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Abstract
Objective—The aim was to evaluate antitumor activity of the combination of ixabepilone and
sunitinib in preclinical models of chemotherapy naïve and refractory epithelial ovarian tumors,
and to investigate the mechanism of synergy of such drug combination.

Research Design—HOVTAX2 cell line was derived from a metastatic serous papillary
epithelial ovarian tumor (EOC) and a paclitaxel-resistant derivative was established. Dose
response curves for ixabepilone and sunitinib were generated and synergy was determined using
combination indexes. The molecular mechanism of antitumor synergy was examined using
shRNA silencing.

Results—The combination of ixabepilone and sunitinib demonstrated robust antitumor synergy
in naïve and paclitaxel-resistant HOVTAX2 cell lines due to increased apoptosis. The GTPase,
RhoB, was synergistically upregulated in cells treated with ixabepilone and sunitinib. Using
shRNA, RhoB was demonstrated to mediate antitumor synergy. These results were validated in
two other EOC cell lines.

Conclusions—Ixabepilone plus sunitinib demonstrated antitumor synergy via RhoB in naïve
and paclitaxel-resistant cells resulting in apoptosis. This study demonstrates a novel mechanism of
action leading to antitumor synergy and provides ‘proof-of-principle’ for combining molecular
targeted agents with cytotoxic chemotherapy to improve antitumor efficacy. RhoB could be
envisioned as an early biomarker of response to therapy in a planned Phase II clinical trial to
assess the efficacy of ixabepilone combined with a receptor tyrosine kinase inhibitor such as
sunitinib. To the best of our knowledge, this is the first demonstration of antitumor synergy
between these two classes of drugs in EOC and the pivotal role of RhoB in this synergy.
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Introduction
Epithelial ovarian cancer (EOC) is the leading cause of gynecologic cancer death among
developed nations with the majority of women presenting with advanced-stage disease and
5-year survival rates of about 25%.1, 2 Approximately 80–85% of all ovarian carcinomas in
Western countries are of serous subtype with a papillary or glandular pattern.3 At the
molecular level, high-grade ovarian serous carcinomas are genetically unstable and
frequently have TP53 mutations, loss of BRCA1 or BRCA2 function, and/or amplification
of oncogenes such as PRKCI, NOTCH3, EGFR, HER2, c-MYC and WT1 along with
activation of several signaling pathways including ras/raf/MAP kinase and PI3 kinase/Akt
pathways.4–7 Low levels or altered expression of apoptosis-regulating proteins such as
Bcl-2, BAX, survivin and RhoB are also reported in these tumors.4, 8, 9 Reports suggest that
in ovarian cancer, there is enhanced angiogenic-signaling pathway and a higher expression
of PDGFRα, PDGFRβ and c-kit with autocrine or paracrine stimulation of the receptors by
their respective ligands.10, 11 Dysregulation of these key cell-signaling and biochemical
pathways, which ultimately leads to increased cellular proliferation and promotes cell
survival, has been implicated in development and maintenance of resistance to
chemotherapy and poor prognosis with shortened survival.12–15 RhoB, a small GTPase that
regulates actin organization and vesicle transport, is downstream of many of these
dysregulated receptors. RhoB is not mutated in cancer, but its altered expression and activity
seem crucial to cancer progression and therapeutic responses.16 It is also required for
apoptosis in cells exposed to microtubule stabilizing agents. Ras has also been shown to
downregulate RhoB promoter transcriptional activity17, 18 while activated Akt is well known
to phosphorylate and inactivate RhoB.18

Ovarian cancer is highly sensitive to chemotherapy drugs, particularly the platinum agents,
and hence the current preferred treatment regimen for advanced EOC is platinum-based
combination chemotherapy, usually coupled with paclitaxel.19 While this regimen has
promising clinical response rates, the majority of patients will relapse with a median time-
to-recurrence of about one year. A significant number of tumor recurrences become resistant
to platinum agents, which significantly hinders successful treatment outcomes. Several
clinical studies of chemotherapy agents in patients with platinum resistant ovarian tumors,
either singly or in combination, have demonstrated moderate response rates.20 Ixabepilone, a
novel epothilone B analog has demonstrated significant clinical benefit with an acceptable
safety profile in patients with platinum- and taxane-resistant relapsed or refractory ovarian
carcinoma.21 Ixabepilone acts in a similar way to taxanes by stabilizing microtubules
resulting in arrested cell division and apoptosis; however it is structurally different from
taxanes and has distinct tubulin-binding sites with preferential suppression of the dynamic
instability of α/β-III-microtubules.22 It has demonstrated broad anti-tumor activity in
several human pre-clinical tumor models.23 In combination with capecitabine, ixabepilone
has shown improved response rates and progression-free survival in a phase III clinical trial
for patients with metastatic breast cancer pre-treated or resistant to anthracyclines or
taxanes.24 Combining such novel cytotoxic chemotherapeutic drugs along with agents that
block specific oncogenic pathways may improve anti-tumor efficacy. It is also well
recognized that such combinations with non-overlapping mechanisms of action and toxicity
profiles can produce synergistic anti-tumor effects. Targeting specific and/or multiple
oncogenic pathways using receptor-blocking monoclonal antibodies or tyrosine kinase
inhibitors (TKI), thereby preventing activation of the signal transduction cascades, has been
harnessed with some success in improving clinical outcomes in several cancers. In ovarian
cancer, clinical trials with agents that block angiogenic pathways, mediated by several
receptor tyrosine kinases such as VEGFR and PDGFR and c-kit, have shown efficacy. Thus,
there is a strong biological rationale for further investigation in combining these agents with
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microtubule-targeting chemotherapy drugs such as ixabepilone, which can have direct anti-
angiogenic effects in addition to antitumor activity.25, 26 In this study, we examine the anti-
tumor efficacy of ixabepilone in combination with sunitinib, a multi-targeted receptor TKI
in a newly developed paclitaxel naïve and resistant HOVTAX2, a pre-clinical model of high
grade serous ovarian carcinoma, established from a surgically resected human ovarian
tumor. We also found that activation of RhoB is critical for the antitumor synergy between
these two classes of drugs.

Materials and Methods
Reagents

Ixabepilone was kindly provided by Bristol-Myers Squibb (Plainsboro, NJ). Sunitinib
(Sutent®Pfizer) was kindly provided by Pfizer (New York, NY) and paclitaxel was
purchased from Sigma-Aldrich (St. Louis, MO). All drugs were diluted in DMSO at various
concentrations and stored at −20°C.

Tissue, cell lines and in vivo model
This study was approved by the Mayo Institutional Review Board Committee. HOVTAX2
cell line was established in the Copland laboratory from surgically removed human ovarian
carcinoma. A portion of the tissue was frozen and processed for pathology review which
showed a high grade serous papillary carcinoma. The rest was minced, washed in PBS
(Cellgro, Herndon, VA) and cultured in Dulbecco’s modified eagle medium (DMEM;
Invitrogen, Carlsbad, CA) supplemented with 5% fetal bovine serum (Hyclone, Logan, UT),
non-essential amino acids (Cellgro), and penicillin-streptomycin-amphotericin B (Cellgro) at
37°C in a humidified atmosphere with 5% CO2. Cells were cultured for 6 months and were
designated stable cell lines once they reached passage 50 and were homogeneous.
OVCA420 was a gift from Dr. Robert C. Bast Jr. (University of Texas MD Anderson
Cancer Center) and UWB1.289 was purchased from ATCC (Manassas, VA). Cells were
maintained in the above media that was mixed with equal volume MEGM (Lonza,
Walkersville, MD). Our STR analysis matched that of the ATCC profile for UWB1.289.
The OVCA420 cells demonstrated a unique profile when examined by the comprehensive
Deutsche Sammlung von Mikroorganismen und Zellkulturen data base (http://
www.dsmz.de/human_and_animal_cell_lines/main.php?contentleft_id=101). The STR
profile for OVCA420 is as follows: AMEL XX; CSF1PO 8; D13S317 12,13; D16S539 9;
D18S51 14,17; D21S11 30.2; D3S1358 16,17; D5S818 13; D7S820 11; D8S1179 14,15;
FGA 22; TPOX 8; VWA 16,18. For morphological studies, cells were plated in 100 mm
plates and grown to ~90% confluence. Phase images were obtained on an inverted Olympus
microscope (C Squared Corporation, Pittsburgh, PA). For creating paclitaxel resistant
HOVTAX2, cells were treated in vitro with increasing doses of paclitaxel ranging from 0.1
nM to 100 nM every four weeks. For in vivo studies, 2 million HOVTAX2 cells in 100 µl
media were injected intraperitoneal (i.p.) into 6 week old female athymic nude mice (n=5,
Harlan, Tampa, FL). After 12 weeks, the mice were euthanized and tumors were identified
on the diaphragm and mesentery fat of the bowel. Tumor number was counted and tumor
volume (mm3) was calculated by using the formula: (0.5236)(a x b x c), whereas a=length,
b=width, c=height.

DNA isolation and STR analysis
Genomic DNA from primary tissue and its matching cell line was isolated using the
Purelink Genomic DNA Isolation kit (Invitrogen, Carlsbad, CA). Thirteen STR markers
using fluorescently labeled primers from ABI (Applied Biosystems, Foster City, CA) as
performed by the Genotyping Core facility at Mayo Clinic (Rochester, MN).
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Cell proliferation assays and growth curves
For proliferation analysis, cells were plated in 12-well plates (BD Biosciences, Bedford,
MA) in triplicate at a concentration of 2 × 104 cells / well. Cells were treated with either
paclitaxel, ixabepilone, sunitinib or a combination of various concentrations as indicated in
figure legends for 72 hours. DMSO alone was used as control. After 72 hours, cells were
washed with PBS (Cellgro), trypsinized and 100 µl was counted by Coulter Particle Counter
(Beckman, Brea, CA). For single dose outs of sunitinib and ixabepilone, IC50 was calculated
via extrapolation of 50% growth on a log scale to determine corresponding drug
concentration.

Analysis of synergy by Combination index analysis
Using the ratio of the IC50, the proportion of each compound needed in a combination dose
was calculated. Experiments were then carried out using ixabepilone, sunitinib and a fixed
ratio combination of both at a variety of different doses. Drug interactions were analyzed
using CalcuSyn®.27 Determination of synergy, additivity or antagonism was based on the
multiple drug effect equation of Chou and Talalay and was quantified by the combination
index (CI). CI=1 indicates an additive effect, <1 is synergy and >1 is antagonism.28

Cell lysis and western blot analysis
Cells were plated in 10 cm plates at an initial concentration of 3×105 cells/plate for each
group and grown to ~50% confluence prior to treatment for 24 hrs and then were treated
with ixabepilone, sunitinib and combination of both for 72 hours. DMSO was used as
control and all cells received identical volumes of DMSO (1:1000). For each condition, cells
were collected including any floating cells and lysed. Cell lysis was done in RIPA buffer
containing 50 mM Tris, 5 mM EDTA, 150 mM NaCl, 0.1% SDS, 0.5 % deoxycholate, 1%
NP40, protease inhibitor cocktail (Roche, Mannheim, Germany) and phosphatase inhibitor
(Pierce, Rockford, IL) followed by centrifugation. Supernatant protein concentrations were
measured by BCA assay (Pierce). Twenty-five micrograms of protein was loaded on Bis-
Tris / MES gels (Invitrogen) and then transferred to 0.2 µm Immobilon-P membranes
(Millipore; Billerica, MA). The membranes were hybridized overnight at 4°C with the
following antibodies: PDGFR, VEGFR1, PARP, p-ERK, ERK, p-AKT, p53, Rb (Cell
Signaling, Beverly, MA); α-tubulin, β-actin (Sigma-Aldrich); βIII-tubulin (Abcam,
Cambridge, MA); RhoB (Santa Cruz Biotechnology, Santa Cruz, CA). Secondary species-
specific horseradish peroxidase-labeled antibodies (Jackson Immunoresearch, West Grove,
PA) were applied in 3% milk/TBS for 45 min at room temperature. Detection was
performed using Supersignal chemiluminescence kit (Pierce).

Flow cytometry
For cell death analysis, cells were plated at 7.5 × 104 cells/plate in 6 cm plates (Midwest
Scientific) and treated with either 50 nM sunitinib, 10 nM ixabepilone or both for 72 hrs.
Media was collected for floating cells and adhered cells were collected using 0.05% trypsin
(Cellgro). Both floating and adhered cells were washed with cold PBS (Cellgro)and
resuspended in cold binding buffer (BD Pharmingen, San Jose, CA) followed by staining
with propidium iodide (BD Pharmingen) for 10 minutes. For cell cycle analysis, cells were
plated in 10 cm plates and grown to ~50% confluence prior to serum starvation for 24 hrs.
Cells were released with regular media and treatment for 48 hours. Adhered cells were
collected using 0.05% trypsin (Cellgro, Manassas, VA). Cells were then fixed and stained
with propidium iodide (BD Pharmingen, San Jose, CA) per the manufacturer’s protocol.
FACS analysis was performed on Accuri C6 flow cytometer (Accuri, Ann Arbor, MI).
Unstained cells were used as controls for setting the population parameters and overlay of
histograms show no deviation or drift of channels.
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Microtubule stabilization assay
Exponentially growing cells were treated with either DMSO control or 10 nM ixabepilone
for 6 hours and then harvested, pelleted and washed in cold PBS (Cellgro). Pelleted cells
were lysed in 50 µl hypotonic lysis buffer (1 mM MgCl22 mM EGTA, 0.5% Nonidet P-40,
20 mM Tris-HCl (pH 6.8), and 2 mM PMSF) for 5 min at 37°C. Samples were centrifuged
at ~ 15,000 × g for 10 min at 22°C in a temperature-controlled centrifuge to separate the
pellet (polymerized cytoskeletal fraction) from the supernatant (soluble cytosolic fraction).
The pellet was resuspended in a volume of lysis buffer equal to the supernatant, and both
had an equal volume of 4X LDS sample buffer (Invitrogen) added. Equal volumes of
samples were used for western analysis.

Lentiviral transduction
Self-inactivating shRNA lentiviruses were generated using MISSION shRNA pLKO.1
constructs (Sigma-Aldrich, St. Louis, MO). The nontarget control was a random scrambled
sequence (SHC002) and the sequences for RhoB were from clones NM_004040.2-452s1c1,
NM_004040.2-461s1c1, NM_004040.2-498s1c1, NM_004040.2-623s1c1,
NM_004040.2-839s1c1) (Sigma-Aldrich). Lentiviruses were packaged using HEK293FT
cells by transient transfection of the pLKO.1 constructs along with ViraPower (Invitrogen)
using Lipofectamine 2000 (Invitrogen). Supernatants were collected 72 hours post-
transfection, passed through a 0.45 µm PVDF syringe filter (Millipore, Bedford, MA) and
applied to cells for infection along with 5 µg/ml polybrene (American Bioanalytical, Natick,
MA) for 24 hrs. Cells were then selected with 2 µg/ml puromycin (Fisher Scientific,
Houston TX).

RNA isolation and Quantitative PCR (QPCR)
Total mRNA was isolated from cells using Purelink RNA isolation kit (Invitrogen) with
DNase treatment per the manufacturer’s protocol and the O.D. 260/280 ratio of the mRNA
was at least 1.8. Two-step quantitative reverse transcriptase-mediated real-time PCR
(QPCR) was used to measure changes in mRNA in response to changes in RhoB expression.
The RT step was achieved by synthesizing cDNA from 3 µg RNA using the High Capacity
Reverse Transcription kit as per the manufacturer’s protocol (Applied Biosystems Foster
City, CA). The PCR step was done using TaqMan® Fast Universal PCR Master Mix
(Applied Biosystems) and TaqMan® FAMTM dye-labeled probes for RhoB
(Hs00269660_s1) and GAPDH (Hs99999905_m1). Data was normalized to GAPDH for
each sample. Fold change values between nontargets, control samples and treated samples
were calculated using the ΔΔCt method.29

Immunostaining
IHC was performed on ovarian tissues that were mounted on slides from frozen sections.
ICC was done with cell lines plated in chamber slides (Lab-Tek, Rochester, NY) that were
fixed with 2% paraformaldehyde followed by permalization with methanol. Slides were
blocked with diluent that contained background reducing components (Dakocytomation,
Denmark) for 30 minutes and probed for the following antibodies: ER, PR, CK7, c-kit,
CA125, BRCA1, BRCA2, PDGFR and VEGFR1. Images were obtained on an inverted
Olympus microscope (C Squared Corporation, Tamarac, FL).

Statistical analysis
Data are presented as either percentage, actual cell number, fold change ± s.d. unless
otherwise specified. Comparisons of treatment groups were analyzed by two-tailed paired
Student's t-test. p<0.05 was considered statistically significant. For synergy statistics,
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CalcuSyn® was used based on the multiple drug effect equation of Chou and Talalay as
previously described.

Results
Cell-line characterization

The patient’s EOC tumor histology demonstrated serous papillary morphology and the
derived cell line HOVTAX2 exhibited epithelial morphology (Fig 1A). STR analysis at
passage number 65 validated that the derived cell line matched its originating tumor tissue
with stable allele sizes for the markers within 0- to 3-bp accuracy of the well-calibrated ABI
sequencer. (Fig. 1B) Both tumor and cell line were negative for estrogen and progesterone
receptor expression with positive expression for the following: BRCA1, BRCA2,
cytokeratin, c-kit, PDGFRα and VEGFR1 (Fig s1A and B). Even though the tumor tissue
was positive for Ca125, the derived cell line appeared to have lost Ca125 expression in vitro
(Fig s1A and B). This newly established HOVTAX2 cell line demonstrated a wild-type p53
phenotype and a mutant retinoblastoma (Rb) phenotype, which was determined by protein
accumulation seen by Western blot analysis (Fig 1B). When HOVTAX2 cells were injected
i.p. into immune compromised mice, tumor growth occurred on the diaphragm and
mesentery (Fig 1C) similar to that found in patients diagnosed with metastatic ovarian
cancer. To model paclitaxel refractory tumors that develop in many patients, a paclitaxel-
resistant cell line of HOVTAX2 was established through treatment with incremental
increase of dose of paclitaxel over time. This cell line demonstrated resistance to paclitaxel
treatment up to 100 nM, a dose that kills 100% of cells in the naïve cell line (Fig 1D).

Naïve and paclitaxel-resistant serous papillary ovarian cancer cells’ growth is inhibited by
sunitinib and ixabepilone

Growth of both naïve and paclitaxel-resistant cell lines was inhibited by sunitinib (Fig 2A)
and ixabepilone (Fig 3A) in nM concentrations in a dose dependent manner, after 72 hours
of treatment. Western blot analysis demonstrated that VEGFR1, PDGFRα and c-kit
(molecular targets of sunitinib) are expressed in both cell lines, with increased VEGFR1 and
decreased PDGFRα in the paclitaxel-resistant cells (Fig 2B). Cells that are refractory to
chemotherapeutics such as paclitaxel have been previously shown to have altered expression
of these receptors.29–31 When the downstream targets of sunitinib were examined, there was
only significant down-regulation of p-ERK in naïve and paclitaxel resistant cells (Fig 2B). A
dose out of sunitinib from 50 nM to 5 µM for 30 minutes was also examined for p-AKT and
total AKT with similar results to that of the 24 hour time point (data not shown). Flow
cytometry showed that after treatment with sunitinib, cells became stacked in the G1 phase
with a ~15% increase in naïve cells and to a lesser degree in paclitaxel-resistant cells by
~5% (Fig 2C). In order to verify that ixabepilone was stabilizing the microtubules, a
microtubule stabilization assay was performed as shown by western blot, whereby β-III
tubulin and α-tubulin accumulated in the polymerized fraction (P) (Fig 3B). Flow cytometry
illustrated that upon ixabepilone treatment, cells became stacked in the G2/M phase with a
~36% increase in G2/M phase cells in the paclitaxel-naïve cells and an 18% increase in G2/
M phase cells in paclitaxel-resistant cells (Fig 3C).

Sunitinib synergizes with ixabepilone
In HOVTAX2 and its paclitaxel-resistant derivative, the combination of sunitinib and
ixabepilone at a fixed ratio display strong antitumor synergism, as evidenced by a significant
leftward shift in the synergy curves (Figs. 4A & B). Further analysis with Calcusyn software
confirms the strong synergy, with CI values ranging between 0.1 and 0.4 for both cell lines
(CI< 1 indicates synergy). This synergy was confirmed in two other serous papillary ovarian
carcinomas, OVCA420 and UWB1.289 with CI values of 0.3 and 0.7, respectively (Fig.
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s2A). Flow cytometry established that the synergy was due to cell death. In the naïve cell
line, sunitinib and ixabepilone induced cell death in 15.3% and 33.1% of the populations,
respectively (Fig. 4C). In combination, cell death was induced by 60.3%. In the resistant
analog, the combination induced cell death by 21.5%, which was significantly less than its
naïve counterpart (Fig. 4C). This cell death was due to apoptosis as indicated by PARP
cleavage (Fig. 4D).

Synergism of sunitinib and ixabepilone is mediated through upregulated RhoB
Quantitative PCR analysis indicated that sunitinib exposure of the HOVTAX2 cells resulted
in increased RhoB mRNA expression (Fig. 5A, s2B). This is consistent with previous
published observations that Ras, a downstream signaling partner of tyrosine kinase
receptors, downregulates RhoB promoter transcriptional activity.18 In the HOVTAX2 cell
line and its resistant derivative cell line, combinatorial exposure to sunitinib and ixabepilone
significantly upregulated RhoB to a greater extent than exposure to sunitinib alone, with fold
changes of 5.5- and 4-fold, respectively. Western blot analysis confirmed a similar pattern in
RhoB protein expression (Fig. 5B). After screening several lentiviruses containing RhoB
shRNA (Fig. 6A), RhoB 839 shRNA was used to silence RhoB in all cell lines (Figs. 6B &
s2C). RhoB remained silenced following treatment with sunitinib and ixabepilone.
HOVTAX2 cells infected with RhoB 839 shRNA lentivirus displayed no induction of
apoptosis following exposure to sunitinib and ixabepilone (only a 4.5% increase in apoptosis
in the treated cells compared with control), whereas cells infected with nontarget virus
maintain the apoptotic response to exposure to ixabepilone and sunitinib (a 56.8% increase
in apoptosis in the treated cells compared with untreated cells) (Fig. 6C). OVCA420 and
UWB1.289 also showed RhoB dependence, but to a lesser degree (Fig. s2D). Thus, when
RhoB is silenced, cells are less susceptible to cell death upon combination treatment
indicating RhoB-dependence for antitumor synergy (Figs 6C and s2D).

Discussion
Combination chemotherapy is the mainstay of most treatments against epithelial
malignancies. Recently, several molecularly targeted drugs that block the growth and spread
of different malignant tumors by interfering with specific signaling-pathways involved in
tumor growth have shown great promise either as single agents or in combination with
cytotoxic chemotherapy drugs.32–35 The current combinatorial anti-cancer therapies consist
of empirically designed combinations to achieve a synergistic enhancement of the
therapeutic efficacy, while overcoming, delaying and/or preventing drug resistance.
Understanding the mechanistic pathways contributing to such synergy will improve
development of these drug combinations, particularly the molecularly targeted agents along
with cytotoxic chemotherapy drugs. Sunitinib and several other TKI drugs have been
proposed as possibly effective in reversing chemotherapy resistance.36, 37 The goals of our
study was to test antitumor activity of sunitinib alone in paclitaxel-naïve and paclitaxel-
resistant serous ovarian cancer cell lines as well as determine if antitumor synergy occurred
when combined with ixabepilone. We demonstrated a robust synergistic antitumor activity
of this combination in both paclitaxel-naïve and paclitaxel-resistant ovarian tumor models.
The potential utility of this combination is particularly relevant in patients with drug
resistant disease as ixabepilone demonstrates efficacy in such tumors.22

Induction of apoptosis can generate reactive oxygen species, which in turn can enhance
expression of VEGF. VEGF over-expression, an important survival factor for cancer cells,
has been postulated as a potential mechanism of chemotherapy resistance.38 As seen in our
data, the VEGF receptor 1 was upregulated whereas PDGFRα was attenuated in paclitaxel-
resistant cells compared to paclitaxel-naïve cells. Autocrine activation of PDGFR has also
been shown to promote the progression of ovarian cancer.39 Hence, the ability of sunitinib to
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inhibit the signaling through these receptor tyrosine kinases may contribute to the synergy
that was observed between ixabepilone and sunitinib. We were surprised in that our findings
indicate that p-ERK is inhibited by sunitinib while p-AKT appears not to be suppressed. We
examined early time points up to 5 µM and found no differences between p-AKT levels in
control and sunitinib treated cells. While sunitinib is known to suppress both of these growth
and survival promoting pathways, there is one report indicating selective suppression of p-
ERK but not p-AKT in thyroid cancer cells by sunitinib.40, 41

The reduced susceptibility of ixabepilone to drug efflux pumps such as glycoprotein (P-gp)
may allow higher accumulation and concentration of ixabepilone within the tumor cells,
which may explain the greater anti-tumor efficacy of this agent in resistant tumors. Our
observation of cell cycle arrest induced at different phases (G1 phase arrest by sunitinib and
G2/M phase by ixabepilone) may also contribute to the synergy observed between the two
agents. We also have shown in this study, by using the newly established ovarian cancer cell
line and other previously established ovarian cancer models, that the synergistic anti-tumor
efficacy of sunitinib and ixabepilone is mediated by up-regulation of RhoB. RhoB, a small
GTPase, is now identified as a critical link to antitumor signaling pathway that regulates
actin organization and vesicle trafficking.17 It is not mutated in cancer, but its expression is
commonly attenuated in cancers.17 In our laboratory, we have previously demonstrated that
reactivation of suppressed RhoB is a critical step in inhibition of anaplastic thyroid cancer
growth.16 Herein, we show that treatment of cells with sunitinib leads to upregulated RhoB
mRNA expression by as yet an unknown mechanism42 and that sunitinib and ixabepilone
synergistic effects on apoptosis are abrogated by silencing RhoB.

The observation of synergistic anti-tumor effects of ixabepilone and sunitinib in EOC is a
novel observation. Mouse xenograft data has demonstrated single agent antitumor activity of
sunitinib in naïve EOC.43 As well, a small phase II Canadian clinical trial has examined
single agent sunitinib in recurrent ovarian cancer concluding that sunitinib has modest
activity in recurrent platinum-sensitive ovarian cancer.44 A phase II Gynecologic Oncology
Group (GOG) clinical trial has also examined single agent ixabepilone with recurrent or
persistent platinum- and taxane-resistant primary ovarian or peritoneal carcinoma
concluding that ixabepilone demonstrated antitumor activity and acceptable safety in
patients with platinum- and taxane resistant recurrent or persistent ovarian or primary
peritoneal carcinoma.21 More recently, a Phase 1 clinical trial is enrolling patients to test the
combination of sunitinib and ixabepilone against progressive advanced solid tumors (http://
clinicaltrials.gov/ct2/show/NCT00884676). To the best of our knowledge, this is the first
demonstration of antitumor synergy between these two classes of drugs, a microtubule
stabilizer and tyrosine kinase inhibitor in paclitaxel-naïve and paclitaxel-resistant EOC.
Furthermore, these results provide ‘proof-of-principle’ for combining specific targeted
agents (TKI’s and/or antibody directed against TK) against oncogenic pathways along with
cytotoxic chemotherapy and strongly support to test these combinations in clinical trials.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

STR short tandem repeat

EOC epithelial ovarian cancer

GOG Gynecologic Oncology Group

PDGFR Platelet-derived growth factor receptor

VEGFR Vascular endothelial growth factor receptor

TKI Tyrosine kinase inhibitor
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Highlights

Cell-line characterization of serous papillary ovarian cancer cells

Sunitinib synergizes with ixabepilone

Synergism of sunitinib and ixabepilone is mediated through upregulated RhoB
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Figure 1. HOVTAX2, a new serous ovarian carcinoma cell line
A. Images of a frozen section of the patient tissue and the derivative cell line, HOVTAX2, in
live culture. B. Panel showing that the STR profile for HOVTAX2 matches the STR profile
of the patient tissue it was derived from. HOVTAX2 is also shown to be p53 wild-type and
Rb mutant based upon protein accumulation. C. In vivo images of the diaphragm and
mesentery fat of the bowel after HOVTAX2 cells were injected i.p. into 6 week old female
athymic nude mice (n=5). After 12 weeks, the mice were euthanized and tumors were
identified to grow on the diaphragm and mesentery fat of the bowel. Tumor number was
counted and volume measured as described in the Materials and Methods. D. Cell
proliferation assay illustrating HOVTAX2 naïve cells are susceptible to 72 hr treatment of
100 nM paclitaxel while HOVTAX2 paclitaxel resistant cells had no significant response.
Proliferation is graphed as percentage of control average ± S.D. *p<0.05

Vishnu et al. Page 13

Gynecol Oncol. Author manuscript; available in PMC 2013 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effects of sunitinib in HOVTAX2
A. Proliferation of both naïve and paclitaxel resistant cells show dose responsiveness to
sunitinib at nM concentrations after 72 hrs. Data is plotted as cell number ± S.D. B. Western
blot panel of cells treated with 50 nM sunitinib for 24 hrs showing that p-ERK is
downregulated with no changes in p-AKT expression. β-actin is a loading control. C. Cell
cycle analysis of cells starved for 24 hrs followed by 72 hr treatment of sunitinib in regular
media. Data is plotted as cell phase percentage with stacking in G1 phase in response to
sunitinib; more so, in naïve cells.
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Figure 3. Effects of ixabepilone in HOVTAX2
A. Proliferation of both naïve and paclitaxel resistant cells show dose responsiveness to
ixabepilone at nM concentrations after 72 hrs. Data is plotted as cell number ± S.D. B.
Western blot analysis of cells treated for 6 hours with 10 nM ixabepilone for microtubule
stabilization assay shows that β-III tubulin and α-tubulin become polymerized in response
to treatment. S=soluble, P=polymerized. C. Cell cycle analysis of cells starved for 24 hrs
followed by 72 hr treatment of ixabepilone in regular media. Data is plotted as cell phase
percentage with stacking in G2 phase in response to ixabepilone. Naïve cells show greater
G2 stacking and decrease in G1 phase when compared to paclitaxel resistant cells.
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Figure 4. Combinatorial effects of sunitinib and ixabepilone
A. Synergy curves using various concentrations of sunitinib and ixabepilone used alone and
in combination at a fixed ratio in HOVTAX2 naïve cells show a leftward shift. Data was
analyzed by Calcusyn software and Fa-CI plot is as shown. CI=1 indicates an additive
effect, <1 is synergy and >1 is antagonism. CI values are between 0.1 and 0.4 indicating
strong synergy. B. Synergy curves of HOVTAX2 paclitaxel resistant cells also show a
leftward shift with CI values below 1.0 on the Fa-CI plot indicating mild to moderate
synergy of sunitinib and ixabepilone. C. Cell death analysis of cells treated for 72 hours
alone and in combination. Naïve cells had much higher cell death in combination (60.3%)
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verses paclitaxel resistant cells (21.5%). D. Western blot analysis confirming that cell death
was due to apoptosis by the presence of cleaved PARP.
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Figure 5. RhoB induction in response to combinatorial treatment in HOVTAX2
A. Quantitative PCR (QPCR) of RhoB mRNA levels after treatment with 50 nM sunitinib
(Sut) and 10 nM ixabepilone (Ixa) show that in combination, RhoB levels increase ~6-fold
in naïve cells and ~4-fold in paclitaxel resistant cells. Data is plotted as fold change as
compared to DMSO control ± S.D. *p<0.05 B. Western blot analysis of RhoB confirms
RhoB is only induced when sunitinib and ixabepilone are used in combination. β-actin is a
loading control
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Figure 6. Combinatorial effects of sunitinib and ixabepilone are dependent upon RhoB in
HOVTAX2
A. QPCR of RhoB mRNA levels examining lentiviral shRNA silencing of RhoB. RhoB 839
was the only shRNA that has significant silencing in naïve cells. Data is plotted as fold
change as compared to nontarget control ± S.D. *p<0.05 B. QPCR of RhoB mRNA levels
using nontarget and RhoB 839 shRNA with 24 hr treatment of sunitinib and ixabepilone in
combination shows RhoB remains silenced. C. Cell death analysis of cells treated for 72
hours in combination with nontarget and RhoB 839 silenced cells. Cell death was not
significantly induced when treated as compared to DMSO control in RhoB silenced cells.
Naïve cells have a 56.8% difference with a 4.5% difference in RhoB silenced cells.
Paclitaxel resistant cells have a 17.7% difference with only a 0.2% difference in RhoB
silenced cells.
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