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Anticancer drugs induce mdr1 gene expression in recurrent

ovarian cancer

Stephanie Hille?, Daniel T. Rein® Marion Riffelmann®, Rainer Neumann®,
Judith Sartorius®, Andreas Pfiitzner®, Christian M. Kurbacher,
Thomas Schondorf®” and Martina Breidenbach®”

Ovarian cancer is currently the most lethal gynecologic
malignancy in Europe and the US. Platin analogues and
paclitaxel demonstrate high remission rates, but
unfortunately the efficacy of cytostatic agents is limited by
the development of multidrug resistance (mdr). Clinical
paclitaxel resistance is often associated with mdr?
overexpression. In a recent study, we introduced a highly
specific quantitative real-time reverse transcriptase
polymerase chain reaction for the quantification of mdr1
transcripts. In the present study, we demonstrate that
primary tumor cells from patients with recurrent ovarian
cancer overexpress mdr1. To evaluate mdr1 expression, we
collected tumor cells from 77 ovarian cancer patients (13
chemotherapy-naive ovarian cancer, 64 recurrent ovarian
cancer). Cancer cells were aspirated from 49 solid
specimens (63%) and 28 ascitic fluids (37%).
Subsequently, cancer cells were exposed in 221 short-term
cultures either to blank medium (control) or to a single
anticancer drug, cisplatin, doxorubicin or paclitaxel. The
drug concentrations applied referred to clinical relevant
doses. mdr1 mRNA expression was significantly higher in
specimens from recurrent ovarian cancer incubated in
paclitaxel than in specimens from chemotherapy-naive
ovarian cancer. No significant differences were detectable

Introduction

Ovarian cancer is the most fatal gynecologic malignancy
in the US and the incidence is reported to be increasing
[1]. The majority of patients present with advanced stage
3 or stage 4 disease, which is associated with a poor
prognosis [2,3]. Response rates of chemotherapy-naive
ovarian cancer (CNOC) to platinum analogues and
paclitaxel (PTX) exceed 75%. The majority of patients
with advanced ovarian cancer, however, will have a relapse
and finally die from their disease. In this regard,
resistance to chemotherapeutic agents is a major obstacle
for successful chemotherapy of recurrent ovarian cancer
(ROC) and mechanisms to overcome resistance to
chemotherapy are highly warranted [2,4,5]. Clinical trials
are underway to modulate expression of the multidrug
resistance 1 (mdrl) gene, one of the contributors to the
mdr phenotype [6,7]. Chemoresistance, whether intrinsic
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between the mean value of mdr7 mRNA expression in
tumor specimens from recurrent ovarian cancer incubated
in cisplatin or doxorubicin. Differences within the untreated
patients group were also not statistically significant.

The result of this study confirms clinical observations,

as well as in-vitro studies based on tumor cell lines,

that paclitaxel resistance is correlated with mdr?
overexpression. Anti-Cancer Drugs 17:1041-1044 © 2006
Lippincott Williams & Wilkins.
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or acquired, is attributable to the genetic process taking
place in neoplastic cells [8]. On the molecular level,
overexpression of the ATP-binding cassette transporters
such as ABCB1 (mdrl) has been implicated in resistance
to various chemotherapeutic agents  vitro. 'The mdrl
gene encodes a membrane-bound P-glycoprotein that has
been shown to function as a transmembrane drug-efflux
pump [9]. The results from in-vitro studies indicate that
mdrl overexpression may be the predominant factor in
limiting the efficacy of anticancer drugs [10]. In ovarian
cancer, as well as in other tumor entities, mdrl over-
expression has been shown to be correlated with a worse
prognosis [5,11].

In a previous study, we were able to introduce a
quantitative real-time polymerase chain reaction (PCR)
applicable to determine the mdri-inducing potency of
commonly used anticancer drugs [12]. The results of this
study, which was performed with established ovarian
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cancer cell lines, indicate that mdrl induction by
antineoplastic agents might be responsible for treatment
failure in patients suffering from ovarian cancer. The
value of experiments based on established tumor cell
lines, however, is limited as they reflect the biological
situation only to a certain extent. Although the relation-
ship between mdrl overexpression and chemoresistance
has been well studied in cell lines # vitro, little is known
regarding the regulation of the mdrl gene in chemother-
apy-naive or pretreated primary tumor cells from patients.

Evidence shows that antineoplastic agents may induce
mdrl gene expression, thereby triggering the develop-
ment of secondary chemoresistance by accelerated
extrusion. The aim of the present study was to determine
differences between mdrl-mRNA expression in primary
tumor cells from chemotherapy-naive and pretreated
patients following incubation in ¢s-diaminodichloroplati-
num(Il) [cisplatin (CDDP)], doxorubicin (DOX) or
PTX.

Materials and methods

Patients

Ovarian carcinoma specimens were collected from 77
patients who underwent treatment in our institution
during the years 1996-2001 after informed consent and
approval of the study by the Ethical Board of the
University of Cologne Medical Center. Thirteen patients
had advanced CNOC (FIGO III or IV). Histological
subtyping revealed 10 serous papillary carcinomas, one
clear cell adenocarcinoma and two endometrial adeno-
carcinomas. Patient characteristics are shown in Table 1.
All of the 64 patients with ROC had received one
previous adjuvant chemotherapy comprising either PTX/
carboplatin (24 patients) or cyclophosphamide/carbopla-
tin (40 patients).

Tumor cell culture

Primary tumor specimens were obtained surgically from
the ovary at the time of initial diagnosis. Recurrent
specimens were collected by a secondary surgery (42
patients, 64%) or aspiration of ascitic effusions (22
patients, 36%). All specimens were snap frozen in liquid
nitrogen immediately after acquisition and stored in
liquid nitrogen until further investigation. Tumor cells

Table 1 Patient characteristics

Recurrent ovarian
cancer (n=64)

Chemotherapy-naive
ovarian cancer (n=13)

Age [years (mean £ SD)] 63.25+10.2 61+£129
Histology
serous adenocarcinoma 10 (77%) 58 (90.6%)
clear cell adenocarcinoma 1 (7.7%) 4 (6.3%)
endometrial adenocarcinoma 2 (15.3%) 2 (3.1%)
FIGO
| 2 (15.4%) 2 (3.1%)
1l 3 (23.1%) 19 (29.7%)
1] 7 (53.8%) 40 (62.5%)
\% 1 (7.7%) 3 (4.7%)

were prepared as described previously [13]. The cells
were grown in CAM medium, supplemented with 10%
fetal calf serum, 2 mmol/l rL-glutamine, 100 IE/ml peni-
cillin and 100 pg/ml streptomycin. Cell cultures were
maintained at 10° cells/ml and 37°C in a humidified 95%
air/5% CO; atmosphere. Cells were exposed for 72h to
either blank medium (control) or the different anti-
neoplastic agents (DOX, CDDP and PTX). In order to
study the cells after exposure to therapeutically relevant
drug dosages, the final concentrations of the cytostatics
assayed were adjusted to either the clinical peak plasma
concentration after administration of an intravenous
standard dose (DOX, CDDP) or the equivalent of the
area under the plasma elimination curve [14,15]: DOX,
0.5pg/ml; PTX, 13.6 ug/ml; CDDP, 3.8 pg/ml. These
concentrations have already been shown to produce
preclinical activity comparable to the reported clinical
response rates when testing naive ovarian cancers i vitro
[14,15]. Each assay was performed in quadruplicate.

RNA extraction

Cells were harvested by centrifugation (5 min, 8000g),
washed in phosphate-buffered saline and resuspended in
lysis buffer. Cells were frozen in liquid nitrogen and
stored at —80°C until RNA extraction. Total RNA was
extracted using the RNeasy kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
RNA was quantified using the RiboGreen RNA quanti-
fication kit (MoBiTec, Gottingen, Germany). Five
nanograms of total RNA was applied to each quantitative
reverse transcriptase (RT)-PCR assay (quRT-PCR).

Quantitative reverse transcriptase polymerase chain
reaction

The quantitative real-time PCR was performed as
described earlier [12]. In brief, both the target mdri-
mRNA and the internal GAPDH mRNA control were
amplified in a 50 pul biplex-quRT-PCR. Each assay was
performed in triplicate. For template quantification,
resulting fluorescence was detected at each PCR cycle
by the ABI 7700 Sequence Detection System (Applied
Biosystems, Darmstadt, Germany). For each microplate,
threshold was automatically calculated in terms of the
reporter dye. Each mdrl or GAPDH signal was quantified
by the threshold cycle number (C,).

Statistics

For statistical analysis, we used SPSS 9.0 for Windows
(Statistical Package for the Social Sciences, Munich,
Germany). Statistical differences among groups were
assessed with a two-tailed Student’s #-test. *P < 0.05 was
considered significant.

Results
Of the tumor specimens from 77 patients included in
this study, 221 measurements were evaluable. Each
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Relative mdr1 mRNA expression levels in chemotherapy-naive (CNOC)
and pretreated recurrent ovarian cancer (ROC) cells from patients.
Quantitative real-time polymerase chain reaction was performed
following 72 h of incubation in cisplatin (CDDP), doxorubicin (DOX) or
paclitaxel (PTX). Error bars indicate standard variation. *P<0.05.

quRT-PCR was performed in triplicate and produced
comparable results with acceptable variation (SD).
Expression of the mdrl gene was indicated as AC, values
(AC, = Cy, mdr1 genc—C, gappr)- Specifically, the quantity
of mdrl mRNA in chemotherapy-naive cells relative to
mdrl mRNA in pretreated patients was expressed as
22¢ The mean value of the expression of mdr! mRNA in
tumor specimens from ROC incubated in PTX was
significantly (P < 0.032) 1.3 log higher than in specimens
from chemotherapy-naive tumor specimens (Fig. 1).
Differences between the mean value of the mdrl mRNA
expression in tumor specimens from ROC incubated in
CDDP or DOX were not statistically significant (P = 0.12
and 0.056, respectively). Differences within the un-
treated patients group were also not statistically sig-
nificant (CDDP versus PTX: P=0.27; CDDP versus
DOX: P=0.117; DOX versus PTX: P=0.28). Within the
ROC patients group, only differences between CDDP and
PTX were statistically significant (CDDP versus PTX:
P=0.002; CDDP versus DOX: P=0.44; DOX versus
PTX: P = 0.49). Within the PTX/carboplatin (24 patients)
or cyclophosphamid/carboplatin (40 patients) group, no
statistically significant differences were detectable.

Discussion

The response to anticancer drugs in patients with ROC
remains disappointing. Several studies have demon-
strated that various anticancer drugs induce chemoresis-
tance [16,17] and mdrl, which encodes P-glycoprotein,
has been associated with multidrug resistance iz vitro
[12]. Other studies have demonstrated that mdri
expression might be of value in the prediction of
therapy response in patients suffering from ovarian cancer
[10,18-21]. In particular, PTX resistance has been
associated with P-glycoprotein encoded by the mdr! gene
and with alterations involving tubulin [22,23]. A retro-
spective survival analysis of ovarian cancer patients based
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on paired CNOC and ROC samples has demonstrated an
inverse correlation between mdri-encoded P-glycoprotein
and treatment response to PTX [24]. In a multivariate
analysis, the outcome following secondary surgery, P-
glycoprotein expression and response to PTX were
significant predictors of survival. The prognostic signifi-
cance of P-glycoprotein expression in advanced ovarian
carcinoma and a correlation to tumor chemosensitivity
and overall survival has been confirmed by others [25]. It
has been speculated that changes in gene expression
patterns in tumor cells are specifically influenced by
treatment with anticancer drugs [26]. Different studies
have been performed to determine the relationship
between multidrug resistance and sensitivity to anti-
neoplastic agents 7 vitro. In a recently published study
[27], expression of 557 human cancer-related ¢cDNA
transcripts was compared in a number of PTX-resistant
and PTX-sensitive cell lines. In this study, mdri was one
out of eight overexpressed genes within the panel
examined. Another study [21] demonstrated that the
expression of the mdrl gene was overexpressed in a panel
of PTX-resistant ovarian cancer cell lines. Other studies
have shown that suppression of the mdrl gene enhances
the anticancer activity of DOX [28] and reverses multi-
drug resistance [29]. To model more closely the clinical
situation with the most stringent substrate, we compared
mdrl expression in CNOC patient samples and tissue
samples from patients with ROC. Quantitative real-time
PCR was performed 72 h after incubation of tumor cells
in CDDP, DOX or PTX. Our study clearly demonstrated
mdrl mRNA overexpression in ROC samples. These
results are in line with the observation that mdrl is
overexpressed in PTX-resistant cancer cell lines. In a
recent study, the sensitivity of tumor cells to CDDP was
restored after a drug-free interval [30]. It has been
speculated that this effect is, at least in part, based on the
suppression of the mdrl gene. In our study, however, no
significant differences were detected between che-
motherapy naive and pretreated ovarian cancer cells after
incubation in CDDP with regard to mdrl mRNA.
Strategies to prevent or reverse multidrug resistance
have focused on agents that are competitive inhibitors of
P-glycoprotein. Unfortunately, the use of these agents for
clinical purpose is limited by toxicity and limited efficacy
[7]. A novel approach is the use of small interfering RNAs
that can be used to target mdrl in multidrug-resistant
tumor cells. A recent study [31] demonstrated the
effectiveness of this approach in inhibiting ABCBI
(mdrl) expression and the subsequent reversal of
resistance to PTX.

In conclusion, our data demonstrate that PTX induces
mdrl overexpression in pretreated ovarian cancer cells
from patients. The results are in line with in-vitro studies
based on ovarian cancer cell lines and clinical observations
indicating that mdrl overexpression may be the pre-
dominant factor in limiting the efficacy of chemother-
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apeutic agents. Novel treatment approaches that include

the suppression of #drl might be of use in the treatment
of ROC.

Acknowledgement

We are obliged to Martina Becker and Renate Schaefer for
technical assistance. We thank Uwe-Jochen Gohring for
excellent medical advice and for critically revising the
manuscript.

References

1

Jemal A, Murray T, Samuels A, Ghafoor A, Ward E, Thun MJ. Cancer
statistics. Cancer J Clin 2003; 53:5-26.

Friedlander ML. Prognostic factors in ovarian cancer. Sem Oncol 1998;
25:305-314.

National Cancer Institute USA. SEERS cancer statistics review
1973-1999. Available at: http://seer.cancer.gov/csr/1973_1999/ovary.pdf
Fracasso PM. Overcoming drug resistance in ovarian carcinoma. Curr Oncol
Rep 2001; 3:19-26.

Agarwal R, Kaye SB. Ovarian cancer: strategies for overcoming resistance
to chemotherapy. Nat Rev Cancer 2003; 3:502-516.

Oza AM. Clinical development of P-glycoprotein modulators in oncology.
Novartis Found Symp 2002; 243:103-115.

Seiden MV, Swenerton KD, Matulonis U, Campos S, Rose P, Batist G, et al.
A phase |l study of the MDR inhibitor biricodar (INCEL, VX-710) and
paclitaxel in women with advanced ovarian cancer refractory to paclitaxel
therapy. Gynecol Oncol 2002; 86:302-310.

Yasui K, Mihara S, Zhao C, Okamoto H, Saito-Ohara F, Tomida A, et al.
Alteration in copy numbers of genes as a mechanism for acquired drug
resistance. Cancer Res 2004; 64:1403-1410.

Gottesman MM, Pastan |. Biochemistry of multidrug resistance mediated by
the multidrug transporter. Annu Rev Biochem 1993; 62:385-427.

Sood AK, Buller RE. Drug resistance in ovarian cancer: from the laboratory
to the clinic. Obstet Gynecol 1998; 92:312-319.

Raspollini MR, Amunni G, Villanucci A, Baroni G, Boddi V, Taddei GL.
Prognostic value of P-glycoprotein and proliferative index in

advanced low grade serous ovarian carcinomas. J Chemother 2003;
15:380-386.

Schoéndorf T, Kurbacher CM, Géhring U-J, Benz C, Becker M, Sartorius J,
et al. Induction of MDR1-gene expression by antineoplastic agents in
ovarian cancer cell lines. Anticancer Res 2002; 22:2199-2204.
Kurbacher CM, Cree IA, Bruckner HW, Brenne U, Kurbacher JA, Miiller K,
et al. Use of an ex vivo ATP luminescence assay to direct chemotherapy
for recurrent ovarian cancer. Anticancer Drugs 1998; 9:51-57.

Alberts DS. Tabular summary of pharmacokinetic parameters relevant to in
vitro drug assay. In: Salmon SE, editor. Cloning of human tumor stem cells.
New York: Alan R. Liss; 1980. pp. 351-359.

Andreotti PE, Cree IA, Kurbacher CM, Hartmann DM, Linder D, Harel G,
et al. Chemosensitivity testing of human tumors using a microplate
adenosine triphosphate luminescence assay: clinical correlation for cisplatin
resistance of ovarian carcinoma. Cancer Res 1995; 55:5276-5282.
Moran E, Cleary |, Larkin AM, Nic Amhlaoibh R, Masterson A, Scheper RJ,
et al. Co-expression of MDR-associated markers, including P-170,

MRP and LRP and cytoskeletal proteins, in three resistant variants

20

21

22

23

24

25

26

27

28

29

30

31

of the human ovarian carcinoma cell line, OAW42. Eur J Cancer 1997,
33:652-660.

Masanek U, Stammler G, Volm M. Messenger RNA expression of resistance
proteins and related factors in human ovarian carcinoma cell lines
resistant to doxorubicin, taxol and cisplatin. Anticancer Drugs 1997;
8:189-198.

Beck JF, Bohnet B, Brugger D, Dietl J, Scheper RJ, Bader P, et al.
Expression analysis of protein kinase C isozymes and multidrug resistance
associated genes in ovarian cancer cells. Anticancer Res 1998; 18:
701-705.

Baeklandt MM, Holm R, Nesland JM, Trope CG, Kristensen GB. P-
glycoprotein expression is a marker for chemotherapy resistance and
prognosis in advanced ovarian cancer. Anticancer Res 2000; 20:
1061-1067.

lkeda K, Sakai K, Yamamoto R, Hareyama H, Tsumura N, Watari H, et al.
Multivariate analysis for prognostic significance of histologic subtype, GST-
pi, MDR-1, and p53 in stages |-V ovarian cancer. Int J Gynecol Cancer
2003; 13:776-784.

Kamazawa S, Kigawa J, Kanamori Y, ltamochi H, Sato S, Iba T, Terakawa N.
Multidrug resistance gene-1 is a useful predictor of paclitaxel-based
chemotherapy for patients with ovarian cancer. Gynecol Oncol 2002;
86:171-176.

Kamazawa S, Kigawa J, Minagawa Y, ltamochi H, Shimada M, Takahashi M,
et al. Cellular efflux pump and interaction between cisplatin and paclitaxel in
ovarian cancer cells. Oncology 2000; 59:329-335.

Ranganathan S, McCauley RA, Dexter DW, Hudes GR. Modulation of
endogenous beta-tubulin isotype expression as a result of human
beta(lll)cDNA transfection into prostate carcinoma cells. Br J Cancer 2001;
85:735-740.

Penson RT, Oliva E, Skates SJ, Glyptis T, Fuller AF Jr, Goodman A, Seiden MV.
Expression of multidrug resistnace-1 protein inversely correlates with paclitaxel
response and survival in ovarian cancer patients: a study in serial samples.
Gynecol Oncol 2004; 93:98-106.

Raspollini MR, Amnunni G, Villanucci A, Boddi V, Taddei GL. Increased
cyclooxygenase-2 (COX-2) and P-glycoprotein-170 (MDR1) expression is
associated with chemotherapy resistance and poor prognosis. Analysis in
ovarian carcinoma patients with low and high survival. Int J Gynecol Cancer
2005; 15:255-260.

Robert J. Multidrug resistance in oncology: diagnostic and therapeutic
approaches. Eur J Clin Invest 1999; 29:536-545.

Goto T, Takano M, Sakamoto M, Kondo A, Hirata J, Kita T, et al. Gene
expression profiles with cDNA microarray reveal RhoGDlI as a predictive
marker for paclitaxel resistance in ovarian cancers. Oncol Rep 2006;
15:1265-1271.

Pakunlu RI, Cook TJ, Minko T. Simultaneous modulation of multidrug
resistance and antiapoptotic cellular defense by MDR1 and BCL-2 targeted
antisense oligonucleotides enhances the anticancer efficacy of doxorubicin.
Pharm Res 2003; 20:351-359.

Masanek U, Stammler G, Volm M. Modulation of multidrug resistance in human
ovarian cancer cell lines by inhibition of P-glycoprotein 170 and PKC
isoenzymes with antisense oligonucleotides. J Exp Ther Oncol 2002; 2:37-41.
Horowitz NS, Hua J, Gibb RK, Mutch DG, Herzog TJ. The role of topotecan
for extending the platinum-free interval in recurrent ovarian cancer: an in vitro
model. Gynecol Oncol 2004; 94:67-73.

Duan Z, Brakora KA, Seiden MV. Inhibition of ABCB1 (MDR1) and ABCB4
(MDR3) expression by small interfering RNA and reversal of paclitaxel
resistance in human ovarian cancer cells. Mo/ Cancer Ther 2004; 3:833-838.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



