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ABSTRACT

Ovariancanceris the third most common cancerand the secondmost common causeof gynecologiccance
death in women. Its routine clinical managenent includes surgical resection and systemic therapy with
chemotherapeutics While the first-line systemictherapy requiresthe combined use of platinum-basedagents
and paclitaxel,many ovarian cancerpatients haverecurrenceand eventually succumbto chemoresistanceThus
it is imperative to develop new strategiesto overcome recurrence and chemoresistanceof ovarian cancer
Repurposingpreviously-approved drugsis a costeffective strategy for cancerdrug discovery.The antiparasitic
drug mebendazole(MBZ)is one of the most promising drugswith repurposingpotential. Here, we investigate
whether MBZ can overcomecisplatin resistanceand sensitizechemoresistantovarian cancercellsto cisplatin.
We first establishedand characterizedwo stable and robust cisplatinresistant (CR)human ovarian cancerlines
and demonstratedthat MBZ markedly inhibited cell proliferation, suppressedcell wounding healing/migration,
and inducedapoptosisin both parental and CRcellsat low micromolerange.Mechanistically MBZwasrevealec
to inhibit multiple cancerrelated signalpathwaysincluding ELK/SRRIFKBMYC/MAX,and E2F/DP1n cisplatin
resistant ovarian cancer cells. We further showed that MBZ synergized with cisplatin to suppress cell
proliferation, induce cel apoptosis, and blunt tumor growth in xenograft tumor model of human cisplatin
resistant ovarian cancercells. Collectively,our findings suggestthat MBZ may be repurposedas a synergistit
sensitizerof cisplatinin treating chemoresistanthuman ovariancancer,which warrants further clinicalstudies
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INTRODUCTION

Ovarian cancer (OC) is the third most common cancer
and the second most common cause of gynecologic
cancer death in women globall¥i 6]. Due to the lack

of effective early detection strategies, over 80% of
ovarian cancers are usually diagnosed with matiast
lesions. In fact, ovarian cancer is three times more
lethal than breast cancer even though it has a lower
prevalence[l, 4i8]. Ovarian tumors can originate
from epithelial cells, stromal cells, and germ cellse
most common form epithelial ovarian cancer (EOC) is
composed offive diversemain histological subtypes
on the basis of distinctive histological and genetic
characteristics including: lowgrade serous (LGSOC),
endometrioid (ENOC), higlgrade serous (H&OC),
clear cell (CCOC), and mucinous (MOC), did 5, 6,

9i 11].

The outcomes of ovarian cancer treatmeste
dependent on early diagnosis, appropriate surgery, and
effective systemic therapy{l, 12] The clinical
management of ovarian cancer includesbulking
surgery, combination chemotherapy, radiation therapy,
and other adjuvant therapies such as angiogenesis
inhibitors in patients with suboptimally debulked and
stage IV cancer, folate receptor targeting, and
immunotherapy [1, 5, 6, 911]. A recent mgr
progresshas been made in maintenance therapy by

including poly ( ADP
inhibitors in recurrent diseases and in a frontline
regime among patients havingBRCAIBRCA2

mutations[13, 14] Nonetheless, combination therapy
with platinum-based drugs (e.qg., cisplatin, carboplatin,
or oxaliplatin) and paclitaxel is the firihe systemic
therapy[1]. Even though the fivwgear survival rate
has improved steadily for the past two decades, the OC
overall cure ratéhovers around-30% [5, 15]. Many
patients have recurrence within i22 months and
eventually succumb to chemotheraggistant cancer
[5, 15]. Thus, there is an urgent unmet clinical need to
identify new and effective anticancer agents to treat
chemoresistant ovarian cancer.

Repuposing previoushapproved drugs for cancer
therapy is an appealing safe and costeffective
approach to cancer drug discovery[16, 17]
Mebendazole (MBZ)is among the drugs with
promising repurposing potentifl7]. Approved by the
US FDA to treat parasitic infection®BZ has a long
and favorable trackrecord of biosafay profiles in
humars and in animal modelgl7]. We have recently
demonstrated thatMBZ can enhance ci s
anticancer activities iread and neck squamouslic
carcinoma (HNSCC) celld18]. Other sudies also
indicate that MBZ and/or its derivatiseexhibited

ri bosRESULTBol ymer ase

anticancer activities in several types of human cancers
[19i 35]. Nonethelessfew studies have been carried out
thus far to elucidate whetha@viBZ can effectively
overcome chemoresistance and/or sensitize
chemoresistant cancer cells to chemotherapeutics such
as cisplatin.

In this study, we investigate whether MBZ
overcomes cisplatin resistance and sensitizes
chemoresistant cells to cisplatin in human ovarian
cancer cells. We first established and characterized
two stable and robust cisplatiesistant (CR) human
ovarian cancer lines and demonstrated that MBZ
markedly inhibited cell pliferation, suppressed cell
wounding healing/migration, and induced apoptosis
in both parental and CR cells at very low micromole
range. Mechanistically, MBZ was shown to inhibit
multiple cancefassociated signaling pathways
including ELK/SRF, NFKB, MYCMAX, and
E2F/DP1 in cisplatifresistant ovarian cancer cells.
We further demonstrated that MBZ synergized with
cisplatin to suppress cell proliferation, induce cell
apoptosis, and blunt tumor growth in the xenograft
tumor model of human cisplatiresistant ovarian
cancer cells. Collectively, our results suggest that
MBZ may be repurposed as a synergistic sensitizer of
cisplatin in treating chemoresistant human ovarian
cancer.

( PARP)

OVCARS8CR and SKOV3CR are stable cisplatin-
resistant  (CR) ovarian cancer cell lines with
characteristics of chemoresistance

Since there has been a limited availability of human
ovarian cancer lines that are stably resistant to cisplatin
in the cancer research commur@gi 38], we sought to
establish stable cisplatiesistant human ovarian cancer
lines from two commonhusedOVCARS8 and SKOV3
cell lines through a cisplatin degscalating selection
process. When exponentially growirgVCAR8 and
SKOV3 cells were initially treated with 0.5 uM
cisplatin, vast majority of #n cells were killed by
cisplatin while a small fraction of the cells survived the
selection. The viable cells were subsequently grown up
and subjected to another round of selection withu®5
cisplatin. Such selection scheme was carried out by
escalatingcisplatin concentrations gradually to JuM,

1.5 uM, 2.0 uM, 3.0 uM and 5.0uM, yielding the
stable cisplatifresistant cell lines, name®VCARSCR

and SKOV3CR

pl atinés

As shown in Figure 1A, both OVCAR8SCR and
SKOV3CRIines effectively survived cisplatin treatment
at as high as 5.aM, compared with their parental lines
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Figure 1. Characterization of human cisplatiesistant (CR) ovarian cancer cell lingg) Crystal violet cell viability assay.
Subconfluent two R lines OVCAR8C& &and SKOV3CR)(and the respective parental counterparts OVCA&R8a(d SKOVD) were
treated with the indicated concentrations of cisplatin. At 72 h post treatment, cells were fixed and subjected to cryetastaioing.
Represetative results are shown. The stained cells were dissolved and measured quantitatively for optical absofiparc®.01,
compared with that of the parental cells treated with 0 uM cisplatin (or DFM solvent control) g@u@e(l apoptosis assay. Subfioent
OVCAR8aj, OVCARSCR){ SKOV3CR)(and SKOV3CH) (were treated with O or JuM cisplatin. At 72h post treatment, cells were
collected, fixed and stained with Hoechst33258 and examined under a fluorescence microscope. Representative imslyasnare
Representative apoptotic cells are indicated by arrov. Expression of the chemoresistaragsociated genes in the two cisplatin
resistant human ovarian cancer lines. Subconfluent two CR lines OVCAR8GRIKOVICR),(and the respective pantal counterparts
OVCARS83a) and SKOVd) were treated with 0 or 1M cisplatin. At 48 h after treatment, total RNA was isolated and subjected to gPCR
analysis of the indicated geneSAPDHvas used as a reference gene. All assays were done in triplipate0.05,” p < 0.01, compared
with that of the parental cells treated with O uM cisplatin (i.e., DFM solvent control) group.
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OVCARS (Figure 1Aa) and SKOV3 Figure 1Ab),
respectively. We also demonstrated that both
OVCARS8CR and SKOV3CR cells were resistant to
cisplatinrinduced apoptosis, compared with their
parental lines OVCAR8Higure 1Ba) and SKOV3

(Figure 1Bb), respectively. Furthermore, we
analyzed the expression ofa panel of
chemoresistanecassociated genes in the two

cisplatinresistant human ovarian cancer lines and
found that most of them were upgulated by
cisplatin, and almost all of them were elevated in
OVCARS8CR Figure 1Ga) and SKOV3CR Figure
1C-b), regectively. Based on the cell viability
analysis,the calculated 16, values for parental and
resistant lines are as follow®©VCARS8, 1.50uM;
OVCARS8CR, 5.17 pM; SKOV3, 2.84 uM; and
SKOV3CR, 122.26uM. Collectively, these results
demonstrate that bottOVCAR8CR and SKOV3CR
confer robust cisplatin resistance and exhibit the
molecular  and cellular  characteristics  of
chemoresistant cancer cells.

Mebendazole (MBZ) inhibits the cell viability and
proliferation of human cisplatin-resistant ovarian
cancercells

We next tested whether MBZ was capable of
inhibiting the cell viability of the CR ovarian cancer
cells. When both OVCAR8CR and its parental
OVCARS cells were treated with MBZ, we found that
the numbers of viable cells drastically decreased at as
low as1.0 uM of MBZ, and completely eliminated at
4.0 uM of MBZ (Figure 2Aa). In fact, a quantitative
analysis indicates that MBZ significantly decreased
the cell viability of the parental OVCARS cells at as
low as 0.25uM (Figure 2Ab). Similarly, MBZ was
shown to effectively decrease the cell viability of both
SKOV3 and SKOV3CR cells at as low as 0.26
(Figure 2Bab), although more surviving cells were
found in the SKOV3 and SKOV3CR treated with 4
MM MBZ, than that found in the OVCAR8CR and
OVCARS8 cells unde the same treatment conditions
(Figures 2A vs. 2B).

We further examined the effect of MBZ on the cell
proliferative activity of the CR ovarian cancer cells.
MBZ was shown to inhibit cell proliferation of
OVCARS8CR cells in a dosdependent fashion with an
ICs0 at 0.28uM (Figure 2Ga). Similarly, MBZ also
effectively inhibited cell proliferation of SKOV3CR
cells in a doselependent fashion with an d€at 0.61
MM (Figure 2Gb). Collectively, these results
demonstrate that MBZ may be able tivercome
cisplatin resistance in the CR ovarian cancer cells by
inhibiting cell viability and proliferative activity of
ovarian cancer cells.

MBZ inhibits cell wound healingmigration and
induces apoptosis in cisplatin-resistant ovarian
cancer cels

We abko tested the effect of MBZ on cell wound
healing/migration of cisplatinesistant ovarian cancer
cells. MBZ was shown to effectively inhibit the wound
closure of the injured OVCARS8CR cells in a dose
dependent manneFigure 3Aa). In fact, nearly 80% of
the wound gap remained open at 40h after treated with 1
MM MBZ, while the control group was completely
healed Figure 3Aa). Similar dosedependent inhibitory
effect of MBZ was observed on the wound closure of
the injured SKOV3CR cells Figure 3Ab). These
results indicate that MBZ can inhibit cell migration and
proliferation of the CR ovarian cancer cells at low
micromole concentrations.

We next analyzed whether MBZ induced cell apoptosis
in cisplatinresistant ovarian cancer cellgvhen the
OVCARS8CR and BOV3CR cells were treated with
0.25 yM and 1 uM MBZ, Hoechst 33258 staining
indicated that the numbers of apoptotic cells
significantly increased in MBZreated cells, compared
with that of the control group (Figure 3&). We
further analyzed the effectf dhe expression of pro
apoptotic genes BAX and CASP3, and found that upon
MBZ treatment (especially at M MBZ) both BAX

and CASP3 expression levels were significantly
elevated in the OVCAR8CR and SKOV3CR cells
(Figure 3Gab). Collectively, these resultsuggest that
MBZ may overcome cisplatin resistance, at least in part,
by inhibiting cell migration/proliferation and inducing
apoptosis in chemoresistant ovarian cancer cells.

MBZ inhibits multiple cancer-associated signaling
pathways in human cisplatin-resistant ovarian
cancer cels

Mechanistically, several studies have reported that
MBZ exerts its anticancer activity by regulating
numerous cellular pathways. However, it is not clear
whether MBZ can overcome cisplatimsed
chemoresistance iovarian cancer cells through similar
mechanismsThus, we examined the effect of MBZ on
the 12 cancerelated signaling pathways in the
cisplatinresistant ovarian cancer cells. When the
pathway reporters were transfected into those cells and
treated withvarious concentrations of MBZ, we found
that 11 of the 12 pathways, especially ELK/SRF,
NFKB, MYC/MAX, E2F/DP1, TGF/SMAD and AP1
pathway reporters, were effectively inhibited by MBZ
in a dosedependent fashion although the CREB
pathway reporter was seemin activated at UM and

2 UM MBZ (Figure 4A, suggesting that MBZ may
exert its anticancer and awtiemoresistance activities
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in ovarian cancer cells by inhibiting multiple cancer MBZ synergizes with cisplatin to inhibit cell

related signaling pathways. proliferation, induce cell apoptosis and suppress
tumor growth in the xenograft model of human
We further analyzed the doedependent andime- cisplatin-resistant ovarian cancer cells

dependent inhibitory effect of MBZ on tHeur most
impacted pathways, ELK/SRF, NFKB, MYC/MAX, We next tested whether MB could sensitize the
and E2F/DP1We found that the ELK/SRF reporter cisplatinresistant ovarian cancer cetls cisplatin. As

activities were significantly inhibited by MBZ in dose demonstrated earlier, althoughuM cisplatin alone in
dependent and timeependent fashionF{gure 4Ba). OVCARS8CR cells did not significantly impact cell
Similar inhibitory effects by MBZ were observed for viability, the presence of MBZ at a concentration as low
the NFKB Eigure 4Bb), MYC/MAX (Figure 4Bc), as 0.25 uM dragcally diminished cell viability and
and E2F/DP1 FKigure 4Bd) reporter activities, reduced cell coloniesF{gure 5Aab). In SKOV3CR

suggesting that MBZ may exert profound inhibitory cells, even though 5 pM cisplatin alone did affect cell
effects on cell proliferation pathways in cisplatin viability, the presence of MBZ at a concentration as low

resistanbvarian cancer cells. as 0.25 pM markedly reduced cell viability aftmed
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Figure 2. Mebendazole (MBZ) effectively inhibits the cell viability and proliferation of human CR ovarian cancer(firzes!.
B) Crystal violet cell viability assay. Subconfluent OVCARS8 and OVCAR&QGRIKOV3 and SKOV3B)Rveretreated with the indicated
concentrations of MBZ. At #2post treatment, cells were fixed and subjected to crystal violet staipdrepresentative results are shown.
The stained cells were dissolved and measured quantitatively for optical absorlwguite €0.01, compared with that of the respective cells
treated with OuM MBZ (or DMSO solvent control) grou@) YWSTL cell proliferation assay. Subconfluent OVCAR8L RN SKOV3CR) (
cells were seeded in 9%ell plates and treated with MBZ #te indicated concentrations. At #2after treatment, the WST regent (Takara
BIO USA, Inc.) was added to each well, and incubatedtqridr to the absorbance reading of each well. Thg\&lues were calculated by
using the AAT Bioquest online teoAll assay conditions were done in triplicate.
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Figure 3. MBZ effectively inhibits cell wound healing/migration and induces apoptosis in the human CR ovarian cancer
cells. (A) Cell wounding/migration assay. Freshly subconfluent OVCARBERIGKOV3CR) cells were wounded with micepipette tips

and treated with the indicated concentrations of MBZ. The wounding gaps were recorded at O h, 24 h and 40 h after MB@ttrigathe

assay condition was done in triplicate. Representative resultstaoe/n B) Cell apoptosis assay. Subconfluent OVCARSG@GRA SKOV3CR

(b) cells were treated with the indicated concentrations of MBZ. At 72 h after treatment, cells were collected, fixed aad watitin

Hoechst 33258 and examined under a fluorescenceasiope. Representative images are shown. Representative apoptotic cells are
indicated by arrows.@) The expression of apoptosisducing genes. Subconfluent OVCAR&FRNA SKOV3CB) (cells were treated with

the indicated concentrations of MBZ for 48 Total RNA was isolated and subjected to gPCR analysis of the expression of CASP3 and BAX.
GAPDH was used as the reference gene. All assays were done in trifica@05,” p < 0.01, compared with that of the cells treated with

0 uM MBZ (i.e., DMS@lsgent control) group.
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significantly  fewer colonies Higure 5Acd). OVCARSCR cells Figure 5Ba). Similarly, while 5uM
Interestingly, MBZ concentrations increases (from 0.25 cisplatin alone could inhibit cell proliferation, the
MM to 4 uM) did not significantly enhance cisplatin presence of MBZ, at a concentration as low as QM5
mediated cytotoxicityKigure 5Acd). significantly inhibited the cell proliferation of
SKOV3CR cells, although higher concentrations of
We also conducted WSTL assay to investigate the MBZ did not exhibit more inhibitory effect on cell

effect of MBZ on cell proliferation. Even thoughpi proliferation Eigure 5Bb).
cisplatin alone inhibited cell proliferation, the presence
of MBZ, at a concentration as low as 0.284, We further analyzed the effect of MBZ on cisplatin
significantly inhibited the cell proliferation of induced apoptosis in cisplatmesistant ovarian cancer
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Figure 4. MBZ inhibits multiple cancesssociated signaling pathways in human CR ovarian cancer ¢g)l€ffect of MBZ on

the 12 cancemassociated pathways in CR human ovarian cancer cells. Subconfluent SKOV3CR cells were transfected with the Gaussia
luciferase reporter plasmids for the 12 carassociated pathways. &4 h post transfection, the cells were treated with the indicated
concentrations of MBZ for additional 48 The culture medium was collected for Gaussia luciferase assay using the Gaussia Luciferase
Assay Kit (GeneCopoeia, Ralik, MD). Each assay condition was done in triplicgies 0.05,”p <0.01, compared with that of the cells

treated with OpM MBZ (i.e., DMSO solvent control) grouB) KBZ inhibits five canceelated pathways in doseand time-dependent

manners. The selected five pathway reporter plasmitik/SRPa), NFKB L), MYC/MAX d), and E2F/DP1d) were transfected into
SKOV3CR cells as described)nThe transfected cells were treated with the indicated concentrations of MBZ4foror 48h, followed by

Gaussia Luciferase activity assays. Each assay condition was done in triplic@®®5,” p <0.01, compared with that of the cells treated

with OpuM MBZ (i.e., DMSO solvent control) group.
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Figure 5. MBZ synergizes with cisplatin to inhibit cell proliferation and induce apoptosis in the human CR ovarian cancer
cells. (A) Colony formation and crystal violet cell viability assay. Subconfluent OVCARBLE( SKOV3CR () cells weretreated with
MBZ and cisplatin at the indicated concentrations. Ahfist treatment, the cells were replated for colony formation frdays, followed
by crystal violet staininga( ¢). Each assay condition was done in triplicate. Representative semdtshowng, c). The stained cells were
dissolved in acetic acid and quantitatively measured for optical absorbaneB. (p < 0.05"p < 0.01, when compared with that of the
respective QUM cisplatin groups.B) WSTL cell proliferation assaysubconfluent OVCARSBGR énd SKOV3CB) cells were seeded into 96
well cell culture plates, and treated with DMSO, cisplatin and/or MBZ at the indicated concentrationsh po3t2reatment, WST working
mix was added to each well and incubated forior to absorbance reading at 450nm. Each assay condition was done in tripicat@.05
“p < 0.01, when compared with that of the respectivaull cisplatin groups.@ Cell apoptosis assay. Subconfluent OVCARSCE|
SKOV3Cm)(cells were seedeiito 6-well cell culture plates, and treated with DMSQuM cisplatin (Cis) and/or 0.28M MBZ. At 7, the
cells were collected, fixed, stained with Hoechst33258, and examined under a fluorescence microscope. Representativeeistagens.a
Representtive apoptotic cells are indicated by arrows.
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