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ABSTRACT

Treatment of human glioma A172 eels with 1-(4-amino-2-methyl-S-
pyrimidinyl)methyl-3-(2-chloroethyl)-3-nitrosourea (ACNU), an alkylat
ing antitumor agent the primary target of which has been thought to be
DNA,resulted in elevatedexpressionof mRNAfor multidrug resistance
associated protein (MRP) within the first 2 h and then a decrease in
expression 24 h after the treatment. Western blot analyses revealed that
leveis of MRP in these ACNU-treated cells paralleled mRNA levels. Mem
brane vesicles prepared from ACNU-treated cells also displayed elevated
transport activities for leukotriene C4, a known substrate for MRP.
y-Glutamylcysteine synthetase (y-GCS) mRNA expression was coinduced
with MRP by ACNU. Because â€˜y-GCSis the rate-limiting enzyme involved
in the de novo biosynthesis of glutathione, increases in glutathione were
also transiently Induced by ACNU. These results demonstrate for the first
time that the expression of functional MRP and y-GCS can be transiently
coinduced by ACNU. Multiple short exposures (1 h) of ACNU following a
long duration (1 week) ofdrug-free conditions resulted in the development
of an ACNU-resistant population (designated A172R) that overexpressed
MRP/'y-GCS mRNA and had elevated transport activities for leukotnene
C4. A172R exhibited cross-resistance to the antitumor drug doxorubicin
and heavy metal sodium arsenate but not to cisplatin. Our results also
demonstrate that intermittent treatments of human glioma cells with

ACNU can lead to the development of MRP-related multidrug resistance.
These results, taken together, reveal a possible new mechanism of the
development of drug resistance for the antitumor nitrosoureas.

INTRODUCTION

CENUs,3 including ACNU and BCNU, are chemotherapeutic al
kylating agents used primarily for the treatment of human glial tumors
(1, 2). Unfortunately, tumors treated with these agents often develop
resistance to them, raising a major obstacle to effective control of glial

tumors. It has been generally thought that the primary target of this

class of antitumor drug is DNA. CENUs alkylate the 06 position of
guanine residues in DNA molecules and cause the formation of DNA
cross-links, resulting in impaired DNA replication and utimately cell

death (3â€”5).Thus, the major mechanism of resistance to CENUs in
mammalian cells has been focused on the repair of DNA by MGMT,
and overexpression of this enzyme has been observed in many cul
tured CENU-resistant variants (3, 6, 7). In addition, we reported

recently that enhanced expression of DNA polymerase f3, the enzyme
involved in the repair synthesis of DNA lesions, is associated with the
development of ACNU resistance in human glioma cells (8).

The MRP was initially identified by molecular cloning as a mem
brane protein that was overexpressed in DOX-selected cell lines (9).
Transfection of MRP cDNA in expression vectors into drug-sensitive
cell lines has confirmed that MRP confers resistance to many chemo
therapeutic agents (10â€”12).MRP contains an ATP-binding cassette
and belongs to the ATP-binding cassette transporter superfamily.
Although the exact mechanisms of MRP-mediated drug resistance are
not fully understood, many recent studies suggest that MRP may
transport substrates including GSH, glucuronate, and sulfate conju
gates (13â€”17).These findings are consistent with the idea that MRP is
functionally related to the GS-X pump described previously (18, 19).

The finding that MRP functions as an ATP-dependent transporter
for glutathione conjugates supports a scenario in which GSH metab
olism may play an important role in MRP-mediated drug resistance.
Although intracellular GSH levels are regulated by multiple enzy
matic reactions, the first step of GSH biosynthesis, catalyzed by
â€˜y-GCS,is the rate-limiting step (20). It has been reported that deple

tion of intracellular GSH by buthionine sulfoximine, an inhibitor of

â€˜y-GCS,results in a complete reversal of drug resistance in MRP
transfected cells (21). Transport of certain antitumor drugs, e.g.,
vincristine and DOX, in membrane vesicles in MRP-overproducing
cells is enhanced by the presence of GSH (17). Furthermore, we have
reported recently that in many drug-resistant cell lines (19) and in
human colorectal carcinoma biopsy specimens (22), levels of MRP
and y-GCS mRNA are overexpressed simultaneously. The elevated
â€˜y-GCSactivities are presumably needed to supply elevated GSH for

overall MRP-mediated drug transport.
The roles of MRP and -y-GCS in cellular resistance to alkylating

agents have not been investigated. In the present study, we report the

first demonstration that functional MRP and y-GCS can be transiently

coinduced by ACNU in glioma cells. We also demonstrate that
repeated brief treatments of glioma cells with ACNU can lead to the
development of a drug-resistant population that overexpresses MRP
and -y-GCS.

MATERIALS AND METHODS

Biochemicals and Chemicals. Reagents were purchased from the mdi
cated companies: GSH, GSSG, AlP, creatine phosphate, creatine kinase,
glutathione reductase, and SP6/T7 transcription kits from Boehringer Mann

heim (Indianapolis, IN); [3H]LTC4 from DuPont-NEN (Boston, MA);

132P]UTPfrom ICN biochemicals (Irvine, CA); ACNU from Sankyo Co., Ltd.
(Tokyo, Japan); BCNU and cisplatin from Bristol-Myers Squibb Co. (Prince
ton, NJ); DOX from Cetus Co. (Emeryville, CA); VBL from Eli Lilly Co.

(Indianapolis, IN); cadmium chloride, sodium arsenate, DMEM, and RPMI
1640 from Sigma Chemical Co. (St. Louis, MO); FCS from Life Technologies,
Inc. (Grand Island, NY); ECL chemiluminescence kit from Amersham Corp.
(Arlington Heights, IL); and RIBI adjuvant system from RIB! ImmunoChem
Research, Inc. (Hamilton, MT). All other chemicals were of analytical grade.
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. TRANSIENT INDUCTION OF MRP/GS-X PUMP AND @-GCS BY ACNU

Cell Culture. The humanglioblastomacell line A172 was obtainedfrom
the Japanese Cancer Research Resources Bank (Tokyo, Japan). Cells were
maintained in DMEM supplemented with 10% FCS. Cells at exponential
growth conditions were used for drug treatments. ACNU-resistant cells were
selected by exposure of Al72 cells to 10 p.M ACNU for 1 h weekly for 20
weeks and then 20 jxM for 1 h weekly for another 20 weeks (8). The resultant

cell population, designated A172R, was maintained by weekly 1-h exposure to

10 jxM ACNU.
Determination of Cell Sensitivity to Anticancer Drugs and Heavy Met

als. Approximately 1 X iO@cells from each cell line were plated into 96-well
plates in 100 pA of medium containing ACNU, BCNU, cisplatin, DOX, VBL,

cadmium chloride, or sodium arsenate at different concentrations. After 72 h,
the surviving (trypan blue-negative) cells were counted with a hemacytometer.
The mean IC50 Â±SD, the concentration at which 50% of cells are killed, was
determined from triplicate cultures of two separate experiments.

RNA Isolation, Northern Blotting, and RNase Protection Assay. Total
RNA was extracted using the acid guanidinium thiocyanate-phenol-chloroform
method (23), and mRNA was purified by oligo-dT cellulose column chroma
tography. The RNAs were denatured, electrophoresed on 1% agarose gel,

transferred to nylon membranes (Hybond-N; Amersham KK, Tokyo, Japan),
and hybridized with 32P-labeled human MRP cDNA probe (19), human â€˜y-GCS
cDNA probe (19), and human /3-actin probe (24). The procedure for RNase
protection assay has been described previously (19, 22). The reliability of this

assay was established previously by comparing the results with those obtained

by Northern blot hybridization (19, 22). Densitometric analyses of the auto

radiographs followed the procedure described previously (22).

Preparation of Plasma Membrane. Plasmamembranevesicles were pre
pared according to the procedure described previously (25, 26) with a slight
modification. Briefly, approximately 1 X 108cells were harvested by scraping
off and suspended in 50 ml ice-cold PBS. After centrifugation at 40 X g for 5
mmn,the cell pellet was diluted 50-fold with a hypotonic buffer [0.5 mt@sodium
phosphate (pH 7.8), 0. 1 mr@tEDTA, and 0.4 mg/ml phenylmethylsulfonyl
fluoride] and lysed by incubation for 30 mm on ice followed by homogeniza

tion with a Dounce homogenizer and a Potter-Elvehjem homogenizer. The cell

lysate was then centrifuged at 100,000 X g for 30 mm at 4Â°C. The resulting

pellet was suspended in 2 ml of buffer A (250 mM sucrose and 10 nmi
Tris-HC1, pH 7.8), homogenized with a Potter-Elvehjem homogenizer, and
layered onto a step-gradient consisting of 2 ml of 20%, 3 ml of 30%, and 4 ml
of 50% sucrose prepared in 10 mM Tns-HCI (pH 7.8). The gradients were spun
in a Beckman SW4O rotor at 35,000 rpm for 45 mm at 4Â°C. The turbid layer

at the 30%/50% interface was collected, suspended in the buffer A, and
centrifuged at 100,000 X g for 30 mm at 4Â°C.The membrane fraction was
collected and resuspended in a small volume (50â€”100 pA) of the incubation

buffer. Membrane vesicles were formed by passing the suspension through a

27-gauge needle.
Vesicle Transport Assay. The transportassay followed the procedure

described previously (25). Briefly, membrane vesicles (50â€”80 @xgprotein)
were incubated in the presence of 10 nM [3H]LTC4, 250 mM sucrose, 10 mM
Tris-HCI (pH 7.8), 10 mMMgCl2, 1 mistATP, 10 mMcreatine phosphate, and
100 p@g/ml creatine kinase in a final volume of 1 10 pA. The reaction was carried

out at 37Â°C.Aliquots (20 p.1) were taken at different time intervals and diluted
in 1 ml of ice-cold incubation buffer. The diluted samples were filtered

immediately through nitrocellulose filters (0.2-@xmpore size, presoaked in
incubation buffer) using a rapid filtration device with vacuum and rinsed five
times with 1 ml of incubation buffer. Filters were dissolved in liquid scintil

lation fluid and counted for radioactivity.
Preparation of Antibody. BALB/c mice were inoculated i.p. with a syn

thesized peptide containing 23 amino acids from the COOH-terminal end of
MRP (GAPSDLLQQRGLFYSMAKDAGLV) and RIBI adjutant system. An
imals received booster injections every 2 weeks for 6 weeks. One week later,

sera were withdrawn from the animals, and the titer was determined by ELISA

against the synthetic peptide. Mice were also immunized with synthetic peptide
containing 19 amino acid residues from the COOH-terminal end of human

â€˜y-GCS(LGSAFRKVKYSGSKTDSSN; Ref. 27) according to the same sched
ule. Two polyclonal antibodies were obtained ad determined by ELISA against
the synthetic peptide. However, these antipeptide antibodies were not suitable
for Western blot detections of y-GCS.

Immunoblot Analysis. Purified plasma membrane vesicles (50â€”80,.tg)
was fractionated on a 7.5% (w/v) polyacrylamide gel containing 0.1% (w/v)

SDS and then transferred onto a nitrocellulose filter by electroblotting. The
filter was incubated at least 3 h in TBS containing 5% (w/v) nonfat dry milk

and 0.05% (w/v) Tween-20 (TBS-T buffer) to block nonspecific binding.
Incubation with a polyclonal antibody (1:1000) was for I h in TBS-T. Immu

noreactivity was developed by enhanced chemiluminescence (ECL kit; Am

ersham, Arlington Heights, IL) according to the procedure provided by the

vendor.

Determination of Cellular Level of Total GSH (GSH + GSSG). Cells
(1 X 106)were scraped off dishes and washed with ice-cold PBS twice and
centrifuged at 400 x g for 5 mm and resuspended in 750 j.d of PBS. An aliquot
of 500 pi was taken, fixed by addition of 300 jxl of 8.75% perchloric acid, and

sonicated by a Branson sonifier model 250/450 using a microprobe for 1 mm
at 4Â°C. After centrifugation at 16,000 X g for 5 mm, a 200-pA aliquot of the

resulting supernatant was withdrawn and neutralized by K,HCO1. GSH

(GSH + GSSG) content in the neutralized samples was determined according
to the method of Tietze (28) with slight modification as described previously
(29). Protein concentration was determined by the Bio-Rad (Hercules, CA)
protein assay kit according to the vendor's specifications.

RESULTS

Transient Induction of MRP/GS-X Pump and â€˜y-GCSby ACNU
in A172 Cells. Using RNase protection assay, we measured the
steady-state levels of MRP and â€˜y-GCSmRNA in A172 cells treated

with 10 p.M ACNU for different time intervals. Fig. 1 shows that both

MRP and y-GCS mRNA levels continued to increase throughout the
first 8 h of treatment. Densitometric analyses of autoradiographs from

two independent experiments revealed that maximal levels of induc

tion for MRP and y-GCS mRNA were within 2â€”3-fold (Fig. I B).

Twenty-four h after ACNU treatment, however, levels of MRP and

â€˜y-GCSmRNA were reduced. These results demonstrated that MRP
and y-GCS mRNA were transiently induced by ACNU treatment.
Furthermore, it is important to note that the rise and fall of MRP and
y-GCS mRNA were coordinated. The reduction in expression in
24-h-treated samples was probably due to the short half-life of ACNU.

To corroborate these results, we carried out Western blot analyses
to determine the protein levels of MRP using anti-peptide antibody

prepared in mice. The reliability of this antibody was verified using

membrane vesicles prepared from a panel of drug-resistant human

small cell cancer cell line (SCLC), i.e., SR2, a cisplatin-resistant line
producing about a 10-fold reduced amount of MRP in comparison

with that in SCLC, and SR3A, a doxorubicin-resistant cell line de

rived from SR2 exhibiting about 20-fold increase of MRP in reference

to that in SR2 cells (30). Fig. 2A shows that levels of MRP increased
during the first 8 h of ACNU treatment (about 1.7-fold increase, Fig.

2C) and then decreased 24 h after treatment. Similar results were
obtained using additional anti-MRP antibody MRP(k5) (Ref. 31 ; a gift
from Dr. Michael MUller, University Hospital Groningen, Groningen,
the Netherlands). These results showed that MRP expression gener

ally agreed with the MRP mRNA levels.

Previous studies have demonstrated that membrane vesicles pre

pared from MRP-overexpressing cells exhibit increased ATP-depend

ent transport of LTC4, i.e., GS-X pump activities (12â€”17, 19). To

investigate whether the ACNU-treated cells could enhance such ac

tivities, we prepared membrane vesicles from A 172 cells treated with

10 @.tMof ACNU for 4 h and those that were not treated. LTC4 uptake
activities were measured in incubation mixtures with or without ATP.

Elevated ATP-dependent LTC4 transport activity was observed in the
samples obtained from ACNU-treated cells (Fig. 3). These results

demonstrated that functional MRP/GS-X pump was transiently in
duced by treatment with ACNU.

Transient Induction of GSH by ACNU in A172 Cells. The
observation that y-GCS mRNA levels can be transiently induced by

ACNU suggests that the intracellular GSH pool may also be altered in
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TRANSIENT INDUCrION OF MRP/GS-X PUMP AND @-GCSBY ACNU
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Fig. I. Inductionof MRPand y-GCSmRNA
expression by ACNU in A172 cells. A172 cells
were incubated with 10 xMACNU (the IC50value)
for the time intervals as indicated. Twenty @gof
total RNA extracted were used in an RNase protec
tion assay using MRP and y-GCS heavy chain
probes. The 185 rRNA probe was used as control to
monitor the experimental variations in different
samples. A, autoradiograph of the RNase protection
assay; B, densitometric analysis of the correspond
ing signals: 5, MRP; 0, â€˜y-GCS(average of two
independent experiments).
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these cells, because y-GCS is the rate-limiting enzyme in the biosyn
thesis of GSH. Fig. 4 shows that levels of GSH were significantly

increased within the first 4-h treatment with ACNU (from 4.81 Â±0.19
at 0 h to 5.94 Â±0.34 nmol/mg protein in 4-h samples). Levels of GSH
started to decrease thereafter, descending to levels comparable to that
in the untreated control after an 8-h treatment. GSH levels fell to
approximately 3.85 Â±0.16 nmol/mg protein of the original level at
24 h of treatment (P < 0.05). These results demonstrated that ACNU
can transiently induce intracellular GSH levels. The observed de
crease of cellular GSH levels 8 h after ACNU exposure (and proceed
through 24 h) may be due to excess GSH consumption in conjunction
with the feedback inhibition of y-GCS by initial surge of GSH. It has

Time (h)
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Fig. 2. Induction of MRP expression by ACNU in Al72 cells as determined by Western blot. Forty @gof membrane vesicles prepared from 0.5â€”1X 108 cells at the time points
as indicated were used for the immunoblot analysis using anti-MRP peptide antibody (A). Membrane vesicles were subjected to 7.5% SDS-PAGE, electrotransferred to nitrocellulose
membranes, and imrnunoblotted with anti-MRP polyclonal antibody (1: 1000 dilution). Antibody to mouse IgG conjugated to horseradish peroxidase at I :5000 was used as the second
antibody. Immobilized horseradish peroxidase activity was detected with an ECL system (Amersham). The molecular weight protein markers (Bio-Rad) are shown on the left-hand
side of the photograph (A and B). Coomassie staining of duplicated gel showing equal loading of protein is presented in B, and densitometric analysis of signals (average of two
independent experiments) are shown in C.
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been demonstrated that elevated levels of GSH has a nonallosteric
inhibitory effect on y-GCS enzymatic activities (32). Similar results
were observed in another glioma cell line, T430 (data not shown).

Characterization of ACNU-resistant Glioma Cells. It would be
of importance to determine whether the induced expression of MRP/
â€˜y-GCScan confer drug resistance in the glioma cells. But because of

the transient nature of the induction, it would be difficult to carry out
drug resistance analyses in cells that had undergone a single run of
drug treatment. We, therefore, analyzed drug resistance from a cell
population developed by multiple cycles of ACNU treatment. A172
cells were subjected to a short pulse (1 h) of ACNU followed by a

long (1 week) drug-free culturing period alternating for 40 weeks

Time (h)
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TRANSIENT INDUCTION OF MRP/GS.X PUMP AND @-GCSBY ACNU

To investigate whether MRP and y-GCS were overexpressed in
A172R cells, we performed Northern blotting using MRP and y-GCS
cDNA probes. This analysis revealed that A172R cells exhibited
about 3.5-fold increase in MRP mRNA and 3.0-fold increase in

â€˜y-GCSmRNA (Fig. 5). Western blot analysis using anti-MRP peptide
antibody revealed overexpression of a Mr 190,000 protein, a size
corresponding to that of MRP (Fig. 6). These results demonstrate that
MRP and â€˜y-GCSmRNA were coordinately overexpressed in this
drug-resistant variant. Southern blot hybridization demonstrated that
the overexpression of these mRNA is not due to DNA amplification
(Fig. 7). Furthermore, as shown in Fig. 8, ATP-dependent uptake of
LTC4 in membrane transport assay was enhanced in A I72R cells.
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Fig. 3. Induction of MRP/GS-X pump activities in Al72 by ACNU. Membrane
vesicles prepared from 4-h ACNU-treated Al72 cells (closed symbols)and from untreated
controls(opensymbols)wereusedforLTC4transportassaysin the incubationmixtures
containing ATP (E. â€¢)or no ATP (0, â€¢).Data are expressed as means of three
independent experiments (n 3); bars, SE. *, statistical significance, P < 0.05. obtained
using the paired t test.

I

I
Fig. 4. Changes ofcellular GSH level in ACNU-treated A172 cells. Cells were exposed

to 10 ,xMACNU for different time intervals as indicated. Levels of GSH were determined.
Data are expressed as means of six independent experiments (n = 6); bars, SE. *,
statistical significance, P < 0.05 using the paired t test. â€¢,ACNU-treated samples; 0,
untreated control.

y-GCS

. . @-actin
Fig. 5. Detection of MRP and â€˜y-GCSmRNA in Al72 glioma cells and their ACNU

resistant variants by Northern blot analysis. Two @xgof poly(A)@ RNA were denatured,
electrophoresed on a 1% agarose gel containing 6% formaldehyde, transferred to a nylon
membrane, and hybridized with each 32P-labeledcDNA probe. @3-Actinprobe hybridiza
tion is used as a control for RNA loading.
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according to the protocol described in the â€œMaterialsand Methods.â€•
The resulting cell population, designated A172R, was maintained by
a 1-h weekly treatment schedule. Drug resistance profile analyses and
biochemical characterization of A172R were performed at the end of
the weekly drug-free culturing conditions or prior to the next drug
treatment schedule. Table 1 shows that Al72 cells displayed 3.5-fold
resistance to ACNU as their untreated controls. Furthermore, A172R
cells showed cross-resistance to BCNU, DOX, and sodium arsenate
but not cisplatin and VBL. Interestingly, A172R exhibited elevated
sensitivity to cadmium chloride. Except for VBL and cadmium, the
cross-resistance profile generally corresponds with the cross-resis
tance pattern in MRP-transfected HeLa cells (10). It is unclear
whether such differences are due to the use of drug selection versus
transfection or to different levels of MRP expression in a different cell
background (see below).
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Fig. 6. Detection of MRP levels in A172 glioma cells and their ACNU-resistant

variants by immunoblot analysis. Detail is presented in the legend to Fig. 2. A. Western
blot; B, Coomassie staining of duplicated gel.
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Table I Resistance ofglioma cells tochemotherapeutic drugs andheavymetalsIC50â€•.

Resistance
factorâ€•PA172A172RACNU9.50

Â±1.5332.9 Â±7.443.50.008BCNU17.5
Â±0.3628.6 Â±2.911.60.005Cisplatin

DOX12.0
Â±2.40

15.9 Â±2.58'10.1
Â±1.43

40.7 Â±l2.4c0.8 2.60.1950.013VBL5.77
Â±0.12c6.84 Â±1.47'1.20.196Cadmium

chloride44.3 Â±1.1332.8 Â±4.930.70.022Sodium
arsenate26.9 Â±1.9345.6 Â±1.961.70.001

TRANSIENT INDUCTION OF MRP/GS-X PUMP AND y-GCS BY ACNU

a The IC50 of each drug and compound was determined by a cell survival assay and is expressed in @LMconcentrations, unless otherwise indicated. The values shown are mean Â±SD
from three or more independent experiments. Statistical significance (P) was determined using the unpaired t test.

b The resistance factors were calculated as the ratio of the IC50 of A172R cells to the IC50 of the corresponding A172 cells.

( nM.

Fig. 7. Southern blot analyses of MRP and y
GCS DNA copy numbers in ACNU-sensitive and
ACNU-resistant cell lines. DNA from these cell
lines were digested with EcoRI followed by South
em blot hybridization with MRP and â€˜y-GCSprobes
according to the procedure described previously
(19). The hybridization patterns are consistent with
those published previously. An ethidium bromide
staining pattern in the duplicated gel was used for
monitoring DNA loading.

These results suggest that A172R cells overexpressed functional

MRPIGS-X pump. However, despite the fact that â€˜y-GCS mRNA

levels is increased in these cells, intracellular GSH levels in A172R
cells were only marginally increased (7.30 Â±2.26 nmol/mg protein in
A172R cells in comparison with 5.17 Â±0.24 nmol/mg protein for
Al72 cells; n = 3). This may not be surprising, considering that the
transient effects of ACNU on intracellular GSH levels can be either
positive or negative (Fig. 4). We conclude that multiple runs of brief

exposure of glioma cells to the antitumor nitrosourea ACNU can lead

C
0,
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0.
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0.
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Fig. 8. MRP/GS-X pump activity in plasma membrane preparations from A172 and
their ACNU-resistant variants. Membrane vesicles prepared from A172R cells (closed
symbols) and from Al72 cells (open symbols) was used for LTC4 uptake assay in the
presence of AlP (0. â€¢)or absence of ATP (0, O). Data are expressed as means of three
independent experiments (n = 3); bars, SE. *, statistical significance, P < 0.05, obtained
using the unpaired : test.

to the development of a drug-resistant population with overexpressed
MRP and -y-GCS.

DISCUSSION

In this communication, we report that functional MRP and â€˜y-GCS
could be transiently induced in glioma cells by ACNU. We also
demonstrated that repeated brief exposures of these cells to ACNU
resulted in the development of multidrug-resistant variants with over
expression of MRP and â€˜y-GCS.To the best of our knowledge, this is
the first report demonstrating that MRP-related multidrug resistance
can be induced by this nitrosourea-based agent.

ACNU, like other nitrosourea antitumor compounds, undergoes
spontaneous hydrolytic decomposition under intracellular pH condi
tions and yields carbamoylating organic isocyanates and bifunctional
alkylating chloroethylcarbonium ions (Ref. 32; Fig. 9). These active
intermediates then react with DNA to form 06-alkylguanine adducts
on DNA as well as cross-link adducts. Repair to these lesions has been
considered as an important mechanism for detoxification of antitumor
nitrosourea agents. Multiple enzyme systems, e.g., MGMT, apurinic/
apyrimidinic endonuclease, methyluracil-DNA glycosylase, DNA /3
polymerase, DNA ligase, and others, have been implicated for the
excision repair of alkylating agent-induced DNA damages. In the
cases of nitrosourea-based antitumor drugs, it has been demonstrated

that correlations between expression of MGMT, which mediates re
moval of the primary lesions, and chemosensitivity to this class of
antitumor agents have been observed (33â€”36).Overexpression of
DNA f3 polymerase, an enzyme presumably involved in the fill-in
reaction in the single-strand DNA gaps formed after excision, is
overexpressed in ACNU-resistant variants (8). Homologous deletion
of DNA f3polymerase in cultured cells results in increased sensitivity
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Transfection of expressible MRP cDNA into cultured cells confers
multidrug resistance in otherwise drug-sensitive cells, providing im
portant evidence for the involvement of MRP in drug resistance (10).
However, the molecular bases underlying MRP-mediated drug resist
ance in cultured cells remain largely obscure. For example, although
MRP-overexpressing cell lines are often associated with DOX resist
ance, DOX is a very poor substrate in membrane vesicle transport
assay prepared from these cell lines (15, 16, 21).6 Similar observations
have been found made to other antitumor agents and heavy metals
(16). These results suggest that other cellular factors may also be
involved in MRP-related drug resistance. There are still possibilities
that multiple factors may be necessary for conferring the entire
spectrum of MRP-related drug resistance in mammalian cells. Such
factors may be present in a cell type-specific manner. Alternatively,
specific factors may be coinduced in various drug selection schemes
to satisfy MRP-mediated resistance to specific drugs. These may
explain why some MRP-overexpressing cells fail to exhibit cross
resistance to certain drugs such as cisplatin (10, 11), whereas others
do (19). Similar explanation may also apply to the resistance to
alkylating nitrosourea antitumor compounds.

The mechanisms underlying the induction of MRP as well as
â€˜y-GCSexpression in A172 cells by ACNU are presently unknown.

We have observed previously that expression of MRP and y-GCS in
human leukemia HL-60 cells can be transiently induced by cisplatin
and heavy metals, e.g., zinc, cadmium, and As(III) (19). The expres
sion of human y-GCS can be induced by 1,4,-naphthoquinone and
menadione (43, 44), and we have preliminary evidence showing that
these compounds can induce expression of MRP as well.4 These
findings, taken together, suggest that the expression of these two
genes can be coinduced by many different cytotoxic agents.

The observations that MRP and -y-GCS expression can be induced
by many cytotoxic agents suggest that the induction may involve
stress-response mechanism(s), particularly oxidative stress. Such a
hypothesis would be consistent with the following findings: (a) most
MRP/'y-GCS inducers, particularly l,4,-naphthoquinone and menadi
one, are known antioxidants that can generate intracellular oxidation
reduction labile conditions and exert oxidative stress on the cultured

Fig. 9. Schematic diagram for multiple mechanisms of detoxifica
tion of ACNU in glioma cells. Once ACNU (with chemical structure
as shown above) enters the cells, it is metabolized to bifunctional
alkylating chloroethyl carbonium ions. This is the intermediate that
reacts with DNA to form O@-alkylguanineadducts and/or interstrand
DNA cross-links. Repair of DNA damage is mediated by many en
zymes, e.g., methylguanine-DNA methyltransferase (MGMT),
apurinic/apyrimidinic endonuclease (APE), methylpurine glucosylase
(MPG),DNA polymerase@ (@-po1),DNAligaseI, andothers.Induc
tions of MGMT and DNA@ polymerase expression have been seen in
ACNU-treated glioma cells T470 (8). Alternatively, the carbonium
ions may form GS conjugates with GSH, the synthesis of which is
controlled by the rate-limiting enzyme â€˜y-GCSas indicated. The con
jugates may be expelled by MRP/GS-X pump, although this remains to
be confirmed. The expression of MRP and â€˜y-GCScan be induced
transiently by ACNU. This figure illustrates the induction of various
detoxification enzymes for multiple defensive pathways against
ACNU toxicity.

of cultured cells to alkylating agents, including N-methyl-N'-nitro-N
nitrosoguanidine (37). Although yet-to-be demonstrated, we consider
that the overexpressed MRP and y-GCS are likely to play a role in
ACNU resistance from the following considerations: (a) the chioro
ethylcarbomum intermediates are highly electrophilic and can readily
react with various nucleophiles, including GSH (38). The resulting
GS-chloroethyl conjugates may then be eliminated by MRP/GS-X
pump activities (Fig. 9); (b) the coexpressed y-GCS mRNA and
elevated intracellular GSH pool may facilitate the conjugation reac
tion, thereby accelerating the MRP-mediated drug transport. Alterna
tively, the overexpressed GSH may quench chloroethylation of DNA
(38), thereby decreasing the formation of potentially lethal DNA
adducts and cross-links, if unrepaired; (c) no induction of P-glyco
protein expression encoded by MDRJ was found in A172R cells.4 We
also found no coinduction of MGMT (8)@and only a minor increase
in DNA polymerase /3 (less than twice as much; Ref. 8) in A172R
cells. Thus, the overexpressed MRP and â€˜y-GCSmay serve as an
alternate pathway for detoxification of ACNU in glioma cells. The

present communication presents a reasonable molecular basis for the
multiple modalities of drug resistance to alkylating mtrosourea agents
in mammalian cells.

The observation that MRP and â€˜y-GCSare coinduced with MRP by
ACNU is consistent with our previous observations in many drug
resistant cells (19, 30) as well as in primary tumor lesions (22). The
instant surge and subsequent reduction in GSH levels after ACNU
treatment also suggest that this antitumor drug can modulate intracel
lular GSH pools in either direction (Fig. 4). It is conceivable that
altered GSH pools would have a broad cytoprotective effect against
cytotoxic agents. For examples, elevated GSH level achieved by

transient transfection of plasmid DNA containing expressible y-GCS
genes encoding heavy and light subunits results in acquisition of
resistance to the alkylating agent melphalan (39). High resistance to
cisplatin in a human ovarian cancer cell line is associated with a
marked increase in y-GCS (40), glutathione S-transferase (40) activ
ities, and glutathione synthesis (41); potentiation of DOX cytotoxicity

by GSH-depleter buthiomne sulfoximine in MDR human breast tumor
cells was also reported (42).

4 Unpublished data.

5 Unpublished results. 6 Unpublished observation.

5297

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/23/5292/2465367/cr0570235292.pdf by guest on 19 M

ay 2023



TRANSIENT INDUCTION OF MRP/GS.X PUMP AND @â€˜-GCSBY ACNU

cells (45, 46). The involvement of oxidative stress imbalance by nitro

sourea (e.g., BCNU) in the quinone-related mechanism has also been
postulated (47); (b) most MRP/y-GCS overexpressing cells also overex
pressed transcription factors AP1 and nuclear factor-icB (reviewed in Ref.
48), the two important stress-induced transcription factors. The involve
ment of AP-1 in the expression of MRP and â€˜y-GCScan also be found in

yeast. The expression of yeast GSH, which encodes y-GCS (49), and
YCF-1, cadmium factor gene in Saccharomyces cerevisiae that encodes
the human MRP homologue (50, 51), is coordinately regulated by yAP-i
encoding transcription factor AP-l (52); (c) the 5' flanking sequences of
the human MRP (53) and â€˜y-GCS(54â€”56)have been published, and
putative oxidative stress-response elements can be found. Additional
experiments are needed to address the involvement of oxidative stress
and the expression of these genes in drug-treated cells. Furthermore, it
has been reported recently that both transcriptional and posuranscrip
tional regulations are involved in the induced expression of y-GCS in
HepG2 cells treated with radiation sensitizer, diethyl maleate (57). It
would be of importance to determine whether transcriptional and/or
posttranscriptional control is also involved in the regulation of MRP and
â€˜y-GCSexpression by ACNU. These experiments are presently under
way.

Finally, the present communication also demonstrates that an

ACNU-resistant glioma cell population with overexpressed MRP/'y
GCS can be selected by a repeated short pulse (1 h) of drug followed
by long, drug-free culturing conditions (1 week). Our success in
establishing such a resistant population may be attributed to the

intrinsic inducibility of these genes by ACNU. Transient induction of

MRP and â€˜y-GCSexpression by cisplatin and heavy metals in the
revertant of cisplatin-resistant HL-601R-CP cells was also observed
(19).Furthermore,transientinductionof MDR geneencodingP
glycoprotein in cultured cells by many cytotoxic agents has been

reported (reviewed in Ref. 58). In comparison with many other
drug-resistant variants published in the literature that involved long
term, continuous drug exposure, the levels of overexpressed MRP/y
GCS in this population were low, as were the degrees of cross
resistance to other cytotoxic compounds. This difference is probably

due to the relatively short drug exposure in the entire drug selection
scheme. Nevertheless, the selection presented here is relevant to the
treatment protocols used in cancer chemotherapy; therefore, the re
sults may have added clinical relevance. Thus, it is important to

elucidate the intrinsic mechanisms of drug resistance. Our present
communication also presents an important basis for future investiga

tions on the roles of MRP and â€˜y-GCSexpression and resistance to

alkylating antitumor nitrosoureas in clinical settings.
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