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Abstract
Chemotherapy resistance is the major reason for the failure of ovarian cancer treatment.
One mechanism behind chemo-resistance involves the upregulation of multidrug resistance
(MDR) genes (ABC transporters) that effectively transport (efflux) drugs out of the tumor
cells. As a common symptom in stage III/IV ovarian cancer patients, ascites is associated
with cancer progression. However, whether ascites drives multidrug resistance in ovarian
cancer cells awaits elucidation. Here, we demonstrate that when cultured with ascites
derived from ovarian cancer-bearing mice, a murine ovarian cancer cell line became less
sensitive to paclitaxel, a first line chemotherapeutic agent for ovarian cancer patients. Moreover, incubation of murine ovarian cancer cells in vitro with ascites drives efflux function in
these cells. Functional studies show ascites-driven efflux is suppressible by specific inhibitors of either of two ABC transporters [Multidrug Related Protein (MRP1); Breast Cancer
Related Protein (BCRP)]. To demonstrate relevance of our findings to ovarian cancer
patients, we studied relative efflux in human ovarian cancer cells obtained from either
patient ascites or from primary tumor. Immortalized cell lines developed from human ascites
show increased susceptibility to efflux inhibitors (MRP1, BCRP) compared to a cell line
derived from a primary ovarian cancer, suggesting an association between ascites and
efflux function in human ovarian cancer. Efflux in ascites-derived human ovarian cancer
cells is associated with increased expression of ABC transporters compared to that in primary tumor-derived human ovarian cancer cells. Collectively, our findings identify a novel
activity for ascites in promoting ovarian cancer multidrug resistance.

PLOS ONE | DOI:10.1371/journal.pone.0131579 July 6, 2015

1 / 15

Ascites Drives Ovarian Cancer Multidrug Resistance

Competing Interests: The authors have declared
that no competing interests exist.

Introduction
Operative tumor debulking is performed mainly on stage I/II ovarian cancer patients. This surgical procedure for advanced stage disease (III to IV) is not always possible, especially in
women whose disease is extensive [1]. Therefore, chemotherapy is the primary tool for blocking dissemination of cancer cells when clinicians treat patients at advanced cancer stages.
Compared to normal cells, actively proliferating cancer cells are more susceptible to a variety
of cytotoxic drugs targeting different cellular processes, including DNA alkylating agents, antimetabolites, intercalating agents and mitotic inhibitors [2].
The first-line chemotherapy for ovarian cancer has remained unchanged over the last
decade, with the therapeutic backbone consisting of a platinum agent (generally carboplatin)
and a taxane (generally paclitaxel) [3]. Second-line chemotherapies are considered when the
patients are unresponsive to first-line drugs. A number of antineoplastic agents have demonstrated sufficient biological activity to be considered rational second-line choices, such as doxorubicin, etoposide, gemcitabine, ifosfamide, or cyclophosphamide [4].
Chemo-resistance, characterized by a reduced ability of chemotherapy to inhibit tumor
growth over time, is the single most common reason for discontinuing chemotherapy treatment. Ovarian cancer recurrence is a direct outcome of chemo-resistance, occurring in more
than 80% of high-grade serous ovarian cancer patients [3, 5]. The mechanisms behind chemoresistance include: 1) upregulation of multidrug resistance (MDR) genes that effectively transport drugs out of the cell; 2) alteration of drug-metabolizing enzymes, such as those in the glutathione s-transferase family (GST); 3) escape from apoptosis and increased DNA repair due to
mutated tumor suppressor genes [p53, breast cancer 1/2 (BRCA1/2), and ataxia telangiectasia
mutated (ATM) genes] [2]; and 4) impairment of mitotic spindle checkpoint leading to resistance to microtubule inhibitors [6].
A large family of 50 different ATP-binding cassette (ABC) proteins (ABC transporters)
have been documented to efflux cytotoxic molecules, reducing the intracellular drug concentration [7, 8]. Among the ABC transporters associated with chemo-resistance of ovarian cancer,
the MDR1 gene, which encodes P-glycoprotein (P-gp; MDR1, ABCB1), is the most frequently
studied mechanism. Other common ABC transporters include: the MDR-associated protein 1
(MRP1, ABCC1) and the breast cancer resistance protein (BCRP, ABCG2) [2]. Short term
incubation of ovarian cancer cells with chemotherapeutic regimens (e.g. doxorubicin, cisplatin
and paclitaxel) at their clinical concentrations [9] increases MDR1 expression levels. Notably,
recurrent ovarian cancers demonstrate significantly increased MDR1 compared to primary
ovarian cancers, with the recurrent patients receiving platinum-taxane therapy as a standard of
care after the diagnosis of their primary cancer [10]. Similar to MDR1, MRP1 is detected in
untreated primary ovarian tumors at varying levels [11] and found upregulated after a stepwise
induction of cisplatin resistance in ovarian cancer cell lines in vitro [12]. BCRP is inducible in
ovarian cancer cell lines by long-term incubation with topotecan and confers resistance to
topotecan and mitoxanthrone [13, 14].
Ascites is a common symptom in stage III/IV ovarian cancer patients and correlates with a
poor prognosis [15]. Malignant ascites is known to protect human ovarian cancer cells from
TRAIL-induced apoptosis leading to a shorter disease-free survival of patients [16, 17]. However, little is known about the relationship between the presence of ascites and chemo-resistance in ovarian cancer. In this study, we investigate how ascites affects ovarian cancer cells in
their responses to paclitaxel and docetaxel, leading taxane drugs employed by clinicians in
ovarian cancer treatment [3].
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Materials and Methods
Cell line and reagents
ID8, a mouse epithelial ovarian cancer cell line [18], was a kind gift from Dr. Kathy Roby at
Kansas University Medical Center. Mycoplasma contamination screening using Gen-Probe
nucleic acid hybridization was performed by the Duke Cancer Institute Cell Culture Facility in
April 2010. ID8 cells were maintained in DMEM (high glucose, Gibco-Life Technologies
[Gibco]; Carlsbad, CA) containing 4% fetal bovine serum, penicillin (100 units/mL) + streptomycin (100 μg/ml) (Invitrogen-Life Technologies [Invitrogen]; Carlsbad, CA). HA1 and HA2
were developed by SV40 T antigen-immortalization of human ovarian cancer cells obtained
from ascites [HA1 line derived from ascites (6116) from primary surgery serous carcinoma,
poorly differentiated; HA2 line derived from ascites (OV 186) from primary surgery serous
papillary cystadenocarinoma]. TD cells were developed by SV40 immortalization of human
ovarian cancer cells from primary surgery high grade serous adenocarcinoma tissue (primary
peritoneal carcinoma) (6114)]. These cell lines were maintained in DMEM (high glucose,
Gibco) containing 10% fetal bovine serum and 1X penicillin streptomycin. De-identified
tumor and ascites samples used to create the immortalized cell lines were collected, following
donor's provision of written informed consent, by the Duke Gynecologic Oncology Tumor
Bank (Pro00013710) and used for this study under Duke IRB protocol Pro00027325. Paclitaxel
(T7191) and docetaxel (01885) were purchased from Sigma-Aldrich, St. Louis, MO. Human
ovarian cancer cell lines were maintained for a maximum of two passages prior to analysis.

Murine ascites preparation
This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
approved by the Institutional Animal Care & Use Committee at Duke University (protocol
number: A295-12-11). All efforts were made to minimize suffering. Female 6–8 week-old
C57BL/6 mice (Charles River; Raleigh, NC) were used. ID8 cells (1-10x106) were injected into
the mouse peritoneum. After ascites accumulation, mice were euthanized. Peritoneal fluid was
collected and centrifuged twice at 500 x g for 5 min to separate the cellular and acellular fractions. Acellular fractions from multiple mice were pooled and filtered through 0.22 μm sterile
filters. The 50% ascites treatment conditions were normalized to normal culture conditions
with regard to FBS, glucose and antibiotic concentrations.

Flow cytometric analysis with Green Efflux ID Dye
The functions of the multidrug resistance proteins MDR1, MRP and BCRP were analyzed by
eFluxx-ID Green Multidrug Resistance Assay Kit (ENZ-51029-K100, Enzo Lifesciences, Farmingdale, NY) according to the manufacturer’s instructions. Briefly, single cell suspensions harvested by trypsin were counted, equal numbers of cells (500,000/condition) were resuspended
in full media containing specificinhibitors or their combinations (or DMSO as diluent control)
andincubated for 10 min at 37°C. Sources/final concentrations of inhibitors are as follows:
Verapamil (MDR1 inhibitor; Sigma V4629; 40 μM); MK-571 (MRP1 inhibitor; Sigma M7571;
100 μM); Novobiocin (BCRP inhibitor; Sigma N1628; 200 μm). Green dye was then added and
incubated at 37°C for 40 min. Cells were washed once in PBS before FACS data acquisition
using a Guava Easycyte Plus instrument (Millipore, Billerica, MA), 7-AAD was used to exclude
dead cells from the analysis. Data were analyzed using FlowJo_V10 software (Ashland, OR).
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Calculation of Multidrug resistance activity factor
The multidrug resistance activity factor (MAF) for each transporter, was calculated using the
following formulas:
MAFMDR1 ¼ 100 x ðFMDR1  F0 Þ=FMDR1
MAFMRP ¼ 100 x ðFMRP  F0 Þ=FMRP
MAFBCRP ¼ 100 x ðFBCRP  F0 Þ=FBCRP
where F is the geometric mean of ﬂuorescence intensity (GMFI), F0 – without inhibitor, FMDR1
– with MDR1 inhibitor, FMRP – with MRP inhibitor, FBCRP – with BCRP inhibitor

Rhodamine 123 retention assay
Drug efflux function was determined in untreated and ascites-treated ID8 cells by rhodamine
123 retention assays [18]. ID8 cells obtained from normal culture, from 7 day ascites pretreatment culture or from ascites in vivo were seeded at 40,000 cells per well in 6-well plates and
allowed to attach overnight. These cells were then incubated with Rhodamine 123 for 30 min.
Cells from each condition were then washed with PBS and incubated with regular medium for
2.5 h. Fluorescent pictures were taken at an excitation λ = 485 nm and emission λ = 530 nm
using BioTek Cytation3 Imager (Winooski, VT) at 0 min (after dye removal and PBS wash)
and at 2.5h hours after Rhodamine 123 removal. Experiments were independently repeated
three times.

Real-Time quantitative RT-PCR
Total RNA from cells was extracted using Qiagen RNeasy Micro kit according to manufacturer’s protocol (Qiagen; Valencia, CA) and treated with RNase-free DNase to remove any residual genomic DNA. Single-stranded cDNAs were synthesized by incubating total RNA (1 μg)
with RNase H-reverse transcriptase (500 U), oligo-(dT)12–18 primer (100 nM), dNTPs (1
mM), and RNase-inhibitor (40 U) at 42°C for 1 h in a final volume of 20 μl. Transcript First
Strand cDNA Synthesis Kit was purchased from Roche Applied Science (Indianapolis, IN).
Q-PCR primers for mouse Abcc1, Abcb1a, Abcb1b and beta-Actin were purchased from Origene (Rockville, MD). Quantitative real-time PCR was performed to compare expression levels
of each total RNA sample. Real-time PCR on the Mx3005P QPCR System (Stratagene, La Jolla,
CA) was performed in the presence of 12.5 μl VeriQuest Fast SYBR Green qPCR Master mix
(2x) (USB, Cleveland, OH) and 2 μl cDNA, and H2O was added to a final volume of 25μl. Realtime PCR was performed with an initial denaturation step of 5 min at 95°C, followed by 40
cycles of 3 s at 95°C, 30 s at an annealing temperature at 60°C. PCR products were monitored
in real time by measuring the increase in fluorescence caused by the binding of SYBR Green I
Dye. Significance was analyzed using the software package MxPro QPCR Software (Stratagene,
La Jolla, CA).

Western Blots
Cells were harvested using trypsin-EDTA and washed with PBS. Harvested cells were incubated in total lysis buffer (50mM Tris pH 7.5, 1% SDS) plus protease and phosphatase inhibitor
cocktail (Halt, Thermo Scientific). Protein concentrations were determined by BCA assay.
Equivalent amounts of protein were subjected to SDS-polyacrylamide gel electrophoresis
(PAGE) and immunoblotted. Blots were incubated with the following primary antibodies,
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followed by the appropriate species IRDye-conjugated secondary antibody (Life Technologies,
Carlsbad, CA): MDR1 (BIOSS; Cat# 1468R); MRP1 (Biorbyt Cat# ORB76148); BCRP (Biorbyt
Cat#ORB10178); beta actin (Sigma Cat# SAB5500001). MDR1, MRP1, BCRP proteins were
detected using Odyssey infrared imaging system (LI-COR, Lincoln, NE). Protein bands were
quantified using Image J software (NIH, Bethesda, MD), and the relative ratio of the protein of
interest to beta actin loading control was calculated.

Proliferation assays
Cells were seeded at 2.5x103 cells per well in 96-well plates and allowed to grow overnight.
Cells were washed once with serum-free DMEM. The cells were then incubated with different
concentrations of paclitaxel or docetaxel diluted in 200 μl DMEM for 24 h. The ascites treated
ID8 cells or ID8 cells harvested from ascites received the treatments diluted in 200 μl 50% ascites supernatant. At 18 h, 0.5 μCi [3H]-thymidine (Perkin-Elmer, Waltham, MA) was added to
each well. After 8 h, the media was removed and the cells were dissociated in 10X trypsinEDTA and harvested using a 12-channel microharvester (Skatron Instruments, Norway). The
samples were counted in a liquid scintillation spectrophotometer. All conditions were in quadruplicate, and each experiment repeated at least twice.

7-AAD staining
ID8 cells from different pre-treatments were seeded at 4x104 cells per well and allowed to grow
overnight in 6-well plates. They were washed once with serum-free DMEM. The cells were
then incubated with different concentrations of paclitaxel or docetaxel diluted in 2 ml DMEM
for 4 days. Ascites treated ID8 cells or ID8 cells harvested from ascites received the treatments
diluted in 2ml 50% ascites supernatant. At the end of treatments, cells were harvested by trypsinization and stained with 7-AAD (BD Biosciences) according to the manufacturer’s protocol
followed by analysis on a Guava Easycyte Plus instrument (Millipore) and analyzed by FlowJo_V10 software.

Statistical analysis
Graph visualization, data transformation and statistical analysis (two-tailed unpaired t-test or
Two way – ANOVA) were performed using Prism (version 5.0, GraphPad Software) and
Microsoft Office Excel (version 2010, Microsoft).

Results
Ascites increases ID8 cell chemotherapy resistance
We tested the effect of ascites on ovarian cancer cell resistance to paclitaxel, a first line chemotherapeutic agent. Comparison was performed between 1) ID8 cells grown in normal culture
medium, 2) ID8 cells freshly isolated from ascites fluid in a syngeneic model, and 3) ID8 cells
treated for 7 days in vitro with ascites supernatant derived from ID8-bearing mice. Chemotherapy dosing was optimized for a range to achieve 0 to 95% cell growth inhibition, as measured
by [3H]-thymidine incorporation. Both the ID8 cells treated for 7 days with ascites supernatant
and ID8 cells freshly isolated from ascites fluid were more resistant to paclitaxel than ID8 cells
cultured in normal medium, as measured by [3H]-thymidine incorporation assay (Fig 1A). To
validate the hypothesis that ascites drives ovarian cancer cell chemo-resistance, we next studied
the response of ovarian cancer cells (+/- ascites treatment) to another chemotherapeutic
reagent in the taxane family (docetaxel). Notably, ID8 cells treated for 7 days with ascites
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Fig 1. Ascites derived from ovarian cancer-bearing mice increases chemo-resistance of ID8 cells. Murine ovarian cancer cells (ID8) from three different
sources were studied: 1) ID8 cells from normal culture medium (Medium), 2) ID8 cells freshly isolated from ascites fluid in a syngeneic model (In vivo cells), and
3) ID8 cells treated for 7 days in vitro with ascites supernatant (Ascites treated 7 days). Each of these cell populations was exposed to paclitaxel(A) or docetaxel
(B) at the indicated concentration for 24 h and [3H]-thymidine incorporation was determined. Three independent experiments were performed and a
representative result is shown. Error bar represents SD of quadruplicates in each condition. * indicates p<0.05, *** p<0.001, Two way ANOVA. A. ID8 cells pretreated with acellular ascites for 7 days (Ascites treated 7 days) or isolated from ascites (in vivo cells) have increased resistance to Paclitaxel compared to ID8
cells from normal medium. B. ID8 cells pre-treated with acellular ascites for 7 days (Ascites treated 7 days) have increased resistance to docetaxel at 2 and 4 nM
compared to ID8 cells from normal culture. ID8 cells isolated from ascites (in vivo cells) have increased resistance to docetaxel compared to ID8 cells from
normal medium (Medium). C-D. 7-AAD uptake was measured by flow cytometric analysis. The percent 7-AAD positive cells from three independent experiments
is shown for paclitaxel (C) and docetaxel (D)-treated cells. Error bars represent SD. * indicates p<0.05, ** p<0.01, *** p<0.001, Two way ANOVA. ID8 cells pretreated with acellular ascites for 7 days (Ascites treated 7 days) are more resistant to chemotherapy-induced cell death (i.e.,exhibit fewer 7-AAD+ cells) than ID8
cells from normal culture.
doi:10.1371/journal.pone.0131579.g001

supernatant, as well as ID8 cells freshly isolated from ascites fluid were significantly more resistant to docetaxel than ID8 cells from normal culture (Fig 1B).
The above data indicate that ascites increases ovarian cancer cell chemo-resistance, as
assessed using a [3H]-thymidine incorporation assay, which is a measure of cell proliferation.
We next sought to determine whether ascites protects ovarian cancer cells from chemotherapy-induced cell death by performing 7-AAD staining. As shown in Fig 1C and 1D, ID8 cells
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treated for 7 days with cell-free ascites were protected from both paclitaxel- and docetaxelinduced cell death, providing further evidence that ascites supernatant promotes ovarian cancer chemo-resistance.

Ascites drives efflux in ID8 cells
We next investigated efflux function in ascites-treated ovarian cancer cells using two drug
efflux assays (eFFlux ID green dye and rhodamine 123) [18]. The eFFlux ID green assay measures fluorescence intensity after incubating cells with fluorescent dye. Fig 2A shows reduced
fluorescence intensity in both ascites pre-treated ID8 cells and ID8 cells isolated from ascites
(syngeneic mouse model) compared to fluorescence intensity in untreated cells. These results
suggest that ascites promotes efflux function in ovarian cancer cells. We next measured
retention of rhodamine 123 dye in ID8 cells (+/- ascites treatment). As shown in Fig 2B and
2C, 2.5h after rhodamine removal, untreated ID8 cells had retained dye. In contrast, significantly reduced levels of dye were detected in ascites-preincubated ID8 cells, supporting the
conclusion that ascites-treated tumor cells exhibit increased efflux. Together, these results suggest that ascites drives ovarian cancer efflux mechanisms.

Ascites treatment increases expression of multidrug resistance-related
transporters
We studied the expression of three ABC transporter genes (MDR1, MRP1 and BCRP) that are
commonly involved in cancer chemo-resistance. We performed quantitative real-time PCR (qPCR) on RNA harvested from ID8 cells and ID8 cells pre-treated with ascites. Untreated ID8
cells expressed both MRP1 and BCRP mRNA (Fig 3A). After treatment with ascites in vitro for
7 days, ID8 cells exhibited significantly increased expression of MDR1a (118- fold), MDR1b
(75-fold), and BCRP (17-fold)(Fig 3A and 3B).

Inhibitors of multidrug resistance-related transporters reduce efflux
efficiency in ascites-associated ovarian cancer cells
After demonstrating upregulated MDR-related ABC transporters in ascites treated ovarian
cancer cells, we next sought to determine whether specific inhibitors of these transporters prevent efflux in these cells. We studied three MDR transporter inhibitors: verapamil (MDR1
inhibitor), MK-571 (MRP1/2 inhibitor), and Novobiocin (BCRP inhibitor). First, inhibitor
effects on efflux function in ID8 cells cultured in normal medium was assessed. Inhibitors were
added to cells for 10 minutes before the addition of eFFlux ID green dye. As shown in Fig 4A
and 4B, only the MRP1 inhibitor increased fluorescence intensity of efflux ID green- labeled
ID8 cells. These results indicate that untreated ID8 ovarian cancer cells support MRP1-dependent efflux, but not MDR1 or BCRP-dependent efflux. Next we studied effects of these inhibitors on efflux function in both ascites treated ID8 cells and in ID8 cells isolated directly from
ascites (in vivo cells). MDR1 inhibitor did not increase fluorescence in ID8 cells pre-incubated
with ascites for 7 days in vitro. However, MDR1 inhibitor did increase fluorescence in ID8 cells
isolated from ascites in vivo (Fig 4A and 4B). Addition of either MRP1 inhibitor or BCRP
inhibitor significantly increased fluorescence (MAF) in both ascites-treated ID8 cells and in
ascites cells (in vivo) (Fig 4B). We also showed that combinations of these inhibitors did not
increase fluorescence intensity of efflux ID green-labeled ID8 cells or ascites-treated cells over
the fluorescence intensity obtained with single inhibitors, suggesting that activity of these individual transporters was not compensated for by other transporters (data not shown).

PLOS ONE | DOI:10.1371/journal.pone.0131579 July 6, 2015

7 / 15

Ascites Drives Ovarian Cancer Multidrug Resistance

PLOS ONE | DOI:10.1371/journal.pone.0131579 July 6, 2015

8 / 15

Ascites Drives Ovarian Cancer Multidrug Resistance

Fig 2. Ascites increases efflux function in ID8 cells. (A). Efflux function was measured by eFFlux ID Green dye assay. ID8 cells isolated from normal
culture, obtained after 7 day ascites treatment, or isolated from ascites (in vivo cells) were incubated with eFFlux ID Green dye for 40 min, allowing the cells to
uptake and efflux this dye. ID8 cells pre-treated with ascites retained less dye compared to ID8 cells from normal culture, indicating an increased efflux
function. (B). Efflux function was measured by Rhodamine 123 assay. ID8 cells obtained from normal culture, from 7 day ascites pretreatment culture or from
ascites in vivo were incubated with Rhodamine 123 for 30 min. Then cells from each condition were washed with PBS and incubated with regular medium for
2.5 h. Fluorescent pictures were taken at 0 min (after dye removal and PBS wash) and at 2.5h hours after Rhodamine 123 removal. Quantification of the
fluorescence intensity (minus background) in each group is shown in (C). Three independent experiments were performed and a representative result is
shown. Error bar represents SD of fluorescent intensity measuring each cell in each image. * indicates p<0.05, Student’s t-test.
doi:10.1371/journal.pone.0131579.g002

Collectively, these data suggest that ascites promotes MRP1 and BCRP-dependent efflux in
ID8 ovarian cancer cells.

Human ovarian cancer cells obtained from ascites, but not tumorderived ovarian cancer cells, exhibit efflux function
Next, we sought to extend our findings to human ovarian cancer cells. We studied immortalized human ovarian cancer cells derived from patient ascites (HA1, HA2 cells) or from the primary tumor site (TD cells). Using the eFFlux ID green assay, we showed that HA1 and HA2
cells exhibited higher efflux than TD cells (Fig 5A and 5B), lending support to our finding that

Fig 3. Ascites treatment increases expression of MDR1a/b and BCRP in ID8 cells. Total RNA was
harvested from ID8 cells in normal culture as well as from ID8 cells pre-treated with ascites for 7 days.
Expression levels of the indicated genes (relative to beta actin) were determined by real-time PCR(A). Fold
increases in gene expression (ascites treated ID8 cells over normal ID8 cells) are shown in B. Three
independent experiments were performed and error bar represents SD. * indicates p<0.05 and *** p<0.001,
Student’s t-test.
doi:10.1371/journal.pone.0131579.g003

PLOS ONE | DOI:10.1371/journal.pone.0131579 July 6, 2015

9 / 15

Ascites Drives Ovarian Cancer Multidrug Resistance

PLOS ONE | DOI:10.1371/journal.pone.0131579 July 6, 2015

10 / 15

Ascites Drives Ovarian Cancer Multidrug Resistance

Fig 4. BCRP and MRP1 inhibitors suppress efflux function in ascites treated ID8 cells. (A). ID8 cells from normal culture, ascites pre-treatment culture,
or ascites (in vivo cells) were treated with or without inhibitors targeting MDR1, MRP1 or BCRP for 10 min and then incubated with eFFlux ID Green dye for 30
min. fluorescence intensity of each condition was measured by flow cytometry. Multidrug resistance activity factor (MAF) was calculated for each sample,
and mean MAF (+/- SD from triplicate samples) is shown for each condition in B. MAF values falling below background are indicated by gray border.
Statistically significant increases in MAF between ascites-treated and in vivo ascites cells (compared to untreated cells) are indicated. Error bars represent
SDs from three independent experiments. * indicates p<0.05, Student’s t-test.
doi:10.1371/journal.pone.0131579.g004

ascites drives the efflux function of ovarian cancer cells. Western blotting was performed to
investigate efflux protein expression in these tumor-derived and ascites-derived human ovarian
cancer cells. As shown in Fig 5C, expression of MDR1, MRP1 and BCRP was significantly
higher in ascites-derived tumor cell lines (HA1, HA2) than in a primary tumor-derived cell
line (TD). To determine which efflux proteins were functional in these cells, we next investigated effects of MDR inhibitors on efflux in tumor-derived and ascites-derived human ovarian
cancer cells. MRP1 and BCRP inhibitors, but not an MDR1 inhibitor, suppressed dye efflux in
HA1 and HA2 cells significantly. In contrast, inhibitors of MDR1, MRP1 and BCRP did not
impact dye retention in TD cells (Fig 5D and 5E). We showed that combinations of these
inhibitors did not increase fluorescence intensity of TD cells (data not shown), suggesting that
activity of individual transporters was not compensated for by other transporters. These findings indicate ascites-derived human ovarian cancer cells, but not primary tumor-derived cells,
support ABC transporter-dependent efflux.

Discussion
Ovarian cancer cells acquire resistance to chemotherapy after short-term [7] or long-term [12,
14] treatment with chemotherapeutic drugs. Both malignant ascites [15] and chemo-resistance
[19] have been associated with reduced survival of ovarian cancer patients. In this study, we
demonstrate that murine ovarian cancer cells (ID8) exhibit increased taxane chemo-resistance
when exposed to ascites in vitro or in vivo (compared to ID8 cells cultured in normal medium).
To our knowledge, our work is the first to directly demonstrate inducible chemo-resistance by
ascites supernatant.
To date, no study has investigated an association between the presence of ascites [15] and
MDR transport [20–22], although each is an independent risk factor in predicting poor prognosis for ovarian cancer patients. Studies have characterized the expression level of the MDR
transporter on primary or recurrent ovarian cancer tissues [10] or MDR1 polymorphism and
ovarian cancer progression or survival [23]. Our study is novel in suggesting that ascites is
capable of driving the expression and function of MDR transporters. Specifically, we show that
ascites pre-treated ID8 cells, but not untreated cells, are capable of effluxing two different dyes
(Fig 2). Ascites-associated efflux in murine ovarian cancer cells was inhibited by specific inhibitors of either of two ABC transporters (MRP1, BCRP). An MDR1 inhibitor suppressed efflux
in murine ovarian cancer cells isolated from ascites in vivo, but did not suppress efflux in
murine ovarian cancer cells pre-incubated with ascites for 7 days in vitro. To explain these differences, we postulate that a component of the ascites microenvironment in vivo that is not sustained in ascites culture conditions in vitro drives MDR1 efflux function in ovarian cancer
cells. Collectively, our results suggest that MRP1 and BCRP are functional efflux proteins in
ascites pre-treated ID8 cells.
To validate our findings in human ovarian cancer, we next studied efflux protein expression/function in tumor-derived and ascites-derived human ovarian cancer cell lines. Notably,
expression of all three efflux proteins (MDR1, MRP1, BCRP) was elevated in ascites-derived
lines compared to the tumor-derived line (Fig 5C). However, only MRP1 and BCRP inhibitors
reduced efflux in ascites-derived human ovarian cancer cells (Fig 5D and 5E). We reasoned
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Fig 5. Human ovarian cancer cells derived from ascites exhibit increased efflux compared to cells
derived from the primary tumor. A and B. Immortalized human ovarian cancer cells derived from patient
ascites (HA1 and HA2 cells) or primary tumor site (TD cells) were incubated with eFFLux ID green dye for 40
min. Fluorescence intensity for each condition was measured by flow cytometry. Histogram of each cancer
cell line derived from patient ascites (HA1 or HA2; blue) is overlaid with histogram of the primary tumor-

PLOS ONE | DOI:10.1371/journal.pone.0131579 July 6, 2015

12 / 15

Ascites Drives Ovarian Cancer Multidrug Resistance

derived line (TD; red)). B. Mean fluorescence intensity (MFI) was calculated for each line from three
independent experiments. Fold decrease in geometric mean fluorescence intensity (GMFI) (relative to tumorderived line) was calculated for each cell line in three independent experiments. Results are reported as the
mean fold decrease from three independent trials treated (+/- SD). C. Total cellular extracts were obtained
from a primary tumor-derived human ovarian cancer cell line (TD) and from each of two ascites-derived
human ovarian cancer cell lines (HA1, HA2). Equivalent amounts of extracted proteins were subjected to
SDS-PAGE and immunblotted with antibodies specific for MDR1, MRP1, BCRP, or beta actin, followed by
the appropriate species IRdye-conjugated secondary antibody. Protein bands were detected by Odyssey
infrared imaging. Protein bands were quantified using Image J software (NIH). Ratios of the indicated protein
to beta actin are shown. D and E. Ascites-derived and tumor-derived human cell lines were incubated with or
without inhibitors targeting MDR1, MRP or BCRP for 10 min and then incubated with eFFlux ID Green dye for
30 min. Samples were analyzed by flow cytometry. Histograms (+ inhibitor vs – inhibitor) were overlaid for
each line (D). E. Multidrug resistance activity factor (MAF) was calculated for each sample, and mean MAF
(+/- SD) from three independent experiments is shown for each condition in E. MAF values falling below
background are indicated in gray. Statistically significant increases in MAF between ascites-treated and in
vivo ascites cells (compared to untreated cells) are indicated. * indicates p<0.05. ** indicates p<.01,
Student’s t-test.
doi:10.1371/journal.pone.0131579.g005

that the MDR1 inhibitor may not reduce efflux in ascites-derived tumor cells if MDR1 expression is redundant in a setting where MRP1 and BCRP are co-expressed. To address this possibility, we incubated ascites-derived cells simultaneously with three transporter inhibitors
(MDR1, MRP1, BCRP). Notably, cells incubated with this combination of inhibitors did not
show reduced efflux compared to cells incubated with MRP1 or BCRP inhibitors alone (data
not shown). These data suggest that MDR1 protein is not functional in these ascites-derived
human ovarian cancer cells; however, we cannot rule out the possibility that these cells express
ABC transporters other than MRP1 and BCRP whose function is redundant with that of
MDR1. Since BCRP and MRP inhibitors were not synergistic (data not shown), we also
hypothesize that MRP1 and BCRP act cooperatively to promote efflux in ascites-derived ovarian cancer cells, a topic for future studies.
The mechanisms by which MDR related transporters are regulated are unclear [24]. Previous induction of chemo-resistance was primarily achieved by culturing cancer cell lines with
various chemotherapeutic drugs. Our model is unique in suggesting that an inflammatory
component may drive ovarian cancer chemo-resistance, given that ascites supernatant is composed of multiple cytokines released by inflammatory cells. The idea that soluble ascites factors
influence ovarian cancer cell function is supported by our previous work, showing that ascites
induces ovarian cancer stem cell behaviors in a reversible manner [25]. Correlations have been
established between chemo-resistance and levels of cytokines such as interleukin 6 (IL-6) [25]
and interleukin 8 (IL-8) [26]. These inflammatory cytokines may be secreted by M2 macrophages, which predict a poor prognosis for advanced epithelial ovarian cancer [27]. Identifying
specific cytokines in ascites that drive resistance has the potential to ultimately identify novel
therapies that can combat ovarian cancer chemotherapy-resistance.
Our demonstration that ascites drives ABC transporter expression/efflux function in ovarian cancer extends our previous work, showing that ascites enriches for ovarian cancer stemlike cells [25]. Notably, in this previous work, we showed that ascites-enriched murine ovarian
cancer cells are characterized by a stemness gene expression signature which includes several
ATP transporter genes. The current work extends these findings by showing that these ATP
transporter proteins are functional efflux proteins that promote chemotherapy resistance in
ascites-associated ovarian cancer cells. Of note, in this previous work we identified cell surface
GRP78 as a novel and targetable molecule on these ascites-enriched ovarian cancer stem-like
cells. Collectively, our studies underscore the importance of future studies investigating efficacy
of targeting cell surface GRP78 in ascites-enriched ovarian cancer stem-like cells to inhibit
multidrug resistance, thus increasing chemotherapy efficacy.

PLOS ONE | DOI:10.1371/journal.pone.0131579 July 6, 2015

13 / 15

Ascites Drives Ovarian Cancer Multidrug Resistance

Acknowledgments
We thank Dr. Xiao-Fan Wang, Dr. Andrew Berchuck and Dr. Jirina Prochazkova for their constructive comments on the project.

Author Contributions
Conceived and designed the experiments: LM REB VP SKM GJC. Performed the experiments:
LM VP FW SP ZH MK. Analyzed the data: LM VP REB SVP GJC MK SP. Contributed
reagents/materials/analysis tools: SKM VB SVP. Wrote the paper: LM VP REB.

References
1.

Tangjitgamol S, Manusirivithaya S, Laopaiboon M, Lumbiganon P, Bryant A. Interval debulking surgery
for advanced epithelial ovarian cancer. The Cochrane database of systematic reviews. 2013; 4:
CD006014. Epub 2013/05/02. doi: 10.1002/14651858.CD006014.pub6 PMID: 23633332; PubMed
Central PMCID: PMC4161115.

2.

Luqmani YA. Mechanisms of drug resistance in cancer chemotherapy. Medical principles and practice:
international journal of the Kuwait University, Health Science Centre. 2005; 14 Suppl 1:35–48. Epub
2005/08/17. doi: 10.1159/000086183 PMID: 16103712.

3.

Hennessy BT, Coleman RL, Markman M. Ovarian cancer. Lancet. 2009; 374(9698):1371–82. doi: 10.
1016/S0140-6736(09)61338-6 PMID: 19793610.

4.

Markman M, Bookman MA. Second-line treatment of ovarian cancer. The oncologist. 2000; 5(1):26–
35. Epub 2000/03/08. PMID: 10706647.

5.

Kwon MJ, Shin YK. Regulation of ovarian cancer stem cells or tumor-initiating cells. International journal of molecular sciences. 2013; 14(4):6624–48. doi: 10.3390/ijms14046624 PMID: 23528891;
PubMed Central PMCID: PMC3645658.

6.

Kasai T, Iwanaga Y, Iha H, Jeang KT. Prevalent loss of mitotic spindle checkpoint in adult T-cell leukemia confers resistance to microtubule inhibitors. The Journal of biological chemistry. 2002; 277
(7):5187–93. Epub 2001/12/01. doi: 10.1074/jbc.M110295200 PMID: 11729202.

7.

Borst P, Evers R, Kool M, Wijnholds J. A family of drug transporters: the multidrug resistance-associated proteins. Journal of the National Cancer Institute. 2000; 92(16):1295–302. Epub 2000/08/17.
PMID: 10944550.

8.

Couture L, Nash JA, Turgeon J. The ATP-binding cassette transporters and their implication in drug disposition: a special look at the heart. Pharmacological reviews. 2006; 58(2):244–58. Epub 2006/05/23.
doi: 10.1124/pr.58.2.7 PMID: 16714487.

9.

Schondorf T, Kurbacher CM, Gohring UJ, Benz C, Becker M, Sartorius J, et al. Induction of MDR1gene expression by antineoplastic agents in ovarian cancer cell lines. Anticancer research. 2002; 22
(4):2199–203. Epub 2002/08/15. PMID: 12174904.

10.

Zajchowski DA, Karlan BY, Shawver LK. Treatment-related protein biomarker expression differs
between primary and recurrent ovarian carcinomas. Molecular cancer therapeutics. 2012; 11(2):492–
502. Epub 2011/12/29. doi: 10.1158/1535-7163.MCT-11-0746 PMID: 22203729.

11.

Kavallaris M, Leary JA, Barrett JA, Friedlander ML. MDR1 and multidrug resistance-associated protein
(MRP) gene expression in epithelial ovarian tumors. Cancer letters. 1996; 102(1-2):7–16. Epub 1996/
04/19. PMID: 8603381.

12.

Cheng G, Li Y, Tian F. [Comparison of stepwise and pulse induced cisplatin-resistant ovarian cancer
cell sublines]. Zhonghua zhong liu za zhi [Chinese journal of oncology]. 2001; 23(4):305–8. Epub 2002/
01/11. PMID: 11783113.

13.

Jia P, Wu S, Li F, Xu Q, Wu M, Chen G, et al. Breast cancer resistance protein-mediated topotecan
resistance in ovarian cancer cells. International journal of gynecological cancer: official journal of the
International Gynecological Cancer Society. 2005; 15(6):1042–8. Epub 2005/12/14. doi: 10.1111/j.
1525-1438.2005.00260.x PMID: 16343180.

14.

Maliepaard M, van Gastelen MA, de Jong LA, Pluim D, van Waardenburg RC, Ruevekamp-Helmers
MC, et al. Overexpression of the BCRP/MXR/ABCP gene in a topotecan-selected ovarian tumor cell
line. Cancer research. 1999; 59(18):4559–63. Epub 1999/09/24. PMID: 10493507.

15.

Huang H, Li YJ, Lan CY, Huang QD, Feng YL, Huang YW, et al. Clinical significance of ascites in epithelial ovarian cancer. Neoplasma. 2013; 60(5):546–52. Epub 2013/06/25. doi: 10.4149/neo_2013_
071 PMID: 23790174.

PLOS ONE | DOI:10.1371/journal.pone.0131579 July 6, 2015

14 / 15

Ascites Drives Ovarian Cancer Multidrug Resistance

16.

Lane D, Goncharenko-Khaider N, Rancourt C, Piche A. Ovarian cancer ascites protects from TRAILinduced cell death through alphavbeta5 integrin-mediated focal adhesion kinase and Akt activation.
Oncogene. 2010; 29(24):3519–31. Epub 2010/04/20. doi: 10.1038/onc.2010.107 PMID: 20400979.

17.

Goncharenko-Khaider N, Matte I, Lane D, Rancourt C, Piche A. Ovarian cancer ascites increase Mcl-1
expression in tumor cells through ERK1/2-Elk-1 signaling to attenuate TRAIL-induced apoptosis.
Molecular cancer. 2012; 11:84. Epub 2012/11/20. doi: 10.1186/1476-4598-11-84 PMID: 23158473;
PubMed Central PMCID: PMC3526430.

18.

George JA, Chen T, Taylor CC. SRC tyrosine kinase and multidrug resistance protein-1 inhibitions act
independently but cooperatively to restore paclitaxel sensitivity to paclitaxel-resistant ovarian cancer
cells. Cancer research. 2005; 65(22):10381–8. Epub 2005/11/17. doi: 10.1158/0008-5472.CAN-051822 PMID: 16288028.

19.

Loizzi V, Chan JK, Osann K, Cappuccini F, DiSaia PJ, Berman ML. Survival outcomes in patients with
recurrent ovarian cancer who were treated with chemoresistance assay-guided chemotherapy. American journal of obstetrics and gynecology. 2003; 189(5):1301–7. Epub 2003/11/25. PMID: 14634558.

20.

Penson RT, Oliva E, Skates SJ, Glyptis T, Fuller AF Jr., Goodman A, et al. Expression of multidrug
resistance-1 protein inversely correlates with paclitaxel response and survival in ovarian cancer
patients: a study in serial samples. Gynecologic oncology. 2004; 93(1):98–106. Epub 2004/03/30. doi:
10.1016/j.ygyno.2003.11.053 PMID: 15047220.

21.

Kamazawa S, Kigawa J, Kanamori Y, Itamochi H, Sato S, Iba T, et al. Multidrug resistance gene-1 is a
useful predictor of Paclitaxel-based chemotherapy for patients with ovarian cancer. Gynecologic oncology. 2002; 86(2):171–6. Epub 2002/07/30. PMID: 12144824.

22.

Yoh K, Ishii G, Yokose T, Minegishi Y, Tsuta K, Goto K, et al. Breast cancer resistance protein impacts
clinical outcome in platinum-based chemotherapy for advanced non-small cell lung cancer. Clinical
cancer research: an official journal of the American Association for Cancer Research. 2004; 10
(5):1691–7. Epub 2004/03/12. PMID: 15014021.

23.

Johnatty SE, Beesley J, Gao B, Chen X, Lu Y, Law MH, et al. ABCB1 (MDR1) polymorphisms and ovarian cancer progression and survival: a comprehensive analysis from the Ovarian Cancer Association
Consortium and The Cancer Genome Atlas. Gynecologic oncology. 2013; 131(1):8–14. Epub 2013/08/
07. doi: 10.1016/j.ygyno.2013.07.107 PMID: 23917080; PubMed Central PMCID: PMC3795832.

24.

Schmitz G, Langmann T. Structure, function and regulation of the ABC1 gene product. Current opinion
in lipidology. 2001; 12(2):129–40. Epub 2001/03/27. PMID: 11264984.

25.

Wang Y, Niu XL, Qu Y, Wu J, Zhu YQ, Sun WJ, et al. Autocrine production of interleukin-6 confers cisplatin and paclitaxel resistance in ovarian cancer cells. Cancer letters. 2010; 295(1):110–23. Epub
2010/03/20. doi: 10.1016/j.canlet.2010.02.019 PMID: 20236757.

26.

Wang Y, Qu Y, Niu XL, Sun WJ, Zhang XL, Li LZ. Autocrine production of interleukin-8 confers cisplatin
and paclitaxel resistance in ovarian cancer cells. Cytokine. 2011; 56(2):365–75. doi: 10.1016/j.cyto.
2011.06.005 PMID: 21742513.

27.

Lan C, Huang X, Lin S, Huang H, Cai Q, Wan T, et al. Expression of M2-polarized macrophages is
associated with poor prognosis for advanced epithelial ovarian cancer. Technology in cancer research
& treatment. 2013; 12(3):259–67. Epub 2013/01/08. doi: 10.7785/tcrt.2012.500312 PMID: 23289476.

PLOS ONE | DOI:10.1371/journal.pone.0131579 July 6, 2015

15 / 15

