
Abstract. Background: Chemoresistance of cancer stem cells
(CSCs) is considered a major cause of post-treatment
recurrence that negatively impacts the prognosis of patients with
ovarian cancer. Materials and Methods: Using CSCs derived
from two different ovarian cancer cell lines, we searched for
molecules implicated in the chemoresistance of ovarian CSCs
and also drugs with which to target those molecules. Results:
Knockdown of survivin overexpressed in ovarian CSCs resulted
in increased sensitivity to paclitaxel. Treatment at clinically
relevant concentrations with CEP-1347, a mixed lineage kinase
inhibitor with a known safety profile in humans, reduced
survivin expression in ovarian CSCs and sensitized them to
paclitaxel. Conclusion: Survivin overexpression plays a key role
in the chemoresistance of ovarian CSCs. Introduction of CEP-
1347, which targets survivin expression in ovarian CSCs, as a
chemosensitizer for conventional ovarian cancer chemotherapy
may serve as a rational and feasible approach for better
management of ovarian cancer.

Ovarian cancer is one of the most common and lethal
gynecological malignancies, being the eighth leading cause
of cancer death in women worldwide (1). The standard initial
management of ovarian cancer involves maximal
cytoreductive, debulking surgery followed by chemotherapy
consisting of platinum and taxane (2). Although ovarian
cancers are chemosensitive in general, recurrence is

inevitable in the majority of cases after seemingly successful
initial treatment, accounting for the poor prognosis of
ovarian cancer (3). A growing body of evidence now
suggests that cancer stem cells (CSCs), a rare subpopulation
of highly chemoresistant tumor cells, play a key role in such
post-treatment recurrence of ovarian cancer, and elimination
of the CSC population is therefore expected to be a
promising approach to improving the survival of patients
with ovarian cancer (4-6). However, currently, much remains
unclear about the molecular mechanisms underlying the
chemoresistance of ovarian CSCs, rendering it difficult to
develop methods by which to target such mechanisms.

CEP-1347 is a small-molecule inhibitor of mixed lineage
kinases (MLKs), whose safety in humans but not efficacy
per se was demonstrated in a large-scale phase II/III clinical
trial in early Parkinson’s disease (7). In the field of oncology,
we recently revealed that CEP-1347 has an anti-CSC effect,
by demonstrating that it promotes the differentiation of CSCs
derived from a number of cancer types, including ovarian
CSCs, in vitro and that systemic administration of CEP-1347
eliminates CSCs in tumors in vivo (8). However, the possible
effect of CEP-1347 on the chemoresistance of CSCs is yet
to be explored.

In this study, we investigated the mechanism underlying
the chemoresistance of ovarian CSCs and examined whether
CEP-1347 could chemosensitize ovarian CSCs by disrupting
the mechanism.

Materials and Methods
Antibodies and reagents. Antibodies against sex determining region
Y-box 2 (SOX2, #3579), Survivin (#2808), glyceraldehyde 3-
phosphate dehydrogenase (GAPDH, #5174), mixed lineage kinase
3 (MLK3, #2817), and cleaved caspase-3 (Asp175) (#9661) were
purchased from Cell Signaling Technology, Inc. (Danvers, MA,
USA). Anti-E-cadherin (sc-8426) was from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). CEP-1347 and
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paclitaxel were purchased from TOCRIS Bioscience (Bristol, UK)
and Sigma (St. Luis, MO, USA), respectively, and were dissolved
in dimethylsulfoxide (DMSO) to prepare 1 mM stock solutions. 

Cell culture. Ovarian CSC lines A2780 CSLC and TOV21G CSLC
used in this study were established from human ovarian cancer cell
lines A2780 and TOV21G, respectively, and were maintained under
the monolayer stem cell culture condition (8-11). In brief, cells were
cultured on collagen I-coated dishes (IWAKI, Tokyo, Japan) in stem
cell culture medium [Dulbecco’s modified Eagle’s medium
(DMEM)/F12 medium supplemented with 1% B27 (Thermo Fisher
Scientific, Waltham, MA, USA), 20 ng/ml epidermal growth factor
(EGF) and fibroblast growth factor 2 (FGF2) (Peprotech Inc., Rocky
Hill, NJ, USA), D-(+)-glucose (final concentration=26.2 mM), L-
glutamine (final concentration=4.5 mM), 100 units/ml penicillin, and
100 μg/ml streptomycin]. Stem cell culture medium was changed
approximately every 3 days, and EGF and FGF2 were added to the
culture medium every day. Differentiation of ovarian CSCs was
induced by culturing the cells under a differentiation-inducing
condition (DMEM/F12 containing 10% fetal bovine serum, 100
units/ml penicillin, and 100 μg/ml streptomycin) for 5 days. The
authenticity of the cells was verified by genotyping of short tandem
repeat (STR) loci (Bio-Synthesis Inc., Lewisville, TX, USA) followed
by comparison to the American Type Culture Collection STR database
(http://www.atcc.org/STR_Database.aspx) for Human Cell Lines.

Immunoblot analysis. Immunoblot analysis was conducted as
described previously (8, 9, 12). Drug-treated ovarian CSCs were
washed with ice-cold phosphate-buffered saline and lysed in RIPA
buffer [10 mM Tris/HCl (pH 7.4), 0.1% sodium dodecyl sulfate (SDS),
0.1% sodium deoxycholate, 1% NP-40, 150 mM NaCl, 1 mM EDTA,
1.5 mM Na3VO4, 10 mM NaF, 10 mM sodium pyrophosphate, 10 mM
sodium β-glycerophosphate and 1% protease inhibitor cocktail set III
(Wako Pure Chemical Industries, Ltd, Osaka, Japan)]. After
centrifugation for 10 min at 14,000 × g at 4˚C, the supernatants were
recovered as cell lysates. When solubilization of membrane proteins
including E-cadherin was required to detect expression of stem cell
and differentiation markers, self-renewing and differentiated ovarian
CSCs were lysed in RIPA buffer, followed by immediate addition of
the same volume of 2 × Laemmli buffer (125 mM Tris/HCl [pH 6.8],
4% SDS, 10% glycerol) and boiling at 95˚C for 10 min. The protein
concentration was determined using a BCA protein assay kit (Pierce
Biotechnology, Inc., Rockford, IL, USA). Samples containing equal
amounts of protein were resolved by SDS-polyacrylamide gel
electrophoresis and transferred to polyvinylidene fluoride membranes.
The membranes were probed with a primary antibody against SOX2,
E-cadherin, survivin, MLK3, GAPDH or cleaved caspase-3, and
subsequently with a horseradish peroxidase (HRP)-conjugated
secondary antibody as recommended by the manufacturer of each
antibody. Specific bands were visualized using Immobilon Western
Chemiluminescent HRP Substrate (Merck Millipore, Billerica, MA,
USA) and detected semi-quantitatively by a ChemiDoc Touch (Bio-
Rad, Hercules, CA, USA).

Gene silencing by siRNA. siRNAs against human survivin (BIRC5; #1
HSS HSS179403, and #2 HSS179404) and Medium GC Duplex #2 of
Stealth RNAi™ siRNA Negative Control Duplexes (as a non-targeting
control) were purchased from Thermo Fisher Scientific. Briefly, A2780
CSLC and TOV21G CSLC cells were transiently transfected with
siRNAs against survivin (siSur) or with a control siRNA and were

treated on the next day without or with 2 nM paclitaxel for 3 days. The
cells were then subjected to immunoblot analysis of survivin and to cell
death assay using propidium iodide (PI). Transfection of siRNAs was
performed using Lipofectamine RNAiMAX (Thermo Fisher Scientific)
according to the manufacturer’s instruction.

Cell death assay. Cell death assay was performed as previously
described (13, 14). Briefly, cells were incubated in situ with PI
(1 μg/ml) and Hoechst 33342 (10 μg/ml) for 5 min at 37˚C in a
CO2 incubator to stain dead cells and cell nuclei, respectively.
Then the numbers of PI-and Hoechst-positive cells were scored
under a fluorescence microscope (CKX41; OLYMPUS, Tokyo,
Japan), and the percentage of PI-positive cells (dead cells)
relative to Hoechst-positive cells (total cells) was determined.
Cell death assays were performed in triplicate.

Cell viability assay. Cell viability assay was conducted as described
previously (15, 16). Briefly, cell viability was determined by
tetrazolium salt reduction method using WST-8 (Cell Counting Kit-
8; Dojindo Laboratories, Kumamoto, Japan) according to the
manufacture’s instruction. Cells (500/well) plated in 96-well collagen
I-coated plates were treated or not on the next day with 2 nM
paclitaxel in the absence or presence of 200 nM CEP-1347 for 3
days, followed by culture in the absence of any drugs for another 4
days. WST-8 reagent was then added and the cells were incubated
for 1-3 h at 37˚C. Absorbance at 450 nm was measured using a
microplate reader (Model 680; Bio-Rad). Relative cell viability was
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Figure 1. Differential expression of survivin in ovarian cancer stem cells
(CSCs) and in their differentiated counterparts. The expression of sex
determining region Y-box 2 (SOX2), E-cadherin, survivin, mixed lineage
kinase 3 (MLK3), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) in self-renewing (maintained under the stem cell culture
condition) and differentiated (cultured under the differentiation-inducing
condition) ovarian CSC lines, A2780 CSLC and TOV21G CSLC, was
analyzed by immunoblotting. Note that the expression of SOX2, a stem
cell marker, was increased in self-renewing cells, whereas that of E-
cadherin, a marker of differentiation, was increased in differentiated cells.



calculated as a percentage of absorbance of treated samples relative
to that of controls. Cell viability assays were performed in triplicate.

Statistical analysis. Results are expressed as the mean and standard
deviation (SD), and differences were compared using the two-tailed
Student’s t-test. p-Values of less than 0.05 were considered
statistically significant.

Results

Increased survivin expression is involved in paclitaxel
resistance of ovarian CSCs. As an approach to exploring the

mechanisms involved in the chemoresistance of ovarian CSCs,
we searched for chemoresistance-related proteins that are
differentially expressed between ovarian CSCs and their
differentiated counterparts. The results of western blot analysis
using A2780 CSLC and TOV21G CSLC, ovarian CSC lines
derived from ovarian cancer cell lines A2780 and TOV21G,
respectively, indicated that among chemoresistance-related
proteins, survivin was overexpressed in both A2780 CSLC
and TOV21G CSLC cells as compared with their respective
non-CSC counterparts that had undergone differentiation in a
differentiation-inducing culture condition (Figure 1). 
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Figure 2. Role of survivin expression in the paclitaxel resistance of ovarian cancer stem cells. A2780 CSLC and TOV21G CSLC cells were transfected
with siRNAs against survivin (siSur#1 or siSur#2) or with a control RNA. The cells were then treated, starting the next day, without or with paclitaxel
(PTX, 2 nM) for 3 days and then subjected to immunoblot analysis of survivin (A) or to cell death assay using propidium iodide (PI) as a vital dye
(B). In (B), values represent means +SD from triplicate samples of a representative experiment repeated with similar results. Representative
fluorescent images of PI-positive (upper rows) and Hoechst-positive (lower rows) cells are shown on the right. GAPDH: Glyceraldehyde 3-phosphate
dehydrogenase. *Significantly different at p<0.05. 



Since survivin is an anti-apoptotic protein implicated in
chemoresistance of ovarian cancer cells (17-20), we next
wished to determine the impact of survivin expression in
these ovarian CSC lines on their sensitivity to paclitaxel, a
first-line chemotherapeutic agent in the treatment of ovarian
cancer (2). To this end, two independent siRNAs against
survivin were introduced to knockdown survivin expression
in A2780 CSLC and TOV21G CSLC cells (Figure 2A).
Notably, even in the absence of paclitaxel, the proportion of
dead cells somewhat increased in survivin-knockdown cells
as compared with control-knockdown cells (Figure 2B),
suggesting that the basal level of survivin expression in
ovarian CSCs may have a role in the maintenance of their
survival to some extent. We then went on to examine the
impact of survivin-knockdown on paclitaxel sensitivity of
ovarian CSCs. Whereas treatment of control-knockdown
cells with 2 nM paclitaxel caused only marginal or modest
increase in the proportion of dead cells, cell death was
significantly promoted in cells in which survivin expression
was knocked down using either of the siRNAs against
survivin (Figure 2B). These results suggest that the increased
survivin expression in ovarian CSCs is critically involved in
their paclitaxel resistance.

CEP-1347 reduces survivin expression and sensitizes ovarian
CSCs to paclitaxel. Given that survivin expression is involved
in paclitaxel resistance of ovarian CSCs, we next wished to
identify drugs with which to therapeutically target survivin
expression in order to overcome paclitaxel resistance
associated with survivin overexpression. Since a parallel
search for signaling molecules differentially expressed in
ovarian CSCs and their differentiated counterparts revealed
that the expression levels of MLK3 closely paralleled those
of survivin in both A2780 CSLC and TOV21G CSLC cell
lines (Figure 1), we surmised that MLK3 might have a role
in survivin expression and therefore utilized CEP-1347, a
small-molecule MLK inhibitor with a known safety profile in
humans. The results indicated that CEP-1347 efficiently
inhibited survivin expression in both ovarian CSC lines
(Figure 3). Importantly, CEP-1347 reduced survivin
expression in a concentration-dependent manner at 300 nM
or below, i.e. at concentrations that have been shown to be
clinically relevant in human studies (21, 22) (Figure 3A).
Time-course analysis demonstrated that survivin expression
in cells treated with CEP-1347 at 200 nM decreased over the
course of 3 days (Figure 3B).

Having demonstrated the ability of CEP-1347 to inhibit
survivin expression, we next asked whether CEP-1347
sensitizes ovarian CSCs to paclitaxel. To examine this, the
ovarian CSC lines were treated with paclitaxel in the
presence and absence of CEP-1347. Treatment with CEP-
1347 alone at 200 nM modestly induced cell death in both
ovarian CSC lines, which may be in line with our earlier

observation that knockdown of survivin alone was sufficient
to reduce their viability (Figure 4A). Treatment of the cells
with paclitaxel alone at 2 nM also caused marginal levels of
cell death (Figure 4A) as shown earlier (Figure 2B).
However, strikingly, treatment of the ovarian CSC lines with
the combination of CEP-1347 and paclitaxel resulted in a
significant increase in the proportion of dead cells (Figure
4A), in support of the idea that CEP-1347 sensitized the cells
to paclitaxel. Further analysis showed that this cell death was
accompanied by caspase activation, as indicated by the
increased expression of apoptosis-specific cleaved caspase 3
(Figure 4B), suggesting that the caspase-dependent apoptotic
program may be involved in cell death induced by CEP-1347
in the presence and absence of paclitaxel. 

Finally, in order to exclude the possibility that CEP-1347
was simply advancing the time-kinetics of cell death that
would otherwise eventually occur, we determined whether
concurrent treatment with CEP-1347 and paclitaxel for a
defined period leads not only to short-term increase in cell
death, but also to sustained inhibition of cellular growth,
which may be of significance also from a therapeutic point
of view. When ovarian CSCs treated with a combination of
drugs for 3 days were then allowed to grow in the absence
of the drugs, growth was inhibited more efficiently by the
combination of CEP-1347 and paclitaxel than either
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Figure 3. The effect of CEP-1347 on survivin expression in ovarian cancer
stem cells. A2780 CSLC and TOV21G CSLC cells were treated with 
CEP-1347 at the indicated concentrations for 3 days (A) or at 200 nM for
the indicated times (B). Control cells were treated without CEP-1347 for
3 days. The cells were subjected to immunoblot analysis of survivin
expression. GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.



treatment alone (Figure 5). These results suggest that the
combinatorial use of CEP-1347 and paclitaxel may be
beneficial in achieving net reduction in the population of
ovarian CSCs.

Discussion

CSCs are now considered primarily responsible for post-
treatment tumor recurrence and hence for the poor prognosis
of patients with ovarian cancer (4-6). Overcoming the
chemoresistance of ovarian CSCs is, therefore, expected to
contribute to improved survival in patients with ovarian
cancer, but the underlying mechanisms of chemoresistance
are mostly unknown. Here in this study, we showed that

chemoresistance-related molecule survivin was
overexpressed in A2780 CSLC and TOV21G CSLC cells as
compared with their respective differentiated counterparts.
This finding is in line with a previous observation that
survivin was overexpressed in cancer stem-like cells derived
from a human ovarian cancer cell line SKOV3 as compared
with their differentiated counterparts (23). Of note, while it
was shown in that study that exogenous overexpression of
survivin conferred resistance to paclitaxel and cisplatin in
otherwise chemosensitive SKOV3 cells, it remained to be
shown whether the endogenous expression of survivin in
stem-like SKOV3 cells played a key role in their
chemoresistance. In this regard, in the present study, we have
clearly demonstrated through knockdown experiments that
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Figure 4. CEP-1347 promotes paclitaxel-induced apoptosis in ovarian cancer stem cells. A: A2780 CSLC and TOV21G CSLC cells treated without
or with paclitaxel (PTX, 2 nM) in the absence or presence of CEP-1347 (200 nM) for 3 days were subjected to cell death assay using propidium
iodide (PI). Left: Values represent means +SD from triplicate samples of a representative experiment repeated with similar results. Right, representative
fluorescent images of PI-positive (upper rows) and Hoechst-positive (lower rows) cells are shown. B: Cells treated as described above were subjected
to immunoblot analysis of cleaved caspase 3. GAPDH: Glyceraldehyde 3-phosphate dehydrogenase. *Significantly different at p<0.05. 



the endogenous expression of survivin in ovarian CSCs had
an essential role in their chemoresistance. Thus, our findings
combined with those of the earlier study suggest that
survivin overexpression may be a key factor in the
mechanism of chemoresistance of ovarian CSCs.

Survivin is an anti-apoptotic protein that inhibits the core
machinery of the intrinsic/mitochondrial apoptotic pathway
and as such contributes in a variety of cell types to cellular
resistance to a wide range of chemotherapeutic agents acting
in an apoptosis-dependent manner (24, 25). Importantly,
survivin is selectively overexpressed in cancer cells and not
in terminally differentiated adult tissues, which makes it an
attractive target of therapeutic drugs to be delivered
systemically (24).

Given our current demonstration of the critical role of
survivin overexpression in conferring chemoresistance on
ovarian CSCs, we expected that drugs targeting survivin
would sensitize ovarian CSCs to chemotherapy and thus
offer an effective strategy to overcome chemoresistance and
improve survival in patients with ovarian cancer. We
therefore sought to identify in this study such survivin-
targeting agents and successfully discovered CEP-1347 as a
candidate. CEP-1347 is a small-molecule inhibitor of MLKs
that was originally synthesized as a derivative of the natural
product K-252a found in broth of Narcodiopsis bacterium
(26). The molecular targets of CEP-1347 were unknown at
the time of its discovery, but MLKs, upstream regulators of
c-Jun N-terminal kinase (JNK), were later identified as its
targets (27), subsequent to the discovery that CEP-1347 is
an inhibitor of the JNK signaling pathway (28). Following
the demonstration of the roles of the MLK–JNK pathway in
Parkinson’s disease and HIV neurotoxicity in preclinical in
vitro and in vivo studies (29, 30), CEP-1347 was advanced

to human clinical trials for Parkinson’s disease and HIV-
associated encephalitis (7, 31), which showed that the
dosages of CEP-1347 tested in the trials were well tolerated,
with plasma concentrations of CEP-1347 reaching ~300 nM
(21) and ~700 nM (22). Although the efficacy of CEP-1347
in Parkinson’s disease and HIV-associated encephalitis is yet
to be successfully demonstrated, such pharmacokinetic data
from these trials have provided valuable information on the
clinically relevant concentration range of CEP-1347.
Importantly, the concentration of CEP-1347 we used in this
study to inhibit survivin expression and chemosensitize
ovarian CSCs was 200 nM, which falls well within the above
range of clinically relevant concentrations. The results of this
study therefore suggest use of CEP-1347 may be a viable
and feasible therapeutic approach to targeting ovarian CSCs
and as such, this study makes a strong case for investigating
the potential of this drug to eliminate ovarian CSCs in vivo
and to prevent recurrence in preclinical animal models of
ovarian cancer. Our results also suggest that MLK3, and
possibly the downstream JNK pathway, may be involved in
the regulation of survivin expression. However, CEP-1347 is
known to have multiple targets besides MLK3, including
other MLK family members (27), and we are yet to
demonstrate the involvement of MLK3 and the JNK pathway
in a conclusive manner. Future elucidation of the detailed
mechanism of survivin regulation, including the possible role
of MLK3 and the JNK pathway, is expected to provide
useful information with which to further identify novel
therapeutic targets.

In conclusion, we provided evidence in support of the idea
that survivin overexpression may be among the major
mechanisms of increased chemoresistance of ovarian CSCs.
Use of CEP-1347, which was demonstrated in this study to
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Figure 5. Sustained growth-inhibitory effect of CEP-1347 combined with paclitaxel on ovarian cancer stem cells. A2780 CSLC and TOV21G CSLC
cells treated without or with paclitaxel (PTX, 2 nM) in the absence or presence of CEP-1347 (200 nM) for 3 days were cultured for another 4 days
in the absence of any drug. The cells were then subjected to cell viability assay using WST-8. Values represent means +SD from triplicate samples
of a representative experiment repeated with similar results. GAPDH: Glyceraldehyde 3-phosphate dehydrogenase. *Significantly different at p<0.05.



inhibit survivin expression and chemosensitize ovarian CSCs
effectively at a clinically relevant concentration, may
therefore become a rational and promising strategy to
enhance the efficacy of conventional chemotherapy and
thereby improve the survival of patients with ovarian cancer.
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