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to Paclitaxel by Down-regulating MDR1
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Abstract. Background/Aim: AS602801, an anti-cancer stem
cell (CSC) candidate drug, sensitizes ovarian CSCs to
paclitaxel and carboplatin by reducing the expression of
survivin, an anti-apoptotic protein. The aim of the study was
to examine the effect of AS602801 on the expression of multi
drug resistance protein 1 (MDRI). Materials and Methods:
Using two ovarian CSC lines, A2780 CSLC and TOV-21G
CSLC, mechanisms other than survivin down-regulation
were examined by comparing the effects of AS602801 and
YM155, an inhibitor of survivin. After screening for the
expression of ATP-binding cassette (ABC) transporters with
or without AS602801 treatment, the sensitivity of cells to
paclitaxel, carboplatin, and cisplatin was examined
following knockdown of the ABC transporter. Results: The
combinational effect of AS602801 on paclitaxel was less
dependent on survivin than the effect on carboplatin.
AS602801 reduced the expression of MDRI, an ABC
transporter. Knockdown of MDRI sensitized the cells to
paclitaxel, but not to carboplatin or cisplatin. Conclusion:
AS602801 chemosensitized ovarian CSCs to paclitaxel by
reducing the expression of MDRI .

Ovarian cancer is the second most common gynecological
cancer and the eighth leading cause of cancer-related death
in women worldwide (1). Standard therapy for patients with
advanced ovarian cancer is cytoreductive surgery followed by
a combination of paclitaxel and platinum (2). Even though
the initial treatment is effective in 70% of patients, cancer
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recurrence with paclitaxel resistance frequently occurs (3-7).
One of the mechanisms of recurrence and resistance is the
presence of cancer stem cells (CSCs), that have high tumor-
initiating capacity and are resistant to chemotherapeutic
reagents (8, 9). Therefore, CSCs are a potential target of
cancer chemotherapy (10).

There are multiple mechanisms of chemoresistance in
CSCs: high expression levels of ATP-binding cassette (ABC)
transporters, defects in apoptosis, efficient DNA damage
repair, epithelial-mesenchymal transition, epigenetics, and a
slow proliferation rate (11). Therapies targeting these CSC-
chemoresistant mechanisms are important to completely cure
patients.

Recently, we reported that AS602801, a novel c-Jun
N-terminal kinase (JNK) inhibitor, chemosensitizes ovarian
CSCs to carboplatin and paclitaxel (12). Our results
suggested that the mechanism of chemosensitization is
mediated by suppression of survivin, a member of the
inhibitor of apoptosis (IAP) family. In this study, the
contribution of survivin and other proteins on AS602801
chemosensitization was investigated.

Materials and Methods

Antibodies and reagents. An antibody against multidrug resistance
protein 1 (MDRI1, ab170904) was purchased from Abcam
(Cambridge, UK). Antibodies against survivin (#2808) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, #5174) were
purchased from Cell Signaling Technology, Inc. (Danvers, MA,
USA). AS602801 and YM155 were purchased from ChemScene
(Monmouth Junction, NJ, USA) and from AdooQ BioScience
(Irvine, CA, USA), respectively. AS602801 and YMI155 were
dissolved in DMSO to prepare a 10 and 20 pM stock solution,
respectively. Carboplatin was purchased from FUJIFILM Wako Pure
Chemical (Osaka, Japan) and dissolved in DMSO to prepare a
25 mM stock solution. Paclitaxel was purchased from TOCRIS
Bioscience (Bristol, UK) and dissolved in DMSO to prepare a
10 mM stock solution. Cisplatin was purchased from FUJIFILM
Wako Pure Chemical and dissolved in saline to prepare a 3.3 mM
stock solution.
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Table 1. Sequences of primers for gRT-PCR

Gene Forward primer Reverse primer

ABCB1 5’-CCCATCATTGCAATAGCAGG-3’ 5’-TGTTCAAACTTCTGCTCCTGA-3’
ABCB4 5’-CTTTTCCTTGTCGCTGCTAAAT-3’ 5’-AGTTCAGTGGTGTCGTTGATGT-3’
ABCC1 5’-ATGTCACGTGGAATACCAGC-3’ 5’-GAAGACTGAACTCCCTTCCT-3’
ABCG2 5’-GCCACGTGATTCTTCCACAA-3’ 5’-TGGCTGTCATGGCTTCAGTA-3’
BIRCS 5’-CCTTTCTCAAGGACCACCGCATC-3’ 5’-CGTCATCTGGCTCCCAGCCTT-3’
GAPDH 5’-ACCATCTTCCAGGAGCGAGAT-3’ 5’-ATGACGAACATGGGGGCATC-3’

Cell culture. The establishment and characterization of human CSCs
(A2780 CSLC and TOV-21G CSLC) have been previously
described (12-15). These cells were maintained as monolayers under
appropriate stem cell culture conditions. Briefly, the cells were
cultured on collagen I-coated dishes IWAKI, Tokyo, Japan) in stem
cell culture medium consisting of DMEM/FI2 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 pg/ml
streptomycin. The stem cell culture medium was changed
approximately every 3 days, and EGF and FGF2 were added to the
culture medium every day. The authenticity of the cells was verified
by genotyping short tandem repeat (STR) loci (Bio-Synthesis, Inc.,
Lewisville, TX, USA) followed by comparison to the American
Type Culture Collection STR Database for Human Cell Lines
(http://www.atcc.org/STR_Database.aspx).

Immunoblot analysis. Immunoblot analysis was conducted as
previously described (13-17). Drug-treated ovarian CSCs were
washed with ice-old phosphate-buffered saline and lysed in RIPA
buffer [10 mM Tris/HC1 (pH 7.4), 0.1% sodium dodecyl sulfate
(SDS), 0.1% sodium deoxycholate, 1% NP-40, 150 mM NaCl, | mM
EDTA, 1.5 mM NazVO,, 10 mM NaF, 10 mM sodium
pyrophosphate, 10 mM sodium f3-glycerophosphate, and 1% protease
inhibitor cocktail set III (Wako Pure Chemical Industries, Ltd)]. This
was followed by the immediate addition of the same volume of 2x
Laemmli buffer [125 mM Tris/HCI (pH 6.8), 4% SDS, 10% glycerol]
and boiling at 95°C for 10 min. Protein concentration was determined
using a BCA protein assay kit (Thermo Fisher Scientific). 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 and subsequently with 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 Imaging System (Bio-Rad, Hercules, CA, USA).

Gene silencing by siRNA. siRNAs against human MDR1 (ABCB1;
#1 HSS107918, #2 HSS107919, and #3 HSS182278) and Medium
GC Duplex #2 of Stealth RNAi siRNA Negative Control Duplexes
(non-targeting control, siControl#1) were purchased from Thermo
Fisher Scientific. MISSION siRNA Negative Control (SIC-001,
siControl#2) was purchased from MilliporeSigma (St. Louis, MO,
USA). A2780 CSLCs or TOV-21G CSLCs were transiently
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transfected with siRNAs against MDR1 (siMDR1) or with control
RNAs (siControl) using Lipofectamine RNAiIMAX (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

Cell viability assay. Cell viability assays were performed as
previously described (13). Briefly, cell viability was determined by
the tetrazolium salt reduction method using the WST-8 assay (Cell
Counting Kit-8; Dojindo Laboratories, Kumamoto, Japan) according
to the manufacturer’s instructions. Cells (500 cells/well) plated in
96-well collagen I-coated plates were treated the next day with
drugs for 3 days followed by culture in the absence of any drug for
another 3 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 calculated as a percentage of the absorbance of treated
samples relative to that of control samples. Cell viability assays
were performed in four or six replicates.

Quantitative reverse transcription PCR. A2780 CLSCs and TOV-21G
CLSCs were treated with or without AS602801 (7.5 uM) for 3 days,
and then RNA was extracted from the cells using a TRIzol reagent
(Thermo Fisher Scientific). The RNA was reverse-transcribed into
cDNA using PrimeScript II 1st strand cDNA Synthesis Kit (Takara
Bio, Kusatsu, Japan). Quantitative PCR using the cDNA samples was
performed with a Thunderbird SYBR qPCR Mix (Toyobo, Osaka,
Japan) using StepOnePlus Real-time PCR system (Thermo Fisher
Scientific). The mRNA levels were calculated by the AACt method
and normalized to the values of GAPDH. The sequences of the gene
specific primer sets are listed in Table I.

Statistical analysis. The results were expressed as the mean and
standard deviation (SD), and differences were compared using the
Student’s #-test or one-way Analysis of Variance (ANOVA) with
Tukey’s post-hoc test by Prism 8 software (Graph Pad, San Diego,
CA, USA). p-Values of less than 0.05 were considered significant.

Results

Down-regulation of survivin is not the only mechanism of
chemosensitization by AS602801 in A2780 CSLC. We
recently reported that AS602801 sensitizes A2780 CSLC, an
ovarian CSC line, to paclitaxel and carboplatin by down-
regulating survivin, an anti-apoptotic protein (12). To explore
if down-regulation of survivin is the only mechanism of
chemosensitization by AS602801, A2780 CSLCs were
treated with paclitaxel or carboplatin in the presence or
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Figure 1. Inhibition of survivin affects paclitaxel less than carboplatin, which suggests that other mechanisms are involved in the suppression of cell
growth by AS602801. A2780 CSLCs were treated with paclitaxel (2 nM) or carboplatin (5 uM) in the presence or absence of AS602801 (7.5 uM) and/or
YM155 (10 nM) for 3 days, and then subjected to western blot analysis of survivin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (A). The
drug-treated cells were incubated for another 3 days without any drug, and then cells were subjected to a WST-8 assay (B). The ratio of cell viability
of cells treated with paclitaxel (PAC) or carboplatin (CBDCA) in the presence of AS602801 (AS+) was compared to that in the absence of AS602801
(AS-) (C). The ratio of cell viability of cells treated with paclitaxel or carboplatin in the presence of YM155 (YM+) was compared to that in the absence
of YM155 (YM-) (D). The ratio of cell viability of cells treated with paclitaxel and YM155 (PAC+YM) or carboplatin and YM155 (CBDCA+YM) in
the presence of AS602801 was compared to that in the absence of AS602801 (E). The values represent means+SD from samples in six replicates of a
representative experiment repeated with similar results. NS p>0.05, *p<0.05, **p<0.01, and ****p<0.0001.
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Figure 2. Effects of AS602801 on the mRNA and protein expression of ABC transporters in A2780 CLSC and TOV-21G CSLC. A2780 CLSCs and
TOV-21G CLSCs were treated with AS602801 (7.5 uM) for 3 days; then the mRNA expression of BIRC5 and ABC transporters was quantified by
RT-gPCR (A and C), and protein expression of multidrug resistance protein 1 (MDR1) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was evaluated by western blot (D). TOV-21G CSLCs were treated with paclitaxel or carboplatin in the presence or absence of AS602801 for 3 days
followed by incubation without any drugs for another 3 days, and then the cells were subjected to a WST-8 assay (B). In (A), (B), and (C), the
values represent means+SD of four replicates (A and C) or six replicates (B) of a representative experiment repeated with similar results. In (A)
and (C), NS p>0.05, *p<0.05, **p<0.01, and ***p<0.001, compared to control. In (B), **p<0.01 and ****p<0.0001.
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Figure 3. AS602801 reduces the expression of MDRI in a time- and
dose-dependent manner. A2780 CSLCs and TOV-21G CLSCs were
treated with AS602801 at 7.5 uM for the indicated time (A) and at the
indicated concentration for 3 days (B). The cells were then subjected to
western blot analysis of multidrug resistance protein 1 (MDRI) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

absence of AS602801 and/or YMI155, an inhibitor of
survivin, and then expression of survivin and cell viability
were examined (Figure 1A and B). Both AS602801 and
YM155 reduced the expression of survivin in the absence or
presence of paclitaxel or carboplatin (Figure 1A). In the cell
viability assay, AS602801 clearly had significant
combinational effects with paclitaxel and carboplatin, but the
effects of YM155 on paclitaxel were not significant, which
was similar to a previous study (12) (Figure 1B, the cells
treated with YM155 vs. the cells treated with paclitaxel and
YM155). Because this result suggests that AS602801 affects
paclitaxel and carboplatin in a different manner from
YMI155, the effects of AS602801 and YM155 on paclitaxel
and carboplatin were carefully compared. Comparison of the
ratio of cell viability in the presence of AS602801 to that in
the absence of AS602801 (AS+/AS—) between paclitaxel-

treated (PAC) and carboplatin-treated cells (CBDCA)
revealed that AS602801 decreased cell viability in cells
treated with carboplatin and paclitaxel to the same extent
(Figure 1C). On the other hand, comparing the ratio of cell
viability in the presence of YM155 to that in the absence of
YMI155 (YM+/YM-) between paclitaxel-treated cells and
carboplatin-treated cells revealed that YM155 decreased cell
viability significantly more in carboplatin-treated cells
(Figure 1D). Although both AS602801 and YM155 reduced
the expression of survivin, these drugs contribute differently
to the combinational inhibitory effects of paclitaxel and
carboplatin. Furthermore, in the presence of YMI155,
AS602801 decreased cell viability significantly less in
carboplatin-treated cells than in paclitaxel-treated cells
(Figure 1E). These data suggest that the combinational effect
of AS602801 on paclitaxel was less dependent on survivin
than the effect on carboplatin and raise the possibility that
other mechanism(s) are affected by the combinational effects
of AS602801 and other drugs, especially paclitaxel.

The expression of MDRI is reduced by AS602801 in ovarian
CSCs. One of the mechanisms of chemoresistance in CSCs
is to expel chemotherapeutic reagents out of cells by ABC
transporters. Because multidrug resistance protein 1 (MDRI,
P-glycoprotein or ABCB1), MDR3 (or ABCB4), MDR-
associated protein 1 (MRP1 or ABCC1), and breast cancer
resistance protein (BCRP or ABCG2) are ABC transporters
involved in multidrug resistance (18, 19), the effects of
AS602801 on the mRNA levels of these transporters and
survivin were examined by RT-qPCR. In accordance with the
reduced protein expression of survivin by AS602801, the
mRNA expression of survivin was significantly reduced by
AS602801 treatment (Figure 2A). Although the expression
of ABCB4, ABCCI1, and ABCG2 was not altered by
AS602801, the expression of ABCB1 was significantly
reduced by AS602801. To confirm if suppression of ABCB1
by AS602801 was observed in another ovarian CSC line,
TOV-21G CSLCs were used in which AS602801 had a
combinational growth inhibitory effect with paclitaxel and
carboplatin (Figure 2B). Similar to A2780 CSLC, the mRNA
levels of ABCB1 were significantly reduced by AS602801
in TOV-21G CSLC (Figure 2C). AS602801 reduced the
protein levels of MDRI1, the protein product of ABCBI, in
both cell lines (Figure 2D). The reduction in MDRI1
expression in these cell lines occured in a time- and dose-
dependent manner (Figure 3A and B).

Knockdown of MDRI by siRNA sensitizes ovarian CSCs to
paclitaxel, but not to carboplatin and cisplatin. To confirm
that down-regulation of MDR1 by AS602801 contributes to
the combinational effects with paclitaxel and carboplatin,
the expression of MDR1 was knocked down by siRNA, and
the combinational inhibitory effects with paclitaxel,
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Figure 4. Knockdown of MDRI sensitizes A2780 CSLC and TOV-21G CSLC to paclitaxel, but not to carboplatin or cisplatin. A2780 CSLCs and
TOV-21G CLSCs were transfected with siRNAs against MDRI1 (siMDRI#1, #2, or #3) or with a control RNA (siControl#1 or #2) for 3 days, and
then cells were subjected to western blot analysis of MDRI1 (A). The siRNA-transfected cells were treated with or without carboplatin (5 uM),
paclitaxel (2 nM), or cisplatin (1 uM) for 3 days and then incubated for another 3 days without any drug. The cells were subjected to a WST-8
assay (B: A2780 CLSC and C: TOV-21G CSLC). In (B) and (C), the values represent means+SD of four replicates of a representative experiment
repeated with similar results. NS p>0.05 and *p<0.05 compared to both siControl#1 and siControl#2. T'p<0.05, compared to siControl#2 and
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carboplatin, and cisplatin, another platinum reagent used
for ovarian cancer, were examined. Knockdown by three
different siRNAs reduced the expression of MDRI in
A2780 CSLC and TOV-21G CSLC (Figure 4A). Compared
with the viability of cells treated with control siRNAs
(siControl#1 and #2), the viability of cells treated with
siMDRs was significantly decreased by paclitaxel, but not
by carboplatin or cisplatin in A2780 CLSC and TOV-21G
CSLC (Figure 4B and C). These results suggest that down-
regulation of MDRI1 by AS602801 contributes to
chemosensitization to paclitaxel.

Discussion

First-line chemotherapy against advanced ovarian cancer by
a combination of paclitaxel and platinum has a high
response rate. However, regrowth of cancer cells with a
chemoresistant phenotype is inevitable (20). Multidrug
resistance (MDR) is a phenomenon where cancer cells
show resistance to a broad spectrum of chemotherapeutic
drugs that do not share functional and structural
characteristics. There are several mechanisms of MDR, and
CSCs may be involved (11, 21). CSCs are a minor
population within cancer tissues, proliferate slowly, and
have the potential for self-renewal and differentiation into
the tumor cells that comprise the majority of cancer tissues.
CSCs have high tumor initiation activity and
chemoresistance; therefore, CSCs are a major source of
tumor recurrence. There are multiple mechanisms of
chemoresistance in CSCs: increased drug export,
inactivation of drugs, enhanced DNA damage repair, slow
proliferation and dormancy, suppression of apoptosis, and
epithelial-mesenchymal transition (22). In ovarian cancer,
CSCs contribute to recurrence after chemotherapy (23, 24)
and are a chemotherapy target. We reported that AS602801,
an anti-CSC drug (17), sensitizes ovarian CSCs to
paclitaxel and carboplatin by reducing the expression of
survivin, an anti-apoptotic protein (12). This study showed
that the reduction of survivin is not the only mechanism of
chemosensitization, especially for paclitaxel.

There are 49 ABC transporters divided into seven
categories, A to G (25). Multidrug resistance protein 1
(MDRI1, P-glycoprotein or ABCB1), MDR3 (or ABCB4),
MDR-associated protein 1 (MRP1 or ABCC1), and breast
cancer resistance protein (BCRP or ABCG2) are mainly
involved in chemoresistance (18, 19). After screening for
altered mRNA expression of these genes in two ovarian CSCs,
A2780 CSLC and TOV-21G CSLC, AS602801 was found to
reduce the expression of ABCB1 but not the other genes.
AS602801 reduced MDR1 protein levels in a time- and dose-
dependent manner in both ovarian CSCs. MDRI1 is a
membrane glycoprotein that effluxes chemotherapeutic
reagents including taxanes, anthracyclines, and vinca alkaloids

(26). The increased expression of MDRI1 is correlated with
poor responsiveness to chemotherapeutic drugs in acute
myelogenous leukemia (27), small cell lung cancer (28), breast
cancer (29), and ovarian cancer (30, 31). The expression of
MDRI1 is increased in the CSCs of acute leukemia (32),
glioblastoma (33, 34), breast cancer (35), renal cell carcinoma
(36), and ovarian cancer (24, 37, 38). In accordance with our
results showing that down-regulation of MDR1 sensitized
ovarian CSCs to paclitaxel rather than to cisplatin or
carboplatin, knockdown of MDR1 by shRNA in A2780 cells
sensitized cells to paclitaxel, docetaxel, and vincristine but not
to cisplatin (39). Furthermore, drug sensitivity to taxanes,
doxorubicin, vinblastine, and bisantrene is negatively
correlated with the expression levels of MDR1 in the NCI-60
cancer cell line panel (40). These results suggest that down-
regulation of MDR1 by AS602801 contributes to
chemosensitization to paclitaxel in ovarian CSCs.

MDRI1 is expressed in several normal tissues including the
bronchopulmonary epithelium, hepatobiliary epithelium,
renal tubular epithelium, endothelium in the blood-brain
barrier, and trophoblasts in the placenta to protect against
xenobiotics (41, 42). Because of the distribution of MDR1
in normal tissues, drugs targeting MDR1 may cause side
effects. In clinical trials of drugs targeting MDR1, there were
no clinical benefits mainly because of toxicity (43, 44).
AS602801, at the concentration used in this study, was not
toxic to IMR-90 cells, a normal human fibroblast cell line
(17). Although the effects of AS602801 on the expression of
MDRI in normal tissues were not investigated, the safety of
AS602801 has already been examined in a clinical trial of
patients with endometriosis (NCT01630252), which
suggested that AS602801 is a good candidate drug targeting
MDRI1 without harmful side effects.

In this study, a new mechanism of chemosensitization of
ovarian CSCs to paclitaxel by AS602801 was revealed:
reduction of MDR1 expression. Our results suggest that the
combination of AS602801 with the standard chemotherapeutic
drugs paclitaxel and cisplatin or carboplatin for the treatment
of ovarian cancer improves prognosis through
chemosensitization by reducing expression of both MDR1 and
survivin. In addition, our data imply a possible therapeutic
application of AS602801 in other types of cancers
overexpressing MDR1 and/or survivin.
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