancer. Cancer Res 68:
3379 – 3388

Uddin S, Ahmed M, Hussain AR, Jehan Z, Al-Dayel F, Munkarah A, Bavi P,
Al-Kuraya KS (2009) Bortezomib-mediated expression of p27Kip1
through S-phase kinase protein 2 degradation in epithelial ovarian
cancer. Lab Invest 89: 1115 – 1127

Weng JR, Tsai CH, Kulp SK, Chen CS (2008) Indole-3-carbinol as a
chemopreventive and anti-cancer agent. Cancer Lett 262: 153 – 163

Wong N, Yeo W, Wong WL, Wong NL, Chan KY, Mo FK, Koh J, Chan SL,
Chan AT, Lai PB, Ching AK, Tong JH, Ng HK, Johnson PJ, To KF (2009)
TOP2A overexpression in hepatocellular carcinoma correlates with early
age onset, shorter patients survival and chemoresistance. Int J Cancer
124: 644 – 652

Wright JJ (2010) Combination therapy of bortezomib with novel
targeted agents: an emerging treatment strategy. Clin Cancer Res 16:
4094 – 4104

Xiao GH, Jeffers M, Bellacosa A, Mitsuuchi Y, Vande Woude GF, Testa JR
(2001) Anti-apoptotic signaling by hepatocyte growth factor/Met via the
phosphatidylinositol 3-kinase/Akt and mitogen-activated protein kinase
pathways. Proc Natl Acad Sci USA 98: 247 – 252

Zimmermann J, Erdmann D, Lalande I, Grossenbacher R, Noorani M,
Furst P (2000) Proteasome inhibitor induced gene expression profiles
reveal overexpression of transcriptional regulators ATF3, GADD153 and
MAD1. Oncogene 19: 2913 – 2920

This work is published under the standard license to publish agreement. After 12 months the work will become freely available and the
license terms will switch to a Creative Commons Attribution-NonCommercial-Share Alike 3.0 Unported License.

I3C sensitises ovarian cancer cells to bortezomib

B Taylor-Harding et al

343

British Journal of Cancer (2012) 106(2), 333 – 343& 2012 Cancer Research UK

T
ra

n
sl

a
ti

o
n

a
l

T
h

e
ra

p
e
u

ti
c
s


	Indole-3-carbinol synergistically sensitises ovarian cancer cells to bortezomib treatment
	Materials and methods
	Cell culture and reagents
	Proliferation assays
	Flow cytometry
	Isobologram analysis
	Western blot analysis
	Quantitative RT-PCR (qRT-PCR)
	Microarray gene expression profiling 
	Microarray data normalisation and analysis
	In vivo tumour xenograft studies
	Statistical analysis

	Figure 1 Indole-3-carbinol and bortezomib exhibit synergistic cytotoxicity in OVCAR3 and OVCAR5 cells.
	Results
	Synergistic cytotoxicity between I3C and bortezomib
	I3C and bortezomib combination sensitises ovarian cancer cells to standard platinum-based chemotherapeutic agents

	Figure 2 Indole-3-carbinol and bortezomib combination sensitises ovarian cancer cells to platinum-based chemotherapeutic agents.
	I3C and bortezomib combination enhances apoptosis
	I3C and bortezomib combination induces cell cycle arrest

	Figure 3 Indole-3-carbinol and bortezomib enhance apoptosis in OVCAR3 and OVCAR5 cells.
	I3C and bortezomib combination affects multiple pathways important for cancer progression

	Figure 4 Indole-3-carbinol and bortezomib cause cell cycle arrest in OVCAR3 and OVCAR5 cells.
	Figure 5 Indole-3-carbinol and bortezomib combination inhibits carcinogenesis, reduces chemoresistance, upregulates ER stress markers, deregulates metabolic pathways and causes widespread gene deregulation in OVCAR3 and OVCAR5 cells.
	I3C and bortezomib co-treatment inhibits the growth of OVCAR5 tumour xenografts in nude mice

	Figure 6 Indole-3-carbinol and bortezomib co-treatment inhibit human ovarian tumour xenografts in nude mice.
	Discussion
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	REFERENCES




