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cell lines overexpressing multidrug resistant associated
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Abstract : For understanding of the resistance to topoisomerase Il inhibitors, 50 sublines
were isolated as single clones from parental glioma cell lines by exposure to VP-16 or m-AMSA.
The quantitative aspects of topoisomerase lla , multidrug resistant gene (MDR)-1, breast cancer
resistance protein (BCRP), and multidrug resistant associated protein (MRP) 1-5 were studied
by Northern blotting in 50 resistant cell lines. By understanding the function of MRP2, we picked
up three drug resistant sublines (T98G-m1, T98G-m2, and gli36-VP1) that overexpressed
MRP2, but did not overexpress MDR-1 or MRP1-5 except 2. Moreover, in the results of northern
blot analysis of mMRNA for topoisomerase lla identical results are observed in parental cell lines
and their resistant cell lines, suggesting that alterations in topoisomerase Il do not account
for the resistance in these cells. To determine whether the cellular sensitivity to anticancer
agents was closely associated with the cellular levels of MRP2, we established cell lines with
the same levels of MRP2 as their parental cells by introducing the MRP2 antisense expression
plasmid into resistant cells. Etoposide (VP-16) accumulation and efflux studies were carried
out in the parental cell lines and their drug resistant cell lines. Decreases in the H*-VP-16
accumulation and increases in the efflux were observed in these drug resistant cell lines.
In the cytotoxicity assay, these drug resistant cell lines were resistant to multiple topoisomerase
I inhibitors with little cross resistance to vincristine, and display efflux of VP-16. We found
that the resistant cells transfected with MRP2 antisense cDNA displayed increased cellular
levels of VP-16 and enhanced sensitivities to topoisomerase Il inhibitors. In this study on
the T98G-m1, T98G-m2, and gli36-VP1 cell lines, we showed a high correlation between MRP2
MRNA and VP-16 efflux, suggesting that MRP2 could be a new transporter for topoisomerase
Iinhibitors. J.Med. Invest. 52 : 41-48, February, 2005
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to result at least in part from stabilization of the cleav-
able complex, an intermediate in which topoisomerase
II is covalently bound to DNA in a step that precedes
DNA religation (2). This mechanism of action is shared
by other antitumor agents including the anthracyclines,
the aminoacridines, and the ellipticines(3).

The efficacy of topoisomerase Il inhibitors (epipo-
dophyllotoxins, aminoacridine, and mitoxantrone) is

INTRODUCTION

The epipodophyllotoxins, Etoposide (VP-16) and
Teniposide, are useful antineoplastic agents with ac-
tivity in both hematologic malignancies and solid tumors
(1). The anticancer activity of these agents is thought
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limited by the occurrence of drug resistance in the tu-
mor cell population. Cellular insensitivity to drugs that
stabilize the cleavable complex is frequently expressed
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as multidrug resistance (MDR)(4). In some cell lines,
overexpression of MDR-1/P-glycoprotein or the
multidrug resistance associated protein (MRP)1, has
been demonstrated and implicated as the mechanism
of resistance (5, 6). These proteins are known to confer
multidrug resistant phenotypes to the cancer cells.
Although the primary structures of P-glycoprotein
and MRP share only 15% amino acid homology (7),
both P-glycoprotein and MRP are involved in drug
resistance to a similar profile of chemotherapeutic
agents that include anthracyclines, vinka alkaloid, and
epipodophyllotoxins (8). Another transporter, termed
breast cancer-resistance protein (BCRP), also known
as mitoxantrone-resistance protein and placenta ATP
binding cassette (ABC) protein, was described in breast
and colon carcinoma cell lines selected for higher-level
resistance to the antineoplastic drug, mitoxantrone.

Typically, these cells have reduced drug accumulation,
secondary to increased drug efflux. Recently, the cDNA
of a new ABC superfamily, MRP2 has been isolated (9).
The size of MRP2 mRNA was estimated to be about
6.5 KB(10), similar to that of MRP1 mRNA but larger
than the human MDR-1 mRNA(4.5 KB).

Using a single clone selection process, we successfully
isolated and characterized three human glioma cell
lines isolated for their resistance to amsacrine (MAMSA)
or VP-16, T98G-m1, T98G-m2, and gli36-VP1, which
overexpress MRP2 but do not express MRP1-5 except
2 and MDR-1. We herein discuss a possible correlation
between MRP2 and the cellular VP-16 accumulation.

MATERIALS AND METHODS
Cdll Linesand Cell Cultures

The cell lines described in the present report were
initially isolated as single clones. Four parental glioma
cell lines were used : T98G, Gli36, U87, and SNB19.
The selections were performed at different drug con-
centrations for each cell line (T98G:300nM VP-16
or 30 nM mAMSA ; Gli 36 : 300 nM VP-16 or 50 nM
MAMSA ; U87 : 500nM VP-16 or 50nM mAMSA ; and
SNB 19 : 500nM VP-16 or 50nM mAMSA). These con-
centrations were those that were toxic to most cells
(IC 99), and resulted in the survival of only a few cells
that grew as isolated clones. 50Clones were picked
as single colonies and subsequently, a population of
cells from each concentration of the drugs was main-
tained in the same concentration of which was used
in the selection. After a single clone selection process,
we have characterized 50 human glioma cell lines by
the Northern analysis with probes of Topoisomerase

MRP2 in topoisomerase lla

la, MRP1-5, BCRP, and MDR-1. By understanding
the function of MRP2, we picked up three drug resistant
sublines (T98G-m1, T98G-m2, and gli36-VP1) for
resistance to MAMSA or VP-16 that overexpress MRP
2, but do not overexpress MDR-1, BCRP, and MRP
1-5 except 2.

Trandfection with the MRP2 Antisense Expresson Vector

Exponentially growing the resistant cell lines and
the parental cell lines (5% 10°) were washed and placed
in serum-free medium. A mixture of 50ug of Lipofectin,
10ug of the MRP2 antisense expression vector (11), and
1 pg of pSV2-neo DNA was added for 12h, after which
fresh medium was added. The cells were incubated in
the selection medium (i.e. containing 400pug/mil G418)
for 3-4 weeks. Three stable transfectants (T98G-m1-R,
T98G-m 2-R, and Gli 36-VP 1-R), which also showed
reduced cellular MRP2 levels, were selected among
the G418-resistant clones.

Cytotoxicity Assays

Cytotoxicity assays were performed as previously
described (10,12). Briefly, 300 to 1000 cells/well plated
in 96-well dishes were incubated overnight after which
time drug was added and the cells were incubated for
an additional 5 days. At the end of the incubation period,
cells were fixed with trichloroacetic acid, and stained
with 0.4% sulforhodamine B dissolved in acetic acid.
Unbound dye was removed by washing four times with
1% acetic acid, and protein bound dye was extracted
with 10mM unbuffered Tris base. Optical density was
determined on a 96-well microtiter plate reader by meas-
uring the OD at 570nm. The cytotoxic effects of the
drugs were expressed quantitatively as the dose required
to Kill 50% of the cells (ICs). Each experimental group
consisted of six independent wells.

Cloning of topoisomerase |l a, MRP1-5, MDR-1, and
BCRP cDNA by Reverse Transcription-PCR

Synthetic oligonucleotides corresponding to the pub-
lished cDNA sequence of human MRP1-5 were used
to isolate by RT-PCR specific products for direct cloning
into pGEM-3z vectors (Promega, Madison, WI). The
identity of the cDNA clones was confirmed by direct
sequence analysis prior to their use as probes for north-
ern analysis. The sequences of the oligonucleotides
used in the RT-PCR were as follows : topoisomerase
o :-915 ' TGTGGAGAAGCGGCTTGGTC3 and 449 5
‘TAGTTACTAGAAGTTAGGAGCT3';MRP1:733 5
‘CGGAAACCATCCACGACCCTAATCC3 and 1027 5
‘ACCTCCTCATTCGCATCCACCTTGG 3 ; MRP2:
41365 ‘CTGCCTCTTCAGAATCTTAG’ and 4376 5
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‘CCCAAGTTGCAGGCTGGCC' ; MRP 3:5'GATAC
GCTCGCCACAGTCC3 and 5 ‘CAGTTGGCCGTG
ATGTggCTG 3' ; MRP 4: 5 ‘CCATTGAAGATCTT
CCTGG 3 and 5'GGTGTTCAATCTGTGTGC 3’ ;
MRP 5:5 ‘GGATAACTTCTCAGTGGG 3’ and 5'G
GAATGGCAATGCTCTAAAG 3’ ; MDR-1:3525'C
AGTGTTTGCCATAGTATTTTCAAGGATTG 3'an
d 7415'CCCTTTAACACTAGAAGCATCAC 3’ ;
BCRP : 19795 TGCCCAGGACTCAATGCAACAG’
and 25405'GACTGAAGGGCTACTAACC 3'.

Northern Blotting

Total RNA (20ug/lane) separated on a 6% formal-
dehyde gel and transferred to Hybond N” with 10X
SSC. The membranes were hybridized at 4201 over-
night with the radiolabeled probe in Hybrisol I (Oncor,

Gaithersburg, MD)(13). We used the RNA of ZR-VP
13 cells that overexpressed all drug resistant genes

(MDR-1, MRP1-5, topoisomerasel] a, and BCRP) as
positive control(14).

Immunablotting

Immunoblotting for the MRP2 protein was performed
using detergent-solubilized membrane proteins resolved
on a 6% SDS-polyacrylamide. Immunoblotting was per-
formed with a 1:2000 dilution of a monoclonal MRP
antibody (cosmobio, Tokyo, Japan). After three washes
in TBS-T, the membranes were incubated with HRP-
conjugated anti-mouse secondary antibody at a dilution
of 1: 1000 for 1 hr. Five washes were then performed
and immunolabeled protein was detected by chemi-
luminescence (15).

Preparation of crude nuclear extracts

Crude nuclear extracts were prepared from 1x 10°
cells in early log phase culture as previously described
(15). Briefly, cells washed 3 times with ice-cold PBS,
were harvested with a rubber scraper, and collected
by centrifugation. Cell pellets were then lysed in10
nM Tris-HCI (pH 7.5), 1.5 mM MgCl,, 10 nM NacCl,
and 1% Nonidet P-40. Nuclei were isolated by centrifu-
gation at600 X g for 1L0min, suspended in 2ml of 50
mM Tris-HCI (pH7.5), 25mM KCI, 2mM CaCl,, 5mM
MgCl; buffer, and layered over a 0.6 ml cushion of
the suspension buffer containing 0.6M sucrose. Fol-
lowing centrifugation at 2000 X g for 10 min, the nu-
clear pellets were resuspended in 0.2ml of 50mM Tris-
HCI (pH7.5), 25mM KCI, 5mM MgCl; ;and20pl of
0.2 M EDTA (pH8.0) was added followed by 2 volumes
of 80mM Tris-HCI (pH7.5), 1mM dithiothreitol, 2mM
EDTA, 0.53 M NaCl, and 20% glycerol ; the final con-
centration of NaCl was 0.35M. Extraction then pro-

ceeded on ice for 60 min. Protein concentration of the
extracts was determined by the method of Bradford.

DNA topoisomerase |l activity assay

The standard reaction contained 50mM Tris-HCI
(pH 7.5), 85mM KCI, 10mM MgCl., 5mM dithiothre-
itol, 0.5mM EDTA, 0.03mg/ml bovine serum albumin,
and 1mM adenosine triphosphate. The decatenation
reaction of catenation DNA was carried out with serial
dilutions of nuclear extract and 0.1ug of kinetoplast
DNA (TopoGEN, Columbus, Ohio) in a final volume
of 20 pl at 300 for 30 min. The reaction was termi-
nated by adding 2ul of 1.2mg/ml proteinase K in 22
mM EDTA followed by incubation for15 min. at 370 .
Then, 5ml of 0.05% bromophenol blue in 50% glycerol
was added to the reaction mixture. Samples were sepa-
rated by electrophoresis through a 1% agarose gel. After
staining with ethidium bromide, gels were photographed
under UV illumination (15).

Cellular Accumulation and Efflux Assay for[ °H]-VP-16

3.5x 10° cells were plated in each well of a six-well
plate and incubated for 24hr at 370 . Growth medium
was then replaced with serum-free MEM, and the cells
were incubated with 2.6uM[*H]-VP16 for various times
up to 45 min. at 3700 . At the completion of the incu-
bation period, cells were quickly washed three times
with ice-cold PBS, lysed with 2ml of 0.05% SDS, and
mixed with 3 ml of Scintisol. For efflux studies, cells
plated as for accumulation assays were incubated with
2.6 M[*H]-VP-16 for 45 mins then washed free of ex-
tracellular VP-16 by rinsing with ice-cold PBS. Cells
were incubated in VP-16-free medium at 370 . Then
over a 30 min period, the levels of intracellular radio-
activity were measured(15).

Satistical analysis

All cytotoxicity assays (MRP2 expressing cells versus
parental cells) were analyzed by two-way analysis of
variance (ANOVA)(n=6), with differences between
individual means determined by Bonferroni’s post-
tests. In accumulation and efflux tests, each point
represents the means+ SD of independent six experi-
ments (differences were considered statically significant
(PO 0.05) in MRP2 expressing resistant cells or their
MRP 2 antisense transfectants versus parental cells).

RESULTS
Cytotoxicity assays
Table 1 depicts the cross-resistance profiles of the
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Table 1. Cross-resistance profiles of the three drug resistant sublines

VP-16 MAMSA Mitoxantrone Adriamycin Vincristine
3 1Cs0Gli 36 48.7+ 4.0 24+ 04 0.11+ 0.09 0.42+ 0.12 4.2+ 0.95
Gli36-VP1 6234+ 118 48.0+ 20.2 0.528+ 0.44 1.7+ 0.6 3.9+ 0.36
b) relative resistance 1289 200 4.89 4,09 0.93
Gli36-VP1-R 547+ 7.3 35+ 1.1 0.18+ 0.11 0.63+ 0.18 4.5+ 1.32
b) relative resistance 1.1 15 1.6 1.5 1.1
) ICs0T98G 5.1+ 1.9 0.6+ 0.44 0.023+ 0.02 2.0+ 0.5 0.7+ 0.1
T98G-ml 398+ 226 10.8+ 3.8 0.13+ 0.05 6.6t 5.7 1.3+ 0.08
D) relative resistance 789 189 5.79 3.39 1.9
T98G-m1-R 6.3+ 1.5 0.8+ 0.32 0.031+ 0.05 2.5+ 0.3 1.1+ 0.3
b) relative resistance 1.2 1.3 1.3 1.3 1.6
T98G-m2 833+ 139 17+ 1.3 0.12+ 0.02 9.0+ 2.3 0.7£ 0.1
b) relative resistance 1639 289 5.29 4.59 1.0
T98G-m2-R 7.9+ 2.1 0.7+ 0.86 0.026+ 0.10 3.4+ 1.2 1.2+ 04
b) relative resistance 15 1.2 1.1 1.7 1.7

Each experimental group consisted of six independent wells

a) ICso : The cytotoxic effects of the drugs were expressed quantitatively as the dose required

to kill 50% of the cells (ng/ml)
b) relative resistance ; ratio of ICso of the individual cell lines
c) Significant different (p<0.05) from their parental cell lines

three drug resistant sublines (T98G-m1, T98G-m2,
and Gli36-VP1)and their transfectants (T98G-m1-R,
T98G-m2-R, and Gli36-VP1-R) to various chemothera-
peutic agents. Cross-resistance to four topoisomerasel]
poisons(p<0.05) (VP-16, mMAMSA, mitoxantrone, adria-
mycin) was observed in these drug resistant cells with
little cross resistance to the microtubule active agent,
vincristine. The transfectants displayed enhanced sen-
sitivities to topoisomerasel] inhibitors, VP-16, mMAMSA,
mitoxantrone, and adriamycin.

Expression of mRNA of drug resistance genes

We examined the expressions of topoisomerase lla,
MRP 1-5, BCRP, and MDR-1, and the results are shown
in Fig.1. The Northern blot analysis showed that these
resistant cells overexpressed MRP2, but did not over-
express MDR-1 or MRP1-5 except 2. Moreover, in the
results of the Northern blot analysis of mRNA for
topoisomerase [ a identical results were observed in
the parental cell lines and their resistant cell lines.

Topoisomerase// activity

When the topoisomerasel] activity was measured
in decatenation assays using crude nuclear extracts,
similar levels of activity were observed in the crude
nuclear extracts of resistant cell lines (Gli36-VP1, T98
G-m 1, and T98G-m 2 cells) and their parental cells,
suggesting that alterations in topoisomerasel] did not
account for the resistance in these cells (Fig.2).

I mmunobl otting

By immunoblotting with polyclonal antibody against
the human MRP2, we demonstrated the presence of
a Mr 200,000MRP2 protein in the resistant cell lines
(densitometry quantitation : T98G-m1, 17times of the
parental T98G; T98 G-m 2, 125times; and Gli 36-VP
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Figure 1 Northern blot analysis of topoisomerase lla(4.5
KB), MRP 1-5(4.5 KB, 4.4 KB, 4.7 KB, 4.3 KB, 6.5 KB), MDR-1
(4.5 KB), and BCRP (2.8 KB) expression in the drug resistant
sublines and their parental cell lines. B-actin was used as internal
control.
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1, 78times of the parental Gli36)(Fig 3). To determine
whether the cellular sensitivity to the anticancer agents
was closely associated with the cellular levels of MRP2,
we established cell lines with the same levels of MRP2
as their parental cells by introducing the MRP 2 an-
tisense expression plasmid into the resistant cell lines.
As compared with the parental cell lines, the resistant
cell lines transfected with MRP2 antisense cDNA had
decreased to the same levels of MRP2 as their parental
cells (densitometry quantitation : T98G-m1-R, 1.1times

of the parental T98G;T98G-m2-R, 1.4times;and Gli
36-VP 1-R, 1.5 times of the parental Gli 36)(Fig 3).

VP-16 accumulation and efflux

VP-16 accumulation and efflux studies were carried
out in the parental cell lines and their drug resistant
sublines (Fig.4). Figure 2A and 2C of demonstrate the
*H-VP-16 accumulation in the parental cells and the drug
resistant sublines. VP-16 accumulation over 45 min is
displayed as p mol of VP-16/10 cells. *H-VP-16 accumu-
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Figure 2 VP-16 accumulation and efflux studies were carried out in the parental cell lines and their drug resistant
sublines. A) and C) demonstrate the 3H-VP-16 accumulation in the parental cells and the drug resistant sublines.
Accumulation over 45 min period is displayed as p mol of VP-16/107 cells. 3H-VP-16 accumulations for the resistant
sublines relative to the parental cells were T98G-m1, 76% (T98G:42.0+ 9.0, T98G-m1:31.9+ 4.3, p<0.05);T98G-m2,
48%(T98G:42.0+ 9.0, T98G-m2:20.2+ 3.8, p<0.05) and Gli36-VP1, 58%(Gli36:41.1+ 3.7, Gli36-VP1:20.2+ 3.8,p<0.05).
Increased accumulation was observed in the three sublines transfected with the MRP 2 antisense cDNA, with partial
restoration of levels to that of the parental cells (T 98 G-m 1-R, 96% of the parental T98G; T98 G-m 2-R, 98%;and Gli 36-
VP1-R, 94%of the parental Gli36). B) and D) demonstrates the 3H-VP-16 present in the drug resistant cells, compared
to the efflux present in parental cells. Relative to the amount of 3H-VP-16 present following loading, the proportion of
3H-VP-16 remaining after 45 min. of efflux in the T98G-m1, T98G-m2, and gli36-VP1 were 41%, 33%, and 34%, compared
to 49%, and 48% in their parental cells respectively. As compared with the resistant cells, cellular efflux levels of VP-16
were increased in the transfectants and their parental cells (T98G-m1-R, 96% of the parental T98G; T98G-m2-R, 96%;
and Gli 36-VP 1-R, 93% of the parental Gli 36). Each experimental group consisted of six independent wells.

Usignificantly different (p<0.05) between the resistant cell lines and their parental cell lines (incubation time at 45 min).
U Osignificantly different (p<0.05) between the resistant cell lines and their own transfected MRP2 antisense cDNA

(incubation time at 45 min)

A),B):m ;T98G, A ; T98G-m1, e ;T98G-m2, 0 ; T98G-m1-R, O ; T98G-m2-R

C),D): 0 ;Gli36, v ; Gli36-VPL, O ; Gli36-VP1-R
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Figure 3  Immunoblotting analysis for MRP2 in the drug resistant
cell lines and their parental cell lines. By immunoblotting with the
polyclonal antibody against human MRP2, we demonstrated the
presence of a Mr200,000 MRP2 protein in the resistant cell lines.
To determine whether the cellular sensitivities to anticancer agents
were closely correlated with the cellular levels of the MRP2, we
established the cell lines with reduced levels of the MRP2 by in-
troducing the MRP2 antisense expression plasmid into the resis-
tant cell lines. As compared with the parental cell lines, the resis-
tant cell lines transfected with MRP2 antisense cDNA had the same
levels of MRP 2 as their parental cells.

lations for the resistant sublines relative to the parental
cells were T98G-m1, 76%(T98G : 42.0« 9.0, T98G-m1:
31.9+ 4.3, p<0.05); T98G-m2, 48%(T 98G:42.0= 9.0,
T98G-m2:20.2+ 3.8, p<0.05) and gli36-VP1, 58%(Gli
36 :41.1+ 3.7, Gli36-VP1:20.2+ 3.8, p<0.05). Increased
accumulation was observed in the three sublines trans-
fected with MRP2 antisense cDNA, with partial res-
toration of the levels to that of the parental cells (T98
G-m1-R, 96% of the parental T98G;T98G-m2-R, 98%;
and Gli36-VP-R, 94% of the parental Gli36). Figure 2B
and 2D demonstrate the *H-VP-16 present in the drug
resistant cells, as compared to the efflux present in
the parental cells. Relative to the amount of *H-VP-16
present following loading, the proportion of *H-VP-16
remaining at 45 min. of efflux in the T98G-m1, T98
G-m 2, and Gli 36-VP 1 were 41+ 6.1%, 33+ 0.91%, and

34+ 4.6%, as compared to 49+ 3.1% (T98G) and 48+ 1.2%
(Gli 36) in their parental cells respectively. We also
determined whether the reduced cellular levels of MRP
affected the cellular accumulation of drugs. As compared
with the resistant cells, the cellular efflux levels of VP-
16 increased in the transfectants and their parental cells
(T98G-m 1-R, 96% of the parental T98G ;T 98 G-m2-
R, 96% ; and Gli 36-VP-R, 93% of the parental Gli 36).

DISCUSSION

In the early studies, it was recognized that resistance
to the structurally unrelated natural products and de-
creased drug accumulation were the hallmarks of the
phenotype that we now associate with overexpression
of MDR-1(16). Approximately 20 years later, a second
ATP-dependent transporter, MRP1 was linked with
MDR. MRP1-overexpressing cells are primarily re-
sistant to VP-16and doxorubicin (5,17). In addition to
MRP 1, other genes of the MRP family (MRP2-5) were
isolated. Of these MRP family genes, MRP1 and 3 were
expressed in the human glioma cell lines and clinical
glioma specimens. However, unlike MRP1, expressions
of the MRP 2 and 3 have not been detected in the nor-
mal brain tissue(11, 20-21). For understanding the func-
tion of MRP2 in this study, we isolated 50 sublines by
exposures to VP-16 or mAMSA and picked up three
drug resistant sublines (T98G-m1, T98G-m2, and gli
36-VP1) that overexpressed MRP2, but did not over-
express MDR-1, BCRP, and MRP 15 except 2. The results
of 50 sublines described in the present study (data not

198G 1T98G-ml T98G-m2
E
+~
e 9w S Qv N nuclear extract
g S ~ PN N N w2 S ofnanogram
o — O — O — —
kinetoplast—
minicircle—
Gli36 Gli36-VP1
Iz
£ n n
= 40 S Do nuclear extract
S < a4 = g a 2 ofnanogram
kinetoplast—
minicircle—

Figure 4 Decatenation of kinetoplast DNA by nuclear extract. In the absence of nuclear extract, the catenated kinetoplast
DNA remains in the gel. Comparable topoisomerase activity is demonstrated by comparable decatenation of kinetoplast
DNA to the monomer minicircles, using increasing amounts of the nuclear extracts.



The Journal of Medical Investigation Vol.52 February 2005 NN

shown) support and extend previous observations. The
initial change observed was a decrease in the expression
and activity of topoisomerasel] a. Previous studies have
documented reduced expression of topoisomerase
O with drug selection, and this has been proposed as
a mechanism of drug resistance(22-24). In our own
experience, we have found decreased expression of
topoisomerase O a (less than 50% of parental cells) in
39 of 50 isolates, suggesting that reduced expression
is a common adaptation. Reduction of topoisomerase
levels effectively diminishes the main intracellular
target of VP-16 and other topoisomerase poisons and
can confer broad cross-resistance to these agents(25).
Although in some cell lines, topoisomerase] o ex-
pression was partially maintained with resistance to
topoisomerase [0 poisons, as a results of increased ex-
pression of drug efflux pump [MRP1(33/50), MRP2
(28/50), MRP3(12/50), MRP4(0/50), MRP5(0/50),
MDR 1(6/50), and BCRP(7/50)]. The three cell lines
are resistant to topoisomerase [0 inhibitors (VP-16,
MAMSA, mitoxantrone and Adriamycin) with little cross
resistance to the microtubule active agent, vincristine.
This resistance is not due to MDR-1, BCRP, and MRP
1-5 except 2 overexpression, as demonstrated by the
Northern blot analysis and VP-16 accumulation and
efflux studies. Especially in the three cell lines composed
of T98G parental cells and their mAMSA-selected MRP
2-expressing sublines, we noticed a high correlation be-
tween MRP2 mRNA overexpression and cross-resistance
to topoisomerase Il inhibitors, suggesting that MRP2
could be a new transporter and a new drug resistant
mechanism for topoisomerase Il inhibitors. To deter-
mine whether the cellular sensitivity to anticancer agents
closely correlated with the cellular levels of MRP2, we
established cell lines with reduced levels of MRP2 by
introducing the MRP2 antisense expression plasmid
into the resistant cells and their parental cells. We found
that the resistant cells transfected with MRP2 antisense
cDNA displayed increased cellular levels of VP-16 and
enhanced sensitivities to topoisomerasel] inhibitors,
VP-16, mAMSA, mitoxantrone, and Adriamycin (26).

We also found that resistant cell lines transfected with
MRP2 antisense cDNA displayed an enhanced sen-
sitivity to topoisomerasel] inhibitors (VP-16, mMAMSA,
mitoxantrone, and adriamycin). It has also been shown
that cells transfected with MRP1cDNA as well as drug-
selected MRP1-overproducing cells acquired resis-
tance to VP-16, adriamycin, and vincristine but not to
camptothecin-11 and cisplatin. Thus, MRP2 appears
to modulate the sensitivity to certain anticancer agents
as MRP 1(27).

In contrast, a recent study has demonstrated that

the expression of MRP2 is increased in the colorectal
cancers as compared with non-cancerous tissues and
also that the drug sensitivity to cisplatin closely correlated
with the MRP mRNA levels in the colorectal cancers
(28). Another study demonstrated that antisense MRP2
cDNA transfectants could increase the sensitivity to
cisplatin. Like the MRP1, MRP2 protein appears to
show strong affinities to glutathione and its conjugates.
Further studies are necessary to determine whether
MRP2 is directly involved in the sensitivity to VP-16, in
addition to cisplatin, with or without glutathione or
glucuronide (11).

REFERENCES

1. Taniguchi K, Wada M, Kohno K, Nakamura T,
Kawabe T, Kawakami M, Kagotani K, Okumura
K, Akiyama S, Kuwano M:A human canalicular
multispecific organic anion transporter gene is
overexpression in cisplatin resistant human can-
cer cell lines with decreased drug accumulation.
Cancer Res 56 : 4124-4129, 1996

2.  Maxwell A, Gellert M : Mechanistic aspects of
DNA topoisomerases. Adv Protein Chem 38 :
69-109, 1986

3. Drake FH, Zimmerman JP, McCabe FL, Bartus
HF, Sullivan DM, Ross WE, Mattern MR, Johnson
RK, Crooke ST, Mirabelli CK : Purification of topoi-
somerase Il from amsacrine-resistant P38 leuke-
mia cells. J Biol Chem 262 : 16739-16747, 1987

4. Bugg BY, Danks MK, Beck WT, Suttle DP: Ex-
pression of a mutant DNA topoisomerase Il in
CCRF-CEM human leukemic cells selected for
resistance to teniposide. Proc Natl Acad Sci USA
88 : 7654-7658, 1991

5. Cole SPC, Chanda ER, Dicke FP, Gerlach JH,
Mirski SEL : Non-P-glycoprotein-mediated mul-
tidrug resistance in a small cell lung cancer cell line :
Evidence for decreased susceptibility to drug in-
duced DNA damage and reduced levels of topoi-
somerase I . Cancer Res 51 : 3345-3352, 1991

6. Cole SPC, Sparks KE, Frase K, Loe DW, Grant
CE, Wilson GM : Pharmacological characteri-
zation of multidrug resistant MRP-transfected
human tumor cells. Cancer Res 54 : 5902-5910,
1994

7. Cole SPC, Bhardwaj G, Gerlach JH, Mackie JE,
Grant CE, Almquist KC, Stewart AJ, Kurz EU,
Duncan AMV, Deeley RG : Overexpression of a
transporter gene in a multidrug resistant human
lung cancer cell line. Science 258 : 1650-1654, 1992



10.

11.

12.

13.

14.

15.

16.

17.

18.

N

Cohen D, Higman SM, Hsu SI-H, Horwitz SB :
The involvement of a LINE-1 element in a DNA
rearrangement upstream of the mdr 1a gene in
a Taxol multidrug-resistant murine cell line. J
Biol Chem 267 : 20248-20254, 1992

Morisaki K, Kuroda S, Matsumoto Y, Kunishio
K, Nagao S: Expression of DNA topoisomerase
I Ta, I Bin human brain tumors. Brain Tumor
Pathol 17 : 7-13, 2000

Skehan P, Storeng R, Scudiero D, Monks A,
McMahon J, Vistica D, Warren J, Bokesch H,
Kenney S, Boyd MR : New colorimetric cyto-
toxicity assay for anticancer-drug screening. J
Natl Cancer Inst 82 : 1107-1112, 1990

Haga S, Hinoshita E, Ikezaki K, Fukui M, Scheffer
GL, Uchiumi T, Kuwano M : Involvement of the
multidrug resistance protein 3 in drug sensitivity
and its expression in human glioma. Jpn J Cancer
Res 92:211-219, 2001

Matsumoto Y, Sasaoka N, Tsuchida T, Fujiwara
Y, Nagao S, Ohmoto T : Fluorescent dye Rho-
damine 6G as a molecular probe to study drug
resistance of C6 rat glioma cells. J Neurooncol
13:217-222, 1992

Mickley LA, Bates SE, Richert ND, Currier S,
Tanaka S, Foss F, Rosen N, Fojo A T : Modulation
of the expression of a multidrug resistance gene
(mdr-1/P-glycoprotein) by differentiating agents.
J Biol Chem 264 : 18031-18040, 1989
Matsumoto Y, Takano H, Kunishio K, Nagao S,
Fojo T: Expression of drug resistance genes in
VP-16 and mAMSA-selected human carcinoma
cells. Jpn J Cancer Res 92 : 778-784, 2001
Matsumoto Y, Takano M, Fojo T:Cellular adap-
tation to drug exposure : Evolution of the Drug-
resistant phenotype. Cancer Res 57 : 5086-5092,
1997

Fojo AT, Ueda K, Salmon DJ, Poplack D, Gottesman
MM, Pastan | : Expression of a multidrug resis-
tance gene in human tumors and tissues. Proc
Natl Acad Sci USA 84 : 265-269, 1987

Grant CE, Vadimarsson G, Hipfner DR, Almquist
KC, Cole SPC, Deeley RG : Overexpression of
multidrug resistance associated protein increases
resistance to natural product drugs. Cancer Res
54 :357-361, 1994

Lee JS, Scala S, Matsumoto Y, Dickstein B, Robey
R, Zhan Z, Altenberg G, Bates SE : Reduced
drug accumulation and multidrug resistance in
human breast cancer cells without associated
P-glycoprotein or MRP overexpression. J Cell
Biochem 65 : 513-526, 1997

Y. Matsumoto et al.

MRP2 in topoisomerase lla

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Matsumoto Y, Takano H, Kunishio K, Nagao S,
Fojo T : Hypophosphorylation of topoisomerase Il
a in Etoposide (VP-16)-resistant human carcinoma
cell lines associated with carboxy-terminal trun-
cation. Jpn J Cancer Res 92 : 799-805, 2001
Kunishio K, Morisaki K, Matsumoto Y, Nagao S :
DNA topoisomerase Il alpha protein and mRNA
expression in intracranial meningiomas. Brain
Tumor Pathol 17 : 105-110, 2000

Matsumoto Y, Fujiwara T, Nagao S : Determinants
of drug response in camptothecin-11-resistant
glioma cell lines. J Neurooncol 23 : 1-8, 1995
Matsumoto Y, Matsumoto M, Minemura M,
Takano H, Nagao S, Iglesias A, Fojo T: Expression
of ATP binding cassette superfamily (multidrug
resistance-1, multidrug resistance-associated pro-
tein, human canalicular multispecific organ anion
transporter) mRNA in etoposide and m-AMSA
resistant cell lines. Jpn J Cancer Chemother 24 :
1941-1946, 1997

Miyake K, Mickley L, Fojo T, Bates S : Molecular
cloning of cDNA which are highly overexpression
in Mitoxantrone-resistant cells demonstration
of homology to ABC transport genes. Cancer
Res 59 : 8-13, 1999

Matsumoto Y, Takano H, Kunishio K, Nagao S,
Fojo T : Incidence of Mutation and Deletion in
Topoisomerase Il a mMRNA of Etoposide and
MAMSA Resistant Cell Lines. Jpn J Cancer
Res 92 :1133-1137, 2001

Matsumoto Y, Takano H, Nagao S, Fojo T : Al-
tered topoisomerase Il o and multidrug resistance-
associated protein levels during drug selection :
Adaptation to increasing drug. Jpn J Cancer Res
92 :968-974, 2001

Hinoshita E, Uchiumi T, Taguchi K, Kinokawa N,
Tsuneyoshi M, Maehara Y, Sugimachi K, Kuwano
M : Increased expression of an ATP-binding cas-
sette superfamily transporter, multidrug resistance
protein 2, in human colorectal carcinomas drug.
Clin Cancer Res 6 : 2401-2407, 2000

Paulusma CC, Bosma PJ, Zaman G, Bakker CT,
Otter M, Scheffe GL, Scheper RJ, Borst P : Con-
genital jaundice in rats with a mutation in a mul-
tidrug resistance associated protein gene. Science
271:1126-1127, 1996

Tewey KM, Chen GL, Nelson EM, Liu LF:
Intercalative antitumor drugs interfere with the
breakage-reunion reaction of mammalian DNA
topoisomerase II.J Biol Chem 259 : 9182-9187,
1984



