
INTERNATIONAL JOURNAL OF ONCOLOGY  49:  1211-1220,  2016

Abstract. Epithelial ovarian cancer remains the most devas-
tating gynecologic cancer with drug resistance and rapid 
recurrence. Pregnane X receptor (PXR) is a nuclear receptor 
that affects drug metabolism/efflux and drug-drug interac-
tion through control of multiple drug resistance 1 (MDR1), 
which implies a major role in multidrug resistance, and other 
genes. We examined whether the inhibition of PXR-mediated 
pathway using siRNA interference and an antagonist for 
PXR could influence the paclitaxel and cisplatin cytotoxicity 
in ovarian cancer cells. PXR agonists, phthalate and preg-
nenolone had significant positive effects on cytochrome P450 
(CYP) 3A4 expression and PXR-mediated transcription 
through the CYP3A4 promoter, whereas MDR1 expression and 
PXR-mediated transcription though the MDR1 promoter were 
significantly increased in the presence of paclitaxel or cisplatin. 
Downregulation of PXR suppressed the augmented MDR1 
expression and PXR-mediated transcription by PXR ligands, 
and significantly enhanced cell growth inhibition and apoptosis 
in the presence of paclitaxel or cisplatin. Additionally, ketocon-
azole, a PXR antagonist, suppressed the augmented MDR1 
expression and PXR-mediated transactivation by paclitaxel and 
cisplatin, and enhanced cell growth inhibition and apoptosis 
in their presence. In conclusion, inhibition of PXR-mediated 
pathways could be a novel means of augmenting sensitivity, or 
overcoming resistance to anticancer agents for ovarian cancer.

Introduction

Epithelial ovarian cancer remains the most devastating gyne-
cologic cancer. Although 40-60% of patients achieve complete 

clinical responses to first-line chemotherapy treatment, ~50% 
of these patients relapse within 5 years; only 10-15% of patients 
who present with advanced disease achieve long-term remis-
sion (1,2). The standard of care for first-line chemotherapy 
treatment is paclitaxel in combination with a platinum-based 
compound, or platinum-based therapy alone (3). Chemotherapy 
induces significant side effects and has limited efficacy, such 
as drug resistance and rapid recurrence, respectively, which 
subsequently reduce patient survival rates (4,5). Hence, more 
effort is needed to understand the mechanisms of drug resis-
tance to anticancer drugs. Resistance to chemotherapy for 
ovarian cancer potentially involves several mechanisms (6). 
P-glycoprotein, which is encoded by the gene, multiple drug 
resistance 1 (MDR1), functions as a transmembrane efflux 
pump for the elimination and disposition of xenobiotics, 
including the anticancer drugs paclitaxel and cisplatin, which 
implies a major role in multidrug resistance (7). MDR1 over-
expression in certain tumor cells has been associated with 
protection against anticancer agents (8). Therefore, altering 
MDR1 expression could improve the patient's clinical outcome 
(9-11).

Pregnane X receptor (PXR), a member of the nuclear 
receptor superfamily, has been shown to mediate the genomic 
effects of several steroid hormones, including progesterone, 
pregnenolone, and estrogen, and of xenobiotics (12-18). 
PXR regulation involves a specific DNA sequence, the 
PXR-responsive element, which is found in various genes, 
including the upstream region of the cytochrome (P450) 3A 
(CYP3A) gene family (12,14,17), which codes for monooxy-
genases responsible for the oxidative metabolism of certain 
endogenous substrates and xenobiotics (19,20), and MDR1 
(21,22). Because the PXR pathway is activated by a large 
number of prescription drugs designed to treat infection, 
cancer, convulsion, and hypertension (23), PXR is thought to 
play roles in drug metabolism/efflux and drug-drug interac-
tion. For example, PXR activation is reportedly involved in 
regulating cell cycle proliferation and apoptosis inhibition 
(24-27). PXR was previously shown as a possible prognostic 
factor that might feasibly identify patients at risk of recurrence 
or death from epithelial ovarian cancer (28), however, PXR 
function in ovarian cancer remains unknown, especially in 
combination with anticancer drugs. Paclitaxel and cisplatin, 
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which are widely used as first-line chemotherapy drugs in 
ovarian cancer (3-5), could act as PXR ligands (29).

In addition, we previously showed that downregulating 
the constitutive androstane receptor (CAR) through RNA 
interference significantly promoted cell growth inhibition and 
enhancement of apoptosis in the presence of anticancer agents, 
paclitaxel and cisplatin (30). CAR as well as PXR is activated 
by a variety of endogenous and exogenous ligands including 
drugs, insecticides, pesticides, and nutritional compounds (31) 
and functions as a xenobiotic receptor that regulates detoxifi-
cation and clearance of xenobiotics (32). Therefore, both PXR 
and CAR might play some roles in drug resistance.

We therefore examined the effects of combining a ligand 
and antagonist for PXR with anticancer drugs on ovarian 
cancer cells, and the potential contribution of PXR downregu-
lation by RNA interference toward increasing drug sensitivity 
and overcoming drug resistance in this study. We also exam-
ined the relationship of PXR with another xenobiotics receptor 
CAR in the drug resistance function for ovarian cancer.

Materials and methods

Materials. Phthalic acid bis (2-ethylhexel ester) (phthalate), 
5-pregneno-3β-ol-20-one (pregnenolone), ketoconazole, 
paclitaxel, cisplatin, and dimethyl sulfoxide (DMSO) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Each 
drug was dissolved in DMSO and stored at -20˚C before use. 
The final concentration of DMSO was 0.1%; 0.1% DMSO was 
used for the negative control.

Cell culture. Ovarian cancer cell lines, SKOV-3, OVCAR-3, 
CaOV-3, and BG-1 cells, and human hepatoma cell line, 
HepG2 cells were obtained from the Health Science Research 
Resources Bank (Osaka, Japan). These ovarian cancer cell 
lines were derived from patients with ovarian adenocarcinoma. 
SKOV-3 cells and CAOV-3 were from patients previously 
treated with chemotherapy, BG-1 cells from an untreated 
patient, and OVCAR-3 cell line from a patient who did not 
respond to chemotherapy (33). SKOV-3 and OVCAR-3 cells 
have been shown to be relatively resistant to platinum and 
taxanes, BG-1 cells to be resistant to platinum, and CAOV-3 to 
be sensitive to both platinum and taxanes (33,34). Cells were 
cultured in Dulbecco's modified Eagle's medium (Invitrogen, 
Carlsbad, CA, USA) with 10% charcoal-stripped fetal bovine 
serum (Biological Industries, Kibbutz Beit Haemek, Israel) 
and 1% penicillin/streptomycin (Invitrogen). The cells were 
cultured under a humidified 5% CO2 atmosphere at 37˚C.

Quantitative real-time reverse-transcription polymerase 
chain reaction (PCR). Total RNA was isolated using the 
RNeasy Mini kit (Qiagen, Hilden, Germany) according 
to the manufacturer's protocol, then stored at -80˚C. The 
concentration and purity of isolated RNA was determined 
using a spectrophotometer (Thermo Fisher Scientific Inc., 
Waltham, MA, USA). Reverse transcription was performed 
using the High Capacity cDNA Reverse Transcription kit with 
RNA inhibitor (Applied Biosystems, Foster City, CA, USA). 
Complementary DNA was obtained through the GeneAmp 
PCR System 9700 (Applied Biosystems). cDNA isolated from 
each of the different drug groups was analyzed by real-time 

PCR using TaqMan universal master mix containing different 
primers (Applied Biosystems). Primers for MDR1, CYP3A4, 
and PXR (Applied Biosystems) were normalized to the 18S 
housekeeping gene. After 50 cycles, mRNA expression was 
calculated by the comparative CT-value method. The negative 
control was 0.1% DMSO.

Transient transfection studies. The (CYP3A4)3-tk-chloramphe
nicol acetyl transferase (CAT) was generated by inserting 
three copies of double-strand oligonucleotides containing the 
CYP3A4 (5'-GGGTCAGCAAGTTCA-3'). The (MDR1)3-
tk-CAT was generated by inserting three copies of a double-strand 
oligonucleotide containing the MDR1 (5'-AGGTCAAGTTA 
GTTCA-3') as described before (29). CaOV-3 cells were trans-
fected with 1 µg of a reporter gene construct [(CYP3A4)3-tk-CAT 
or (MDR1)3-tk-CAT]. In all experiments, liposome-mediated 
transfections used Lipofectamine (Life Technologies, 
Gaithersburg, MD, USA) according to the manufacturer's 
instructions. Transfected cells were treated with DMSO alone 
or with anticancer drugs paclitaxel (5 µM), cisplatin (10 µM), 
PXR ligands pregnenolone (10 µM) or phthalate (10 µM), with 
or without RNA interference for 36 h. Cell extracts were 
prepared and assayed for CAT activity. Amount of CAT was 
determined using a CAT ELISA Kit (Roche Diagnostics Co., 
Tokyo, Japan) according to the manufacturer's instructions.

RNA interference. The siRNA cocktail targeting human PXR 
(cat. no. sc-44057), human CAR (cat. no. sc-39918), and nega-
tive control cocktail (cat. no. sc-37007), which consists of a 
scrambled sequence that does not lead to the specific degrada-
tion of any cellular message, were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Cells were transfected 
with PXR siRNA, CAR siRNA or control siRNA using the 
siRNA Reagent system (Santa Cruz Biotechnology) according 
to the manufacturer's protocol.

MTT assay. Cells were plated 5x103 in a 96-well plate in at 
least triplicate samples for each experimental condition. 
Twenty‑four hours later, cells were treated with anticancer drugs 
paclitaxel (5 µM) or cisplatin (10 µM) with or without RNA 
interference or in the presence or absence of pregnenolone or 
ketoconazole for 24, 48 and 72 h. We used a commercial MTT 
cell proliferation kit (Bioassay Systems, Hayward, CA, USA) 
and followed its instructions. After each incubation time, 15 µl 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) was added into each well. After a 4-h incubation at 
37˚C, 150 µl  solubilization solution was added to each well 
and the plate was gently agitated for 1 h at room temperature. 
Absorbance was measured at 595 nm using an Imark micro-
plate reader (Bio-Rad, Philadelphia, PA, USA).

Apoptosis assay. Apoptosis was examined using a terminal 
deoxynucleotidyl transferase-mediated dUTP nick-end 
labeling (TUNEL) assay that employed the ApopTag Plus 
Peroxidase In Situ Apoptosis Detection kit (EMD Millipore, 
Billerica, MA, USA) following the manufacturer's protocol. 
Briefly, cells were grown on sterilized glass coverslips in 
a 6-well culture plate overnight, and then exposed to the 
different experimental drug groups. Cells were then stained 
and mounted with Vectashield mounting medium in the 
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presence of the nuclear stain 4',6-diamidino-2-phenylindole 
(DAPI). Afterwards, TUNEL- and DAPI-positive cells were 
counted using fluorescence microscopy. The ratio of TUNEL-
positive to DAPI-positive cells was calculated.

Statistical analysis. Statistical analysis was performed as 
one-way analysis of variance with post-hoc testing analysis 
and the Student's t-test using SPSS Statistics 19.0 software 
(IBM, Armonk, NY, USA). All data are expressed as mean 
± SD. P<0.05 was considered statistically significant.

Results

Effect of paclitaxel and cisplatin on MDR1 and CYP3A4 
mRNA expression and PXR-mediated transcription in ovarian 
cancer cell lines. Expression of PXR has been reported in 
SKOV-3 and OVCAR-8 ovarian cancer cells (27). We exam-
ined PXR expression in OVCAR-3, CaOV-3, SKOV-3 and 
BG-1 cells using RT-PCR. PXR was strongly expressed in 
SKOV-3 and CaOV-3 cells, moderately expressed in OVCAR-3 
cells, and not expressed in BG-1 cells (Fig. 1A). To investi-
gate the effect of PXR ligands (including anticancer drugs) 
on expression of CYP3A4 and MDR1 in vitro, we examined 
mRNA levels of CYP3A4 and MDR1 in SKOV-3, CaOV-3, and 

BG-1 cells that had been exposed to pregnenolone, phthalate, 
paclitaxel, and cisplatin, which could activate PXR-mediated 
transcription through CYP3A4 and MDR1 promoters (28). 
In SKOV-3 and CaOV-3 cells, CYP3A4 mRNA levels were 
significantly increased in the presence of PXR ligands 
(Fig. 1B). Pregnenolone and phthalate had significantly posi-
tive effects on CYP3A4 expression compared with paclitaxel 
or cisplatin. In contrast, the MDR1 level was significantly and 
strongly increased in the presence of paclitaxel or cisplatin 
compared with pregnenolone and phthalate. MDR1 and 
CYP3A4 levels did not change in response to any PXR ligands 
in BG-1 cells (which did not express PXR). PXR ligands also 
enhanced PXR-mediated transcription through both MDR and 
CYP3A4 promoters in CaOV-3 cells (Fig. 1C). Paclitaxel and 
cisplatin had significant effects on PXR-mediated transcrip-
tion through the MDR promoter compared with pregnenolone 
and phthalate. In contrast, pregnenolone and phthalate strongly 
enhanced PXR-mediated transcription through CYP3A4 
promoter compared with paclitaxel or cisplatin.

Effect of PXR siRNA on MDR1 and CYP3A4 mRNA expres-
sion and PXR-mediated transcription in CaOV-3 cells. We 
examined the effect of downregulating PXR by using siRNA 
on expression of MDR1 and CYP3A4, and PXR-mediated 

Figure 1. Effect of anticancer drugs on the mRNA expression of MDR1 and CYP3A4 and PXR-mediated transcription in ovarian cancer cell lines. The expres-
sion of PXR and GAPDH mRNAs were analyzed using RT-PCR in ovarian cancer cell lines, SKOV-3, BG-1, OVCAR-3, and CaOV-3 (A). CaOV-3, SKOV-3, 
and BG-1 cells were treated with pregnenolone, phthalate, paclitaxel, cisplatin, or DMSO for 24 h and analyzed for the mRNA expression using quantitative 
real-time PCR (B). CaOV-3 cells were cotransfected with reporter gene constructs, (MDR1)3-tk-CAT or (CYP3A4)3-tk-CAT and treated with pregnenolone, 
phthalate, paclitaxel, cisplatin, or DMSO for 36 h. CAT levels were determined by an ELISA kit (C). Results show mean ± SD of 5 independent experiments 
(*P<0.01 vs. DMSO group).
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transcription in the presence of paclitaxel or cisplatin in 
CaOV-3 cells. First, we used RT-PCR to confirm that PXR 
mRNA was not detected in the PXR-siRNA transfected 
CaOV-3 cells (Fig. 2A). The effects of PXR ligands, including 
paclitaxel and cisplatin, on MDR1 expression were strongly 
inhibited in PXR siRNA-transfected cells, and we saw no 
positive effects of PXR ligands on CYP3A4 expression in PXR 
siRNA-transfected cells (Fig. 2B), nor any non-specific effects 
of siRNA. PXR expression did not significantly differ between 
cells treated with control siRNA and those not treated with 
any siRNA (data not shown). We also examined the effects 
of PXR siRNAs on PXR-mediated transcription. In control 
siRNA-transfected cells, PXR ligands significantly activated 
native PXR-mediated transcription; whereas the PXR siRNA-
transfected cells showed no PXR-mediated transactivation in 
the presence of PXR ligands, including paclitaxel and cisplatin 
(Fig. 2C).

Effect of PXR siRNA on cell proliferation and apoptosis in 
CaOV-3 cells. We also examined the effect of downregulated 
PXR on cell proliferation and apoptosis in the presence of 
paclitaxel or cisplatin in CaOV-3 cells. We found that down-
regulated PXR significantly enhanced cell growth inhibition 

in the presence of paclitaxel (Fig. 3A) and cisplatin (Fig. 3B) 
for 24, 48, and 72 h. Cell growth did not significantly differ 
between control siRNA-transfected cells and untransfected 
cells. We also observed that downregulated PXR significantly 
enhanced apoptosis in PXR siRNA-transfected cells compared 
with cells transfected with control siRNA or without siRNA 
in the presence of paclitaxel (Fig. 3C) and cisplatin (Fig. 3D) 
for 48 and 72 h. Apoptosis rates did not significantly differ 
between control siRNA-transfected cells and untransfected 
cells.

Effect of combining paclitaxel or cisplatin with PXR ligand or 
antagonist on transcription of PXR-related genes. To deter-
mine the effect of treating CaOV-3 cells with anticancer drugs 
in combination with the PXR agonist pregnenolone, or the 
PXR antagonist ketoconazole on the PXR target genes, MDR1 
and CYP3A4, we used real-time PCR to assess their mRNA 
expression levels at 24 h. We observed pregnenolone moder-
ately suppressed the MDR1 mRNA expression enhanced by 
paclitaxel or cisplatin, whereas ketoconazole had a significant 
negative effect on the MDR1 expression enhanced by paclitaxel 
(Fig. 4A) or cisplatin (Fig. 4B) in a dose-dependent manner. 
We also examined the effect on PXR-mediated transcription 

Figure 2. Effect of PXR siRNA on the expression of MDR1 and CYP3A4 and PXR-mediated transcription in CaOV-3 cells. CaOV-3 cells were transfected 
with PXR- or control siRNA (A). CaOV-3 cells were transfected with PXR- or control siRNA and treated with pregnenolone, phthalate, paclitaxel, cisplatin, or 
DMSO for 36 h. CYP3A4 and MDR1 mRNA expression were analyzed by quantitative real-time PCR. Each experiment was performed in triplicate, 4 times 
(internal control, 18S; negative control, DMSO). Changes in gene expression were calculated as ratios of target gene to internal control (B). CaOV-3 cells 
were cotransfected with PXR- or control siRNAs, or no siRNA and a reporter gene construct, (MDR1)3-tk-CAT or (CYP3A4)3-tk-CAT; and then treated with 
pregnenolone, phthalate, paclitaxel, cisplatin or DMSO for 36 h. CAT levels were determined by ELISA (C). Results, mean ± SD of 5 independent experiments 
(*P<0.01 vs. control siRNA group).
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Figure 3. Effects of PXR siRNA on cell proliferation and apoptosis in CaOV-3 cells. CaOV-3 cells were transfected with PXR siRNA, control siRNA, or no 
siRNA, and were seeded and incubated with paclitaxel (A), or cisplatin (B) for 0, 24, 48 or 72 h. Cell proliferation was then measured by a commercial MTS 
assay. Apoptosis of CaOV-3 cells transfected with PXR siRNA, control siRNA, or no siRNA and treated with paclitaxel (C) or cisplatin (D) for 36 h was 
assayed by TUNEL. Results show mean ± SD of 5 independent experiments (*P<0.01; **P<0.05 vs. control siRNA group).

Figure 4. Effect of combining anticancer drugs with PXR ligand or antagonist on the transcription of PXR-related genes. SKOV-3 cells were treated with 
paclitaxel (A) or cisplatin (B) in the presence or absence of rifampicin or ketoconazole at indicated concentrations for 48 h. MDR1 mRNA expression was 
analyzed using quantitative real-time PCR. Each experiment was performed in triplicate 4 times (internal control, 18S; negative control, DMSO). Changes in 
gene expression were calculated as ratio of target gene to internal control. CaOV-3 cells were cotransfected with a reporter gene construct, (MDR1)3-tk-CAT, 
and then treated with paclitaxel (C) or cisplatin (D) in the presence or absence of pregnenolone or ketoconazole at indicated concentrations for 36 h. CAT levels 
were determined by ELISA. Results show mean ± SD of 5 independent experiments (*P<0.01 vs. paclitaxel-only).
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of combining paclitaxel or cisplatin with a PXR ligand or 
antagonist. Pregnenolone suppressed PXR-mediated transac-
tivation by paclitaxel or cisplatin, whereas ketoconazole more 
strongly reduced transcription in the presence of paclitaxel 
(Fig. 4C) and cisplatin (Fig. 4D) in a dose-dependent manner.

Effect of combining paclitaxel or cisplatin with PXR ligand or 
antagonist on cell proliferation and apoptosis in CaOV-3 cells. 
We also examined the effects of combining the anticancer 
paclitaxel or cisplatin with the PXR ligand pregnenolone, or 
the PXR antagonist ketoconazole on cell proliferation and 
apoptosis. We found that pregnenolone (moderately) and 
ketoconazole (strongly) enhanced cell growth inhibition in 
the presence of paclitaxel (Fig. 5A) or cisplatin (Fig. 5B) after 
24, 48 and 72 h. Cell growth inhibition significantly differed 
between pregnenolone and ketoconazole in the presence of 
paclitaxel for 48 and 72 h and cisplatin for 24, 48 and 72 h. 
We also observed that pregnenolone (moderately) and keto-
conazole (strongly) enhanced apoptosis in the presence of 
paclitaxel (Fig. 5C) or cisplatin (Fig. 5D) after 48 and 72 h 
for either agent. Apoptosis rates significantly differed between 
pregnenolone and ketoconazole in the presence of either pacli-
taxel or cisplatin for 48 and 72 h for either agent.

Effect of PXR siRNA and PXR ligand or antagonist on 
cell proliferation in other ovarian cell lines treated with 
paclitaxel or cisplatin. We also examined the effect of PXR 

downregulation on cell proliferation in other ovarian cancer 
cell lines. We observed that PXR downregulation significantly 
enhanced cell growth inhibition in the presence of paclitaxel 
in SKOV-3 cells, which strongly express PXR (Fig. 6A) but 
not in BG-1 cells which do not express PXR (Fig. 6B). Cell 
growth inhibition did not differ between control siRNA-
treated and untransfected cells. In examination of the effect 
on cell proliferation of combining, anticancer drugs with 
pregnenolone or ketoconazole, pregnenolone (moderately) and 
ketoconazole (more strongly) enhanced cell growth inhibition 
in the presence of paclitaxel in SKOV-3 cells (Fig. 6C), but not 
in BG-1 cells (Fig. 6D). Cell growth inhibition in the presence 
of paclitaxel for 48 and 72 h significantly differed between 
pregnenolone- and ketoconazole-treated SKOV-3 cells.

Effect of PXR and CAR siRNA on MDR1 expression, cell 
proliferation, and apoptosis in CaOV-3 cells. Finally, we 
examined the effect of downregulating PXR and CAR on 
MDR1 expression, cell proliferation, and apoptosis in the 
presence of paclitaxel in CaOV-3 cells. We observed that the 
downregulation of both PXR and CAR expression completely 
blocked the MDR1 expression enhanced by paclitaxel; PXR 
or CAR inhibited MDR1 expression significantly but not 
completely (Fig. 7A). MDR1 expression significantly differed 
between cells with downregulated PXR and those with down-
regulated CAR in the presence of paclitaxel or cisplatin. Use 
of siRNA to interfere with both PXR and CAR significantly 

Figure 5. Effect of combining anticancer drugs with PXR ligand or antagonist on cell proliferation and apoptosis in CaOV-3 cells. CaOV-3 cells were trans-
fected with paclitaxel (A) or cisplatin (B) in the presence or absence of pregnenolone or ketoconazole for 0, 24, 48 or 72 h. Cell proliferation was then measured 
with a commercial MTS assay. Apoptosis of CaOV-3 cells, were treated with paclitaxel (C) or cisplatin (D) in the presence or absence of pregnenolone or 
ketoconazole for 24, 48 or 72 h was assayed by TUNEL. Results show mean ± SD of 5 independent experiments (*P<0.01; **P<0.05 vs. paclitaxel-only, #P<0.01; 
##P<0.05 vs. rifampicin).
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Figure 6. Effects of PXR siRNA and PXR ligand or antagonist on cell proliferation in other ovarian cell lines treated with anticancer drugs. SKOV-3 (A) and 
BG-1 (B) cells were transfected with PXR siRNA, control siRNA, or no siRNA and were seeded and incubated with paclitaxel for 0, 24, 48 or 72 h. SKOV-3 (C) 
and BG-1 (D) cells were also treated with paclitaxel in the presence or absence of pregnenolone or ketoconazole for 0, 24, 48 or 72 h. Cell proliferation was 
measured using a commercial MTS assay. Results show mean ± SD of 5 independent experiments (*P<0.01; **P<0.05 vs. control siRNA or paclitaxel-alone, 
##P<0.05 vs. paclitaxel+pregnenolone).

Figure 7. Effect of PXR- and CAR siRNA on MDR1 expression, cell proliferation and apoptosis in CaOV-3 cells. CaOV-3 cells were transfected with PXR, CAR 
or control siRNA and treated with paclitaxel or DMSO for 36 h. MDR1 mRNA expression was analyzed by quantitative real-time PCR. Each experiment was 
performed in triplicate 4 times (internal control, 18S; negative control, DMSO). Change in gene expression was calculated as ratio of target gene to internal 
control (A). CaOV-3 cells were transfected with PXR-, CAR- or control siRNA or no siRNA, and were seeded and incubated with paclitaxel for 0, 24, 48 or 
72 h (B). TUNEL assay of apoptotic CaOV-3 cells transfected with PXR-, CAR- or control siRNA, or no siRNA and treated with paclitaxel for 36 h (C). Results 
show mean ± SD of 5 independent experiments (*P<0.01; **P<0.05 vs. control siRNA group, #P<0.01 vs. CAR siRNA, $P<0.01 vs. PXR siRNA). 
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enhanced cell growth inhibition in the presence of paclitaxel 
for 24, 48 and 72 h compared with that of either knocked-down 
PXR or CAR alone (Fig. 7B). In the presence of paclitaxel for 
48 and 72 h, downregulating both PXR and CAR (i.e., in cells 
with both PXR and CAR siRNA transfections) significantly 
enhanced apoptosis compared with cells transfected with 
either PXR or CAR siRNA alone (Fig.  7C). Cell growth 
inhibition and apoptosis significantly differed between cells 
transfected with PXR siRNA and those transfected with CAR 
siRNA in the presence of paclitaxel (Fig. 7C).

Discussion

We investigated whether inhibition of the PXR-mediated 
pathway could affect cytotoxicity of the anticancer drugs, 
paclitaxel and/or cisplatin, in several ovarian cancer cell lines 
including CaOV-3, SKOV-3, and BG-1 cells, to examine the 
possible effect of PXR on augmentation of drug sensitivity 
and overcoming drug resistance. We observed that phthalate 
and pregnenolone had significant effects on the PXR-CYP3A4 
pathway, whereas the PXR-MDR1 pathway was significantly 
increased in the presence of paclitaxel or cisplatin. We also 
observed that downregulating PXR strongly inhibited the 
augmentation of MDR1 expression and PXR-mediated tran-
scription by PXR ligands, and significantly enhanced the cell 
growth inhibition and apoptosis in the presence of paclitaxel or 
cisplatin. In addition, we found that pregnenolone moderately 
and ketoconazole strongly suppressed the augmented MDR1 
expression and PXR-mediated transactivation by paclitaxel or 
cisplatin, and enhanced cell-growth inhibition and apoptosis 
in the presence of paclitaxel or cisplatin. Cell growth inhibi-
tion and apoptosis were significantly enhanced in the cells 
transfected with PXR siRNA compared with those transfected 
with CAR siRNA in the presence of paclitaxel.

We previously demonstrated that PXR ligands enhance 
PXR-mediated transcription in a ligand- and promoter-depen-
dent fashion, which in turn differentially regulate expression of 
individual PXR targets, such as CYP3A4 and MDR1, in endo-
metrial cancer cells (29). We also observed that steroids and 
endocrine-disrupting chemicals enhanced CYP3A4 expres-
sion, whereas the anticancer agents, paclitaxel or cisplatin had 
positive effects on MDR1 expression in endometrial cancer 
cells (29). In this study, we observed that pregnenolone and 
phthalate mainly enhanced the CYP3A4 pathway, including 
mRNA expression and PXR-mediated transcription, but pacli-
taxel and cisplatin had stronger effects on the MDR1 pathway 
in ovarian cancer cells. This implies two different ligands and 
promoters, which differentially regulate expression of indi-
vidual PXR targets, such as CYP3A4 and MDR1, in ovarian 
cancer cell lines.

MDR1 was originally identified because its overexpression 
in cultured cancer cells was associated with an acquired cross-
resistance to multiple anticancer drugs, and it has been shown 
to be an ATP-dependent efflux pump of hydrophobic anticancer 
drugs (7). Clinical paclitaxel resistance is often associated with 
MDR1 overexpression; in vitro paclitaxel resistance typically 
occurs with overexpression of the MDR1 gene (6). However, 
several clinical trials have attempted to alter P-glycoprotein 
activity and thus improve clinical outcomes using verapamil 
and dexamethasone; most of these studies showed no clear-cut 

success (9-11). An earlier report showed that siRNA targeted to 
MDR1 could sensitize paclitaxel-resistant ovarian cancer cells 
in vitro (35), which suggests that siRNA treatment may present 
a new approach for treating MDR1-mediated drug resistance. 
Here, we showed that the mRNA levels of CYP3A4 and MDR1 
were strongly inhibited in cells transfected with PXR siRNA, 
in the presence of PXR ligands, pregnenolone, phthalate, pacli-
taxel, and cisplatin, compared with cells treated with control 
siRNA and untransfected cells. In addition, we observed no 
PXR ligand that enhanced PXR-mediated transactivation 
through MDR1 and CYP3A4 promoters in cells transfected 
with PXR siRNA. These data suggest that the PXR-CYP3A4 
and PXR-MDR1 pathways are blocked by downregulated PXR 
in ovarian cancer cells. Next, we found that downregulating 
PXR expression significantly enhanced cell-growth inhibition 
and apoptosis in the presence of the anticancer agents, pacli-
taxel and cisplatin, which indicates that downregulating PXR 
in ovarian cancer might alter its response to anticancer agents.

Pregnenolone is an endogenous steroid hormone, known 
as a ligand for PXR (36,37). It has a strong positive effect on 
the CYP3A4 pathway, compared with its effect on MDR1. 
The combination of cisplatin or paclitaxel with pregnenolone 
suppressed the MDR1 expression induced by anticancer 
agents in a dose-dependent manner. Because pregnenolone 
also suppressed PXR-mediated transcription through the 
MDR1 promoter in the presence of paclitaxel or cisplatin, this 
suppression mediated by PXR, and the binding of pregneno-
lone to PXR might inhibit the PXR-mediated activation by 
paclitaxel and cisplatin. Ketoconazole, an antifungal drug, is 
reported to inhibit the PXR activation by binding to PXR (38) 
and to be a PXR antagonist, an inhibitor of both PXR-mediated 
drug metabolism and the MDR1 pathway in HepG2 cells (39). 
In this study, we showed that ketoconazole strongly inhibited 
augmentation of the MDR1 pathway by paclitaxel or cisplatin 
in dose-dependent manner. These data imply that pregnenolone 
partially suppressed the MDR1 pathway because pregneno-
lone weakly enhanced the MDR1 pathway through PXR. In 
contrast, ketoconazole strongly inhibited the MDR1 pathway 
because ketoconazole had no positive effect on PXR-mediated 
genes. The different inhibitory effects on the MDR1 pathway 
might have caused the different effects of pregnenolone and 
ketoconazole on cell growth inhibition and apoptosis in the 
presence of paclitaxel or cisplatin.

In this study, we observed PXR downregulation to suppress 
PXR-mediated transactivation through the MDR promoter, 
but it did not completely inhibit the paclitaxel or cisplatin-
augmented MDR1 expression. Moreover, ketoconazole, a 
PXR antagonist, could not completely block the paclitaxel or 
cisplatin-enhanced MDR1 expression; and RNA interference 
of both PXR and CAR completely abolished MDR1 overex-
pression and enhanced cell growth inhibition and apoptosis 
in the presence of paclitaxel compared with interference of 
either PXR or CAR alone, which further indicates that both 
PXR- and CAR-mediated pathways affect drug resistance. 
We also observed that stronger effect of PXR downregula-
tion on cell growth inhibition and apoptosis compared with 
CAR downregulation in the presence of paclitaxel. PXR and 
CAR reportedly share several ligands including paclitaxel 
and cisplatin, and several target genes including MDR1 
(21,22,29,30). Moreover, activation of phase I drug metabolism 
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enzymes (such as CYP3A4) by PXR and/or CAR might affect 
the mechanism for drug resistance (40). Thus, the roles of 
xenobiotic receptors such as PXR and CAR in drug resistance 
for anticancer agents warrant further study.

In conclusion, inhibition of PXR-mediated pathways could 
augment sensitivity, or even overcome resistance, to anticancer 
agents in the treatment of ovarian cancer, suggesting a novel 
means for ovarian cancer patients, especially for those that 
have resistance to anticancer agents.
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