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Ovarian cancer is the leading cause of death among gynaecological malignancies. Multiple drug resistance makes cancer cells
insensitive to chemotherapy. In this study, we developed six primary ovarian cancer cell lines (W1MR, W1CR, W1DR, W1VR,
W1TR, and W1PR) resistant to drugs such as methotrexate, cisplatin, doxorubicin, vincristine, topotecan, and paclitaxel. A
chemosensitivity assay MTT test was performed to assess drug cross-resistance. Quantitative real-time polymerase chain reaction
and Western blot were also performed to determine mRNA and protein expression of genes involved in chemoresistance. We
observed high cross-resistance to doxorubicin, vincristine, and paclitaxel in the cell lines resistant to these agents. We also found a
signi�cant correlation between resistance to these drugs and increased expression of P-gp. Two different mechanisms of topotecan
resistance were observed in the W1TR and W1PR cell lines. We did not observe any correlation between MRP2 transcript
and protein levels. Cell lines resistant to agents used in ovarian cancer treatment remained sensitive to methotrexate. e main
mechanisms of drug resistance were due to P-gp expression in the doxorubicin, vincristine, and paclitaxel resistant cell lines and
BCRP expression in the topotecan resistant cell line.

1. Introduction

Ovarian cancer represents the most common cause of death
among gynaecological malignancies in Europe and North
America. e average 5-year survival rate is approximately
40%; however, patients with advanced disease (stages III and
IV) have a signi�cantly lower survival rate of only 10%–20%
[1]. Ahigh percentage ofmortality results from lowdiagnosis.
Most ovarian cancers are diagnosed when the disease has
progressed to the advanced stages III or IV, according to the
�IGO classi�cation.

Regardless of the stage of the disease, the �rst line of
treatment includes a combined chemotherapeutic regimen
of platinum and taxane [2]. Unfortunately, approximately
80% of patients with advanced ovarian cancer who respond
well a�er obtaining the �rst line of treatment will still have
a recurrence and will require continuation of treatment.
e second line of chemotherapy usually includes taxane

derivatives as well as cisplatin, topotecan, doxorubicin, and
gemcitabine [3–7]. e 15%–35% of patients’ response to
most drugs introduced as a second-line of chemotherapeutic
regimen.

Drug resistance is the main cause of ineffective chemo-
therapy in patients. Several data have been published regard-
ing various cellular mechanisms of drug resistance [8–10].
e most signi�cant and prevalent mechanism of drug
resistance is provided by the ability of cancer cells to actively
expel the therapeutic agents from the cell via transport
proteins. is form of drug resistance is called multiple drug
resistance (MDR). MDR development occurs when cancer
cells become insensitive to not only the primary cytostatic
drug used but also to other pharmaceutical agents that bear
no chemical similarities to the structure of cytostatic drugs.
Many types of cancers show signi�cant primary resistance
to cytostatics, while others acquire characteristics of MDR
during chemotherapy. e development of MDR leads to the
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ineffectiveness of the agent, thereby preventing its further
use for treatment [11]. e proteins most implicated in this
process belong to the ABC family. ese transmembrane
proteins use the energy from the hydrolysis of ATP to actively
remove drugs from the cell [12]. e critical ABC protein
glycoprotein P (P-gp) is encoded by the ABCB1 (multidrug
resistance protein 1-MDR1) gene [12, 13]. As expected, P-gp
expression is the highest in tumours derived from tissues that
normally express P-gp. However, in many other tumours, the
expression of P-gp is induced by chemotherapy. is protein
is able to actively remove approximately 20 cytostatic drugs
from the cell, including [11] paclitaxel [14], doxorubicin [15],
and vincristine [16].

Another gene responsible for MDR is MRP1 (MDR-
related protein 1; ABCC1). is gene was �rst described in
the non-P-gp MDR small-cell lung carcinoma cell line [12,
17]. MRP1 and P-gp have great similarities in both structure
and drug resistance, with the exception of taxanes, which
are poor substrates for MRP1. e second member of the
multidrug resistance protein (MRP; ABCC) family, MRP2,
which is also designed as the canalicular multiorganic anion
transporter (CMOAT), is involved in bilirubin glucuronide
transport and confers resistance to MRP1 substrates and
cisplatin [18]. e role of this protein in the resistance of
ovarian cancer to cisplatin has been described in several
studies [19, 20]. Another important MDR protein, breast
cancer resistance protein BCRP (ABCG2), was cloned from
a mitoxantrone-resistant subline of the breast cancer cell
line MCF-7 [21]. BCRP lends resistance to many cytostatics,
includingmitoxantrone and topotecan [12, 22]. Its role in the
resistance of ovarian cancer to topotecan is well described
[23]. LRP/MVP lung resistance-related protein/major vault
protein is an example of a protein involved in MDR that
does not belong to the ABC family [24]. It has been reported
that LRP expression is correlated with in vitro resistance to
anticancer drugs such as etoposide, doxorubicin, paclitaxel,
and cisplatin [25, 26]. LRP overexpression predicts a poor
response to chemotherapy in acute myeloid leukaemia and
ovarian carcinoma [12].

e current knowledge on the development of drug resis-
tance is based largely on research on drug sensitive/resistant
cell lines. During the last few decades, many such cell
lines were developed [27, 28]. However, the research was
usually limited to 1 or 2 cell resistant lines. In this study,
we developed six drug-resistant cell lines from one parental
ovarian cancer cell line. We used drugs commonly used for
�rst-line ovarian cancer treatment (paclitaxel and cisplatin),
drugs used for the second line of chemotherapeutic treatment
(topotecan and doxorubicin), and drugs that are generally not
standard for the treatment of ovarian cancer (methotrexate
and vincristine).eobjective of our researchwas to compare
the development of drug resistance to cytostatics from the
�rst and the second lines of chemotherapy treatment because
they have different mechanisms of action. Additionally,
the goal of our study was to compare the cross-resistance
between cell lines developed in the presence of these drugs,
examine the expression of �ve genes responsible for the
development of MDR, and determine a correlation between

the establishments of drug resistance to any treatment with
the expression of MDR genes.

2. Materials andMethods

2.1. Reagents and Antibodies. Methotrexate, cisplatin, do-
xorubicin, vincristine, topotecan, and paclitaxel were
obtained from Sigma (St. Louis, MO). RPMI-1640 medium,
foetal bovine serum, antibiotic-antimycotic solution, and
L-glutamine were also purchased from Sigma (St. Louis,
MO). A Cell Proliferation Kit I (MTT) was purchased
from Roche Diagnostics GmbH (Mannheim, Germany).
Mouse anti-MRP1 monoclonal antibody (Ab) (IU2H10),
goat anti-MRP2 polyclonal (Ab) (H-17), rabbit anti-ABCG2
polyclonal Ab (H-70), rabbit anti-GADPH polyclonal
Ab (FL-335), donkey anti-goat horseradish peroxidase
(HRP)-conjugated Ab, goat anti-mouse HRP-conjugated Ab,
and goat anti-rabbit HRP-conjugated Ab were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse
monoclonal anti-P-glycoprotein Ab (C219) and mouse
monoclonal anti-MVP/LRP Ab (MVP 37) were obtained
from Alexis Biochemicals (Lörrach, Germany).

2.2. Cell Lines and Cell Culture. e primary human ovarian
cancer cell line W1 was established in our department
(December 2009) from tissue obtained from an untreated
patient diagnosed with ovarian cancer. Sublines resistant to
methotrexate (W1MR; W1 methotrexate resistant), cisplatin
(W1CR; W1 cisplatin resistant), doxorubicin (W1DR; W1
doxorubicin resistant), vincristine (W1VR; W1 vincristine
resistant), topotecan (W1TR; W1 topotecan resistant), and
paclitaxel (W1PR; W1 paclitaxel resistant) were generated
by exposure of the W1 line to incremental increasing con-
centrations of each drug. e cells were seeding in the con-
centration of 10 thousand cells/cm2 in 25 cm2 �ask. Media
were supplementedwith relevant drug. Initial drugs exposure
were at a concentration ofMTX 2 ng/mL, CIS 20 ng/mL, Dox
10 ng/mL, Vin 0,5 ng/mL, TOP 0,5 ng/mL, and PAC 1 ng/mL
with the cell line exposed three times for 3-day periods during
a 3–6-week period allowing for growth recovery between
cycles. Aer the completion of three cycles of drug, the
dose was doubled, and the procedure was repeated until
the �nal drug levels were achieved. e �nal concentra-
tion of each drug was MTX 28 ng/mL, CIS 1000 ng/mL,
DOX 100 ng/mL, WIN 10 ng/mL, TOP 24 ng/mL, and PAC
1100 ng/mL according to Dietel et al. (1993) [29]. ese
consternations were twofold greater than the concentration
in the plasma 2 hours aer intravenous administration
[29]. All cell lines were maintained as a monolayer in
complete medium [RPMI 1640 medium supplemented with
10% (v/v) foetal bovine serum, 2 pM L-glutamine, penicillin
(100 units/mL), streptomycin (100 units/mL) and ampho-
tericin B (25 𝜇𝜇g/mL)] at 37∘C in a 5%CO2 atmosphere.

2.3. Drug Sensitivity Assay. e drug sensitivity of the W1
cell line and the drug resistant cell lines were con�rmed
by the MTT cell survival assay. Brie�y, all cell lines were
seeded at a density of 5,000 cells/well in 96-well plates. e
cells were allowed to grow for 48 hours and subsequently
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T 1: Oligonucleotide sequences used for Q-PCR analysis.

Transcript Sequence (5′-3′ direction) ENST number (http://www.ensembl.org/) Product size (bp)

ABCB1 TGACAGCTACAGCACGGAAG 00000265724 131 bp
TCTTCACCTCCAGGCTCAGT

ABCC1 GAGAGTTCCAAGGTGGATGC 00000399410 149 bp
AGGGCCCAAAGGTCTTGTAT

ABCC2 TACCAATCCAAGCCTCTACC 00000370449 104 bp
AGAATAGGGACAGGAACCAG

ABCG2 TTCGGCTTGCAACAACTATG 00000237612 128 bp
TCCAGACACACCACGGATAA

LRP TGAGGAGGTTCTGGATTTGG 00000357402 135 bp
TGCACTGTTACCAGCCACTC

GADPH GAAGGTGAAGGTCGGAGTCA 00000229239 199 bp
GACAAGCTTCCCGTTCTCAG

𝛽𝛽-actin TCTGGCACCACACCTTCTAC 00000331789 169 bp
GATAGCACAGCCTGGATAGC

HRPT1 CTGAGGATTTGGAAAGGGTG 00000298556 156 bp
AATCCAGCAGGTCAGCAAAG

𝛽𝛽2M CGCTACTCTCTCTTTCTGGC 00000558401 133 bp
ATGTCGGATGGATGAAACCC

treated with fresh medium supplemented with or without
increasing concentrations of drugs and incubated for 72 h
at 37∘C. Aer 72 h of exposure, 10𝜇𝜇L of the MTT labelling
reagent was added to the medium (the �nal concentration
of MTT was 0.5mg/mL), and the cells were incubated for an
additional 4 h. Following this process, 100𝜇𝜇L of solubilisation
solution was added to each well. e absorbance of each
sample was measured in a microplate reader at 570 nm with
a reference wavelength of 720 nm, according to the manufac-
turer’s protocol. e negative control was conducted using
cell-free culture medium containing both the MTT reagent
and solubilisation solution. e experiments were repeated
three times, and each concentration in a given experiment
was tested in duplicates. Cell viability was expressed as a
percentage of the untreated control (means ± SEM).

2.4. Examination of ABCB1 Gene Expression by Using Q-
PCR. Changes in ABCB1, ABCC1, ABCC2, ABCG2 and
LRP gene expression in the W1 and drug-resistant cell lines
were examined. RNA was isolated using the Gene Matrix
�niversal RNA puri�cation �it (E�Rx Ltd.), as described
by the manufacturer’s protocol. Reverse transcription was
performed using the M-MLV reverse transcriptase (Invit-
rogen) as described in the manufacturer’s protocol using a
thermal cycler (Veriti 96 well ermal Cycler). 2 𝜇𝜇g of RNA
was used to cDNA synthesis. Real-time PCR was performed
using the Eppendorf PCR System (Mastercycler realplex4),
Maxima SYBR Green/ROX qPCR Master Mix (Fermen-
tas) and sequence-speci�c primers, as indicated in Table 1.
Glyceraldehyde-3-phosphate dehydrogenase (GADPH), 𝛽𝛽-
actin, hypoxanthine-guanine phosphoribosyltransferase 1
(HRPT1) and beta-2-microglobulin (𝛽𝛽2M) served as the
normalising genes (geometric mean) against which changes
in the examined genes expression were compared. Gene

expression was analysed using the relative quanti�cation
(RQ) method. RQ estimates the difference at the level of
gene expression against a calibrator (W1 drug sensitive line)
(RQ of the calibrator = 1). e W1 cell line was used as
the calibrator. e analysis was conducted employing the
standard formula: RQ = 2−ΔΔCt (where ΔΔCt = ΔCt for the
sample (drug-resistant line) −ΔCt for the calibrator (drug
sensitive line)). e graphs were made using Sigma Plot.

For ampli�cation, 12,5 𝜇𝜇L of Maxima SYBR Green/ROX
qPCR Master Mix (Fermentas), 1 𝜇𝜇L of each primer (Oligo,
Warsaw, Poland) (Table 1), 9,5 𝜇𝜇L of water, and 1 𝜇𝜇L of cDNA
solution were mixed together. One RNA sample of each
preparation was processed without RT-reaction to provide
a negative control in subsequent PCR. Sample ampli�cation
included a hot start (95∘C, 15 minutes) followed by 50 cycles
of denaturation at 95∘C for 15 seconds, annealing at 60∘C
for 30 seconds, and extension at 72∘C for 30 seconds. Aer
ampli�cation, Melt Curve analysis was performed to analyze
product melting temperature. e ampli�cation products
were also resolved by 3% agarose gel electrophoresis and
visualized by ethidium bromide staining.

2.5. SDS-PAGE and Western Blot Analysis of P-gp, MRP1,
MRP2, BCRP, LRP. Cells (1 × 106 cells/50𝜇𝜇L lysis buffer)
were lysed in buffer containing 20mM Tris-HCl (pH
7.5), 100mMNaCl, 5mMEDTA, Protein Inhibitor Cocktail
(ROCHE) and 1% Triton X-100 for 60min at 4∘C.e lysates
were centrifuged at 12000 ×g for 15min at 4∘C, and protein
concentration was determined using the Bio-Rad (Hercules,
CA) protein assay system. irty micrograms of the protein
was resuspended in a solution of 40 𝜇𝜇L of 200mM Tris-HCl
(pH 6.8), 5% SDS, 10% glycerol, 0.25% 2-mercaptoethanol,
and 0.1% bromophenol blue. e resuspended protein was
loaded into each well and separated on a 7% Tris-glycine
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T 2: Summary of cell line cross-resistance to drug treatment.

Cell line IC50 (ng/mL)
Methotrexate Cisplatin Doxorubicin Vincristine Topotecan Paclitaxel

7.02 253 20.8 1.85 4.19 3.54
W1 (5.85–8.58) (231–270) (20.5–21.1) (1.82–1.87) (3.55–4.95) (3.47–3.65)

1 1 1 1 1 1
970 168 17.0 1.53 2.72 3.19

W1MR (858–1086) (161–174) (12.4–21.5) (1.42–1.60) (2.55–2.81) (2.77–3.73)
138↑∗∗∗ 0.66↓∗∗ 0.82 0.83↓∗∗ 0.65↓∗ 0.90
9.00 1991 23.3 2.57 5.66 4.43

W1CR (6.80–8.12) (1630–2470) (20.5–24.5) (1.66–3.53) (5.07–6.55) (3.43–5.55)
1.28 7.87↑∗∗∗ 1.12 1.39 1.35 1.25
6.00 258 215 106 6.4 109

W1DR (5.90–6.60) (213–337) (165–248) (30.5–131) (5.67–7.44) (76.6–152)
0.85 1.02 10.3↑∗∗∗ 57.3 ↑∗∗ 1.52↑∗ 30.8↑∗∗∗

7.53 320 132 45.3 6.35 64.8
W1VR (6.10–9.70) (243–422) (92–167) (24.4–65.6) (4.69–7.74) (44.6–85.6)

1.07 1.26 6.35↑∗∗∗ 24.5 ↑∗∗∗ 1.52 18.3↑∗∗∗

39 374 30.9 2.34 83.9 4.24
W1TR (22–67) (285–451) (21.6–33.9) (1.68–3.10) (70.9–98) (3.92–4.86)

5.55↑∗ 1.48 1.49 1.26 20.0↑∗∗∗ 1.20
7.53 383 4241 1155 80.2 2268

W1PR (5.9–8.4) (366–413) (3136–5624) (548–2100) (72.5–92.8) (1868–2788)
1.07 1.51↑∗∗ 204↑∗∗∗ 624↑∗∗∗ 19.1↑∗∗∗ 641↑∗∗∗

IC50 mean is indicated for each drug.e drug resistance inW1 cell line was assigned as 1. Underlined values indicate multiplicities of resistance with respect
to W1 cell line. ∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃; ∗∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃; ∗∗∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃.

gel using the SDS-PAGE technique. e proteins were trans-
ferred to a PVDF membrane and blocked with 5% milk in
TBS/Tween (0.1MTris-HCl, 0.15MNaCl, 0.1% Tween 20),
followed by immunodetection with either mouse anti-P-gp
Ab (C219) at 1 : 500 dilution,mouse anti-MRP1Ab (IU2H10)
at 1 : 500 dilution, goat anti-MRP2 Ab (H-17) at 1 : 500
dilution, rabbit anti-ABCG2 Ab (H-70) at 1 : 500 dilution, or
mouse anti-MVP/LRP (MVP37) Ab at 1 : 500 dilution with
the appropriate HRP-conjugated secondary Ab. Chemilumi-
nescence detection of the bands was performed using the
enhanced chemical luminescence (ECL) kit and Hyper�lm
ECL fromAmersham (Piscataway, NJ).eWestern blot was
quanti�ed by densitometry analysis of the band intensity in
the autoradiogram using the GelDoc-It Imaging System and
the Vision WorkLS soware. To normalise protein loading of
the lanes, the membranes were stripped and reblotted with
rabbit anti-GADPH Ab (FL-335) at 1 : 500 dilution, donkey
anti-goat HRP-conjugated Ab, and goat anti-rabbit HRP-
conjugated Ab.

3. Results

3.1. Characteristics of W1 and W1 Sublines. e W1MR,
W1CR, W1DR, W1VR, W1TR, and W1PR drug-resistant
variant sublines of the W1 human ovarian cancer line were
all established by the stepwise selection of W1 cells cultured
in growth media with increasing drug concentrations. To
determine the sensitivity of the W1 and drug-resistant W1

sublines to methotrexate, cisplatin, doxorubicin, vincristine,
topotecan, and paclitaxel, cells were treated with different
concentrations of each drug for 72 h. e dose-dependent
effect ofmethotrexate onW1 and the drugs-resistant cell lines
were observed (Figure 1(a) and Table 2). e W1, W1CR,
W1DR, W1VR, and W1PR cell lines were all sensitive to
methotrexate treatment. At this concentration (14 ng/mL),
the W1MR cell line was not sensitive, while the W1TR cell
line displayed partial resistance to methotrexate treatment.

e response of cell lines to cisplatin treatment was also
observed (Figure 1(b)). Compared to the other lines, the
W1CR cell line was more resistant to cisplatin. e IC50
analysis (Table 2) showed statistically signi�cant changes in
W1PR andW1MR cell lines, where an increase and decrease
of resistance, respectively, were conferred relative to the W1
cell line.

e effect of doxorubicin, vincristine, and paclitaxel on
the cell lines was investigated (Figures 1(c), 1(d), and 1(f)).
We observed a high cross-resistance between the W1DR,
W1VR, and W1PR cell lines to doxorubicin, vincristine, and
paclitaxel drugs. e W1DR and W1VR cell lines shared
similar levels of resistance to doxorubicin, vincristine, and
paclitaxel. In contrast, the W1PR cell line appeared more
resistant to doxorubicin and vincristine than the actual lines
developed in the presence of doxorubicin and vincristine
(Table 2).

e cell lines W1TR and W1PR were resistant to topote-
can and shared a similar dose-dependent response pro�le
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F 1: MTT cell survival assay. W1, W1MR, W1CR, W1DR, W1VR, W1TR, and W1PR cells were seeded at density of 5000 cells/well
in 96-well plates and treated with or without increasing concentration of methotrexate (a), cisplatin (b), doxorubicin (c), vincristine (d),
topotecan (e), and paclitaxel (f), at 37∘C for 72 h, and viability of cells was determined. e experiments were repeated three times, and each
concentration was tested in triplicate in each experiment. Viability was expressed as a percent on an untreated control (mean ± SEM).
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T 3: Correlation between transcript level and IC50 for cytostatic drugs (Pearson correlation—𝑅𝑅2).

Gene Cytostatic drug
Methotrexate Cisplatin Doxorubicin Vincristine Topotecan Paclitaxel

MDR1 0.06 0.03 0.96∗∗∗ 0.97∗∗∗ 0.3 0.96∗∗∗

MRP2 0.99∗∗∗ 0.06 0.05 0.05 0.09 0.05
BCRP 0.02 0.01 0.03 0.04 0.44 0.03
Values were considered signi�cant at ∗∗∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃.

T 4: Correlation between protein levels and IC50 for cytostatic drugs (Pearson correlation—𝑅𝑅2).

Gene Cytostatic drug
Methotrexate Cisplatin Doxorubicin Vincristine Topotecan Paclitaxel

MDR1 0.0549 0.0278 0.9483∗∗∗ 0.9658∗∗∗ 0.3067 0.9486∗∗∗

MRP2 0.088 0.1529 0.225 0.2388 0.4828 0.254
BCRP 0.0276 0.0019 0.0432 0.0499 0.4059 0.0442
∗∗∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃.

(Figure 1(e)). Other cell lines were also topotecan sensitive,
but the W1MR cell line exhibited the greatest sensitivity
(Table 2).

3.2. Gene Expression Analysis in Drug-Resistant Ovarian Can-
cer Cell Lines. To determine whether the development of
drug-resistance in the variant sublines of the W1 parental
line is associated with increased expression of genes involved
in MDR, expression of the following mRNA levels was
assessed: MDR1, MRP1, MRP2, BCRP, and LRP. We did not
observe statistically signi�cant changes in the MRP1 or LRP
transcript levels between the cell lines (Figures 2(b) and 2(e)).

e transcript level of MDR1 signi�cantly increased in
the doxorubicin, vincristine, and paclitaxel (W1DR, W1VR
and W1PR) resistant cell lines (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃). In contrast,
the MDR1 transcript level signi�cantly decreased in the
methotrexate-resistant cell line (Figure 2(a)) (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃).

e MRP2 transcript level was signi�cantly higher in
the methotrexate-resistant cell line (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃) and signif-
icantly lower in the paclitaxel-resistant cell line (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃)
(Figure 2(c)).

BCRP expression increased in the vincristine (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃)
and topotecan (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃) resistant cell lines. However,
expression of BCRP was variable in these two cell lines. We
observed approximately sixfold higher transcript levels in the
W1VR cells, and expression in the W1TR cells increased by
a factor of more than 1,000. In contrast, the expression of
BCRP in the W1PR cells signi�cantly decreased (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃)
(Figure 1(d)).

3.3. Western Blot Analysis. Western blot analysis (Figure 3)
of the P-gp and BCRP proteins validated the transcript
expression results. We observed increased expression of P-
gp protein in the cell line resistant to paclitaxel, pronounced
expression in the cell lines resistant to doxorubicin and some
expression in the cell line resistant to vincristine; we observed
a very high correlation between transcript and protein levels.
We observed an increased expression of the BCRP protein in

the topotecan resistant cells. In contrast, the protein levels of
MRP2 did not correlate with its transcript levels. We found
increased MRP2 expression in the W1MR cell line; however,
the expression was higher in the W1CR and W1DR cell
lines. Expression of MRP2 in theW1VR andW1TR cell lines
was lower than in control, while it was barely detectable in
the W1PR line. Expression of MRP1 in W1CR, W1DR, and
W1TR was lower than that in control. We observed very
stable level of LRP protein in all investigated cell lines.

3.4. Correlation between Chemosensitivity and Gene Expres-
sion in the Cell Lines. To assess whether expression of
MDR genes was correlated with resistance to a speci�c drug
treatment, correlation analyses of MDR1, MRP2, and BCRP
with IC50 levels for methotrexate, cisplatin, doxorubicin,
vincristine, topotecan, and paclitaxel were performed. We
observed a high degree of correlation between the MDR1
transcript and protein and resistance to doxorubicin, vin-
cristine and paclitaxel (Tables 3 and 4). Similarly, a high
correlation was observed between resistance to methotrexate
andMRP2 transcript level (Table 3). However, we did not �nd
any correlation between the MRP2 protein level and IC50 for
any of the drugs in our study (Table 4). In spite of the high
transcript and protein levels of BCRP in the W1TR cell line,
we did not observe a correlation between BCRP expression
and resistance to topotecan treatment (Tables 3 and 4).

4. Discussion

In our study, we compared development of multiple drug
resistance to the parental W1 ovarian cancer cell line
in response to cytostatic agents used in ovarian cancer
chemotherapy, all of which have different mechanisms of
action. e drug cross-reactivity study showed that the
parental W1 cell line was sensitive to all investigated drugs
with IC50 below their therapeutic concentration [29]. Com-
parisons between our drug-resistant cell lines, which were
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F 2: �xpression analysis (�-��R) of M�R1 (a), MR�1 (b), MR�2 (c), B�R� (d), and �R� (e) genes. e �gure presents relative gene
expression in resistant cell lines (grey bars) with respect to the W1 cell line (white bars) assigned as 1. �alues were considered signi�cant at
∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 and ∗∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃.

generated from drugs that are commonly used as chemother-
apy to treat ovarian cancer, revealed that only the W1TR
cell line showed partial cross-resistance to methotrexate. e
remaining cell lines weremethotrexate sensitive. Importantly,

because our results showed that cell lines resistant to drugs
used in the �rst and the second line of ovarian cancer
treatment remained sensitive to methotrexate, it can be
considered a suitable alternative agent for the treatment of
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F 3: P-gp,MRP1,MRP2, BCRP, and LRP protein expression in
W1anddrug-resistant cell lines.e cellular proteinswere separated
using 7% page and transferred to PVDF, and the membrane
was immunoblotted with either primary Ab or HRP-conjugated
secondary Ab.

ovarian cancer. �f course these results should be con�rmed
on established ovarian cancer cell lines.

e drug most commonly prescribed in ovarian cancer
treatment is cisplatin [30]. In our results, we did not observe
any cross-resistance between the W1CR line and other
cell lines resistant to cisplatin. e lack of cross-resistance
between cisplatin and other drugs used in ovarian cancer
chemotherapy validates the use of cisplatin as a �rst-line
chemotherapeutic agent.

A similar pattern of cross-resistance to doxorubicin, vin-
cristine, and paclitaxel has been observed in the investigated
cell lines. e cell lines studied here can be divided in two
groups: sensitive to the tested drugs (W1, W1MR, W1CR,
andW1TR) and those resistant to the drugs (W1DR,W1VR,
and W1PR). ese results may have been expected because
cross-resistance between cell lines resistant to these drugs
has frequently been documented in the literature [31–33].
Furthermore, cross-resistance between theW1DRandW1PR
cell lines suggest that doxorubicin is not a recommended
second-line cytostatic drug in patients who have developed
resistance to paclitaxel as �rst-line chemotherapy.

eW1PR line has shown a similar pattern of response to
the topotecan like topotecan-resistant cell line, W1TR; how-
ever, theW1TR line showed no resistance to paclitaxel. Here,
we observed only a one-sided cross-resistance, suggesting
that topotecan may not serve as a good cytostatic for ovarian
cancer treatment because resistance to paclitaxel has already
developed. erefore, topotecan might be better applied as a
drug for �rst-line chemotherapy.e best recognised protein
responsible forMDR is P-gp, encoded by theABCB1 (MDR1)
gene. We observed high levels of the transcript and the
protein in cell lines resistant to doxorubicin, vincristine and
paclitaxel. is observation is consistent with published data
showing that P-gp has broad substrate speci�city, including
natural products such as anthracyclines, vinca alkaloids,
and taxanes [8, 12–16, 34]. Both the transcript and protein
levels of P-gp exhibited a strong correlation with IC50 for
doxorubicin, vincristine, and paclitaxel in W1DR, W1VR,
and W1PR cell lines. is result suggests that P-gp played a
critical role in resistance to these drugs in the investigated cell
lines.

e lack of correlation between the transcript and protein
levels of MRP2 may result from increased transcription or
increased transcript stability caused by methotrexate treat-
ment. It is also possible that there exists another so far
not described MRP2 isoform, and the difference between
the transcript and protein levels may re�ect different MRP2
isoforms. Regardless, we observed a pronounced correla-
tion between the MRP2 transcript level and methotrexate
resistance in our cell lines. is correlation suggests that
MRP2 plays a critical role in methotrexate resistance in the
investigated cell lines, which is also consistent with several
previously published data showing a correlation between
MRP2 expression and methotrexate resistance [35, 36]. High
MRP2 expression has been observed in cell lines resistant
to cisplatin [19, 37]. In our research, we did not observe
an increase in the MRP2 transcript or protein level in the
cisplatin resistant cell line, which may be due to the fact that
MRP2 protein is not the only protein responsible for cis-
platin resistance. Glutathione [38], glutathione metabolising
enzymes [39], and metallothioneins [40] are also responsible
for resistance to cisplatin. e differences in the transcript
and protein levels of MRP2 and the role of MRP2 in
the resistance of the investigated cell lines require further
investigation.

High BCRP transcript and protein levels in the topotecan
resistant cell line have been well established [23, 41, 42] and
have been subsequently con�rmed by our results. Increased
BCRP transcript in the W1VR cell line was not expected
because vincristine is not a substrate of BCRP. However,
BCRP expression increased only sixfold in comparison to
over a thousandfold increase in the W1TR line, for which
BCRP protein level was not altered. e topotecan resistant
cell line was shown to be partially resistant to methotrexate;
this resistance may be a direct result of high levels of BCRP
expression because methotrexate is a substrate for BCRP.
We have observed two different mechanisms of topotecan
resistance. e W1TR cell line developed the “classical”
topotecan resistance, based on increased BCRP expression
[23, 41, 42]. Additionally, we have observed a similar dose-
dependent response pattern to topotecan in the paclitaxel
resistant cell line, in spite of its low BCRP expression, which
may be due to the high levels of P-gp expression in theW1PR
cell line. Published reports have suggested that high levels of
P-gp expression play a signi�cant role in topotecan resistance
[43]. However, two other cell lines with high expression
of P-gp, W1DR and W1VR, demonstrated a sensitivity to
topotecan. Accordingly, how much of a role MDR1 plays in
topotecan resistance and whether other proteins are involved
in this drug resistance mechanism must be evaluated. For
example, it has been shown that MRP4 plays a role in
topotecan resistance [44]. erefore, the resistance of the
W1PR cell line to topotecan requires further investigation.

Contrary to other published results, we observed
methotrexate sensitivity in our cell lines expressing high
levels of P-gp. According to previously published reports,
methotrexate is a substrate for P-gp [45], but our cell lines
that have high expression of P-gp (W1DR, W1VR, and
W1PR) were all methotrexate sensitive. ese seemingly
contradictory results may be explained by studies that
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showed that P-gp is an efficient methotrexate transporter in
cells that were de�cient in the methotrexate carrier [46, 47].

5. Conclusions

In summary, some of mechanisms of drug resistance are
well known, and our results suggest that it is possible to
predict cross-resistance to other drugs when the classical
MDR, which is correlated with P-gp expression, is involved.
Cases of other resistances such as topotecan, methotrexate,
and cisplatin resistance appear to be more complex, and
further analyses of MDR development must be explored.
Our results con�rm that cisplatin is an effective drug for
�rst-line chemotherapy in ovarian cancer treatment. e
efficacy of topotecan and doxorubicin as the second lines
of chemotherapy may be limited because of their cross-
resistance with paclitaxel, which is used as a �rst line of
chemotherapeutic treatment. erefore, methotrexate may
be considered to be an alternative therapy for ovarian cancer
treatment because no cross-resistance was observed in our
cell lines.

Con�ict of �nterests

e authors declare that they have no con�ict of interests
including employment, consultancies, stock ownership, hon-
oraria, paid expert testimony, patent applications/registra-
tions, and grants or other funding.

Acknowledgments

e authors would like to thank Dr. Michał W. Łuczak,
Department of Biochemistry and Molecular Biology, Poznań
University of Medical Sciences for helpful discussions and
insight into this paper. is study was supported by Grant
no. N N401 204139 from the National Science Centre.

References

[1] R. J. Kurman, Blaustein’s Pathology of the Female Genital Tract,
Springer, New York, NY, USA, 5th edition, 2002.

[2] e ICON and AGO Collaborators, “Paclitaxel plus platinum-
based chemotherapy versus conventional platinum-based
chemo-therapy in women with relapsed ovarian cancer: the
ICON4/AGO-OVAR-2.2 trial,” Lancet, vol. 361, pp. 2099–2106,
2003.

[3] J. P�sterer, M. Plante, I. Vergote et al., “Gemcitabine plus car-
boplatin compared with carboplatin in patients with platinum-
sensitive recurrent ovarian cancer: an intergroup trial of the
AGO-OVAR, the NCIC CTG, and the EORTC GCG,” Journal
of Clinical Oncology, vol. 24, no. 29, pp. 4699–4707, 2006.

[4] E. Pujade-Lauraine, S. Mahner, J. Kaern, M. Gebski, P. Hey-
wood, and A. Vasey, “A randomized, phase III study of carbo-
platin and pegylated liposomal doxorubicin versus carboplatin
and paclitaxel in relapsed platinum-sensitive ovarian cancer
(OC): CALYPSO study of the Gynecologic Cancer Intergroup
(GCIG),” Journal of Clinical Oncology, vol. 27, no. 18, abstract
LBA5509, 2009.

[5] J. Sehouli, D. Stengel, G. Oskay-Oezcelik et al., “Nonplatinum
topotecan combinations versus topotecan alone for recurrent

ovarian cancer: results of a phase III study of the North-Eastern
German Society of Gynecological Oncology Ovarian Cancer
Study Group,” Journal of Clinical Oncology, vol. 26, no. 19, pp.
3176–3182, 2008.

[6] D. G. Mutch, M. Orlando, T. Goss et al., “Randomized phase III
trial of gemcitabine compared with pegylated liposomal dox-
orubicin in patients with platinum-resistant ovarian cancer,”
Journal of Clinical Oncology, vol. 25, no. 19, pp. 2811–2818,
2007.

[7] G. Ferrandina, M. Ludovisi, D. Lorusso et al., “Phase III trial of
gemcitabine compared with pegylated liposomal doxorubicin
in progressive or recurrent ovarian cancer,” Journal of Clinical
Oncology, vol. 26, no. 6, pp. 890–896, 2008.

[8] A. A. Stavrovskaya, “Cellular mechanism of multidrug resis-
tance of tumor cells,” Biochemistry, vol. 65, no. 1, pp. 95–106,
2000.

[9] M. M. Gottesman, “Mechanisms of cancer drug resistance,”
Annual Review of Medicine, vol. 53, pp. 615–627, 2002.

[10] G. D. Kruh, “Introduction to resistance to anticancer agents,”
Oncogene, vol. 22, no. 47, pp. 7262–7264, 2003.

[11] T. Ozben, “Mechanisms and strategies to overcome multiple
drug resistance in cancer,” FEBS Letters, vol. 580, no. 12, pp.
2903–2909, 2006.

[12] G. D. Leonard, T. Fojo, and S. E. Bates, “e role of ABC
transporters in clinical practice,” Oncologist, vol. 8, no. 5, pp.
411–424, 2003.

[13] C. H. Choi, “ABC transporters as multidrug resistance mech-
anisms and the development of chemosensitizers for their
reversal,” Cancer Cell International, vol. 5, article 30, 2005.

[14] A. Abolhoda, A. E. Wilson, H. Ross, P. V. Danenberg, M.
Burt, and K. W. Scotto, “Rapid activation of MDR1 gene
expression in human metastatic sarcoma aer in vivo exposure
to doxorubicin,” Clinical Cancer Research, vol. 5, no. 11, pp.
3352–3356, 1999.

[15] A. M. Al-Katib, M. R. Smith, W. S. Kamanda et al., “Bryostatin
1 down-regulates mdr1 and potentiates vincristine cytotoxicity
in diffuse large cell lymphoma xenogras,” Clinical Cancer
Research, vol. 4, no. 5, pp. 1305–1314, 1998.

[16] A. Podolski-Renić, T. Andelković, J. Banković, N. Tanić, S.
Ruždijić, and M. Pešić, “e role of paclitaxel in the develop-
ment and treatment of multidrug resistant cancer cell lines,”
Biomedicine and Pharmacotherapy, vol. 65, no. 5, pp. 345–353,
2011.

[17] S. P. C. Cole, G. Bhardwaj, J. H. Gerlach et al., “Overexpression
of a transporter gene in a multidrug-resistant human lung
cancer cell line,” Science, vol. 258, no. 5088, pp. 1650–1654,
1992.

[18] O. Fardel, E. Jigorel, M. Le Vee, and L. Payen, “Physiological,
pharmacological and clinical features of the multidrug resis-
tance protein 2,” Biomedicine and Pharmacotherapy, vol. 59, no.
3, pp. 104–114, 2005.

[19] P. Surowiak, V. Materna, I. Kaplenko et al., “ABCC2 (MRP2,
cMOAT) can be localized in the nuclear membrane of ovarian
carcinomas and correlates with resistance to cisplatin and
clinical outcome,” Clinical Cancer Research, vol. 12, no. 23, pp.
7149–7158, 2006.

[20] A. D. Guminski, R. L. Balleine, Y. E. Chiew et al., “MRP2
(ABCC2) and cisplatin sensitivity in hepatocytes and human
ovarian carcinoma,” Gynecologic Oncology, vol. 100, no. 2, pp.
239–246, 2006.



10 BioMed Research International

[21] L. Austin Doyle, W. Yang, L. V. Abruzzo et al., “A multidrug
resistance transporter from human MCF-7 breast cancer cells,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 95, no. 26, pp. 15665–15670, 1998.

[22] R. W. Robey, O. Polgar, J. Deeken, K. W. To, and S. E. Bates,
“ABCG2: determining its relevance in clinical drug resistance,”
Cancer and Metastasis Reviews, vol. 26, no. 1, pp. 39–57, 2007.

[23] M. Maliepaard, M. A. Van Gastelen, L. A. De Jong et al., “Over-
expression of the BCRP/MXR/ABCP gene in a topotecan-
selected ovarian tumor cell line,” Cancer Research, vol. 59, no.
18, pp. 4559–4563, 1999.

[24] G. L. Scheffer, A. B. Schroeijers, M. A. Izquierdo, E. A.
C. Wiemer, and R. J. Scheper, “Lung resistance-related pro-
tein/major vault protein and vaults in multidrug-resistant can-
cer,” Current Opinion in Oncology, vol. 12, no. 6, pp. 550–556,
2000.

[25] C. M. Laurencot, G. L. Scheffer, R. J. Scheper, and R. H.
Shoemaker, “Increased LRPMrna expression is associated with
theMDR phenotype in intrinsically resistant human cancer cell
lines,” International Journal of Cancer, vol. 72, pp. 1021–1026,
1997.

[26] W. Berger, L. Elbling, and M. Micksche, “Expression of the
major vault protein LRP in human non-small-cell lung can-
cer cells: activation by short-team exposure to antineoplastic
drugs,” International Journal of Cancer, vol. 88, pp. 293–300,
2000.

[27] B. C. Behrens, T. C. Hamilton, and H. Masuda, “Characteri-
zation of a cis-diamminedichloroplatinum(II)-resistant human
ovarian cancer cell line and its use in evaluation of platinum
analogues,” Cancer Research, vol. 47, no. 2, pp. 414–418, 1987.

[28] E. Dol�ni, T. Dasdia, G. Arancia et al., “Characterization of a
clonal human colon adenocarcinoma line intrinsically resistant
to doxorubicin,” British Journal of Cancer, vol. 76, no. 1, pp.
67–76, 1997.

[29] M. Dietel, U. Bals, B. Schaefer, I. Herzig, H. Arps, andM. Zabel,
“In vitro prediction of cytostatic drug resistance in primary
cell cultures of solid malignant tumours,” European Journal of
Cancer Part A, vol. 29, no. 3, pp. 416–420, 1993.

[30] B. T. Hennessy, R. L. Coleman, and M. Markman, “Ovarian
cancer,” Lancet, vol. 374, pp. 371–382, 2009.

[31] R. J. Raggers, I. Vogels, and G. VanMeer, “Multidrug-resistance
P-glycoprotein (MDR1) secretes platelet-activating factor,” Bio-
chemical Journal, vol. 357, no. 3, pp. 859–865, 2001.

[32] M. M. Ho, A. V. Ng, S. Lam, and J. Y. Hung, “Side population
in human lung cancer cell lines and tumors is enriched with
stem-like cancer cells,” Cancer Research, vol. 67, no. 10, pp.
4827–4833, 2007.

[33] M. H. G. P. Raaijmakers, E. P. L. M. De Grouw, B. A. Van Der
Reijden, T. J. M. De Witte, J. H. Jansen, and R. A. P. Raymakers,
“ABCB1 modulation does not circumvent drug extrusion from
primitive leukemic progenitor cells and may preferentially
target residual normal cells in acute myelogenous leukemia,”
Clinical Cancer Research, vol. 12, no. 11 I, pp. 3452–3458, 2006.

[34] M.M.Gottesman, T. Fojo, and S. E. Bates, “Multidrug resistance
in cancer: role of ATP-dependent transporters,”Nature Reviews
Cancer, vol. 2, no. 1, pp. 48–58, 2002.

[35] M. L. H. Vlaming, Z. Pala, A. Van Esch et al., “Functionally
overlapping roles of Abcg2 (Bcrp1) and Abcc2 (Mrp2) in the
elimination of methotrexate and its main toxic metabolite 7-
hydroxymethotrexate in vivo,” Clinical Cancer Research, vol. 15,
no. 9, pp. 3084–3093, 2009.

[36] M. L. H. Vlaming, Z. Pala, A. Van Esch et al., “Impact
of Abcc2 (Mrp2) and Abcc3 (Mrp3) on the in vivo elim-
ination of methotrexate and its main toxic metabolite 7-
hydroxymethotrexate,” Clinical Cancer Research, vol. 14, no. 24,
pp. 8152–8160, 2008.

[37] B. Liedert, V. Materna, D. Schadendorf, J. omale, and H.
Lage, “Overexpression of cMOAT (MRP2/ABCC2) is asso-
ciated with decreased formation of platinum-DNA adducts
and decreased G2-arrest in melanoma cells resistant to cis-
platin,” Journal of Investigative Dermatology, vol. 121, no. 1, pp.
172–176, 2003.

[38] T. Ishikawa and F. Ali-Osman, “Glutathione-associated cis-
diamminedichloroplatinum(II) metabolism and ATP-depen-
dent efflux from leukemia cells. Molecular characterization
of glutathione-platinum complex and its biological signi�-
cance,” Journal of Biological Chemistry, vol. 268, no. 27, pp.
20116–20125, 1993.

[39] H. Kase, S. Kodama, E. Nagai, and K. Tanaka, “Glutathione
S-transferase 𝜋𝜋 immunostaining of cisplatin-resistant ovarian
cancer cells in ascites,” Acta Cytologica, vol. 42, no. 6, pp.
1397–1402, 1998.

[40] K. Kasahara, Y. Fujiwara, K. Nishio et al., “Metallothionein
content correlates with the sensitivity of human small cell lung
cancer cell lines to cisplatin,” Cancer Research, vol. 51, no. 12,
pp. 3237–3242, 1991.

[41] C. H. Yang, E. Schneider,M. L. Kuo, E. L. Volk, E. Rocchi, and Y.
C. Chen, “BCRP/MXR/ABCP expression in topotecan-resistant
human breast carcinoma cells,” Biochemical Pharmacology, vol.
60, no. 6, pp. 831–837, 2000.

[42] M. Ishii, M. Iwahana, I. Mitsui et al., “Growth inhibitory
effect of a new camptothecin analog, DX-8951f, on vari-
ous drug-resistant sublines including BCRP-mediated camp-
tothecin derivative-resistant variants derived from the human
lung cancer cell line PC-6,” Anti-Cancer Drugs, vol. 11, no. 5,
pp. 353–362, 2000.

[43] U. Vanhoefer, M. R. Müller, R. A. Hilger et al., “Reversal of
MDR1-associated resistance to topotecan by PAK-200S, a new
dihydropyridine analogue, in human cancer cell lines,” British
Journal of Cancer, vol. 81, no. 8, pp. 1304–1310, 1999.

[44] M. Leggas, M. Adachi, G. L. Scheffer et al., “Mrp4 confers resis-
tance to topotecan and protects the brain from chemotherapy,”
Molecular and Cellular Biology, vol. 24, no. 17, pp. 7612–7621,
2004.

[45] M. D. Norris, D. de Graaf, M. Haber, M. Kavallaris, J.
Mada�glio, and J. Gilbert, “Involvement of MDR1 P-glyco-
protein in multifactorial resistance to methotrexate,” Interna-
tional Journal of Cancer, vol. 65, pp. 613–619, 1996.

[46] A. J. Gifford, M. Kavallaris, J. Mada�glio, L. H. Matherly, B. W.
Stewart, andM.Haber, “P-glycoprotein-mediatedmethotrexate
resistance in CCRF-CEM sublines de�cient in methotrexate
accumulation due to a point mutation in the reduced folate
carrier gene,” International Journal of Cancer, vol. 78, pp.
176–181, 1998.

[47] D. De Graaf, R. C. Sharma, E. B. Mechetner, R. T. Schimke,
and I. B. Roninson, “P-glycoprotein confers methotrexate resis-
tance in 3T6 cells with de�cient carrier-mediated methotrexate
uptake,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 93, no. 3, pp. 1238–1242, 1996.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 2014

Zoology

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


