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Abstract The cytotoxicity of mitotic spindle poisons,
vinca alkaloids and the anthracycline, adriamycin,
against cisplatin-sensitive and -resistant rat lymphoma
and human ovarian carcinoma cell lines was investi-
gated. Interestingly, it was found that all cell lines were
more sensitive to the mitotic spindle poisons, vincris-
tine and vinblastine. Adriamycin was the least effective
and taxol had intermediate activity. The Walker rat
lymphoma cell line resistant to cisplatin (WR) exhibited
the multiple drug resistance phenotype since it showed
collateral resistance to all drugs (ranging from twofold
to taxol, colcemid and colchicine and sixfold to the
vinca alkaloids). Verapamil potentiated the cytotoxic
activity of adriamycin and vincristine in a striking
fashion with the Walker cells. P-glycoprotein was
found to be present in the plasma membranes of the
Walker cells with approximately a 2.5-fold increase in
the WR as compared to the sensitive (WS) cells.
Glutathione levels were elevated in all of the cisplatin-
resistant cell lines when compared to the cisplatin-sen-
sitive parental cell lines. A profound effect of
buthionine sulfoximine pretreatment on adriamycin
cytotoxicity was observed. Glutathione S-transferase
(r) was present in all the human cell lines but the WS
cells had markedly lower levels (almost negligible)
when compared to the WR cells. These observations
imply that cisplatin-resistant cells may be more sensi-
tive to mitotic spindle poisons and vinca alkaloids,
irrespective of the mechanism of platinum resistance,
and that the cytotoxicity of vinca alkaloids could be
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further modulated by verapamil, irrespective of the
presence or absence of P-glycoprotein.
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Introduction

Cisplatin is a broad-spectrum antitumor drug with
proven efficacy against a variety of solid tumors. How-
ever, normal organ toxicity and the emergence of
a drug-resistant tumor subpopulation limit the clinical
potential of cisplatin. Resistance to cisplatin is multi-
factorial and some of the proposed mechanisms include
reduced intracellular drug accumulation, increased
drug inactivation, and an increased ability to repair
cisplatin-damaged DNA [6, 8, 17, 28, 31, 32].

Although reduced drug accumulation has been ob-
served in cells resistant to the platinum drugs [8, 16], it
has been demonstrated that this is not due to the
overexpression of the membrane transport pump (P-
glycoprotein) [10, 13, 16], which is associated with the
multidrug resistance (MDR) phenotype. MDR is
characterized by cross-resistance to several structurally
unrelated drugs including the vinca alkaloids, an-
thracycline antibiotics, and other natural product
drugs [10].

Increased levels of intraceilular thiol and thiol-asso-
ciated enzymes has also been observed in cisplatin-
resistance tumors and is related to the resistance
phenotype [4, 9, 12, 13, 18, 22, 24, 28, 29, 31].
Glutathione (GSH), a potent nucleophile, has the
potential to react with most xenobiotics and aid in
their inactivation. However, in addition to cells resis-
tant to alkylating agents, cells exhibiting the MDR
phenotype have also been shown to possess increased
levels of intracellular GSH and glutathione salvage
enzymes, primarily glutathione S-transferase (m)
(GST-m) [12, 13, 29].
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In order to successfully treat a cisplatin-resistant
tumor, it is important to determine if the neoplastic
cells are resistant to other antitumor drugs. Thus, it is
of clinical significance to identify the patterns of cross-
resistance and the collateral sensitivity of cisplatin-re-
sistant tumor cells. The present report describes and
compares the effects of cisplatin, mitotic spindle poi-
sons, and anthracycline antibiotics on the cisplatin-
sensitive Walker rat lymphoma cell line (WS) and
two human ovarian carcinoma cell lines (2008, 2780),
and their cisplatin-resistant variants. The precise
mechanism(s) of cisplatin resistance in cisplatin-resis-
tant Walker (WR) cells is unknown. A decrease in
intracellular cisplatin accumulation (compared to the
cisplatin-sensitive 2008 cells) has been reported to be
the basis of cisplatin resistance in the 2008/C13* cells,
while an increased thiol metabolizing system (com-
pared to the 2780 cells) has been implicated in the
resistance mechanism of the C70 cells [5, 9, 11, 15].
Furthermore, the ability of verapamil, a potent
modulator of P-glycoprotein activity and buthionine
sulfoximine (BSO), an inhibitor of glutathione meta-
bolism, to enhance the cytotoxic effects of these drugs
was also investigated.

Materials and methods

Materials

Cisplatin was purchased from Aldrich (Milwaukee, Wis). Taxol
(TAX) was provided by the Drug Synthesis and Chemistry Branch,
Developmental Therapeutics Program, Division of Cancer Treat-
ment, National Cancer Institute, NIH (Bethesda, Md.). Adriamycin
(ADR), BSO, colchicine (COL), colcemid (COE), verapamil, vincris-
tine (VCR), vinblastine (VBL), 5,5'-dithio-bis(2-nitrobenzoic acid)
(DTNB) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma Chemical (St. Louis,
Mo.). All drugs were freshly prepared at 100 times the required
concentration. If the drugs were dissolved in dimethylsulfoxide, the
final concentration of this solvent never exceeded 0.1% in the experi-
mental protocol. The anti-GST-nm mouse monoclonal antibody was
purchased from Biogenex (San Ramon, Calif.). The anti-P-glycoprotein
mouse monoclonal antibody (JSB-1) was from Signet Laboratories
(Dedham, Mass.). The alkaline phosphatase conjugated anti-mouse
rabbit monoclonal antibody was obtained from Jackson Im-
munoResearch Laboratories (West Grove, Pa.).

Cells and culture conditions

Walker rat lymphoma cells sensitive (WS) and resistant (WR) to
cisplatin were provided by Dr. J.J. Roberts, Institute of Cancer
Research, Sutton, UK. These cells were maintained as described
previously [30] except 10% bovine calf serum was employed instead
of 10% fetal calf serum. The cisplatin-sensitive (2008) and -resistant
(2008/C13*) human ovarian carcinoma cells were kindly supplied by
Dr. Paul Andrews, Georgetown University, Md. and the cisplatin-
sensitive (2780) and -resistant (C70) human ovarian carcinoma cells
were obtained from Dr. T. Hamilton, Fox Chase Cancer Center,
Philadelphia, Pa. The human ovarian carcinoma cells were main-
tained as described previously [1, 2, 9, 14].

Cytotoxicity assay

The in vitro cytotoxicity of each drug alone, or in combination, was
evaluated by the tetrazolium salt assay [23], utilizing modifications
of a previously published procedure [25]. Briefly, cells (1000/well rat
lymphoma cells and 5000/well human ovarian carcinoma cells) were
seeded in 96-well tissue culture plates (Becton Dickinson, N.J.) and
exposed to appropriate concentrations of anticancer drugs for a pe-
riod of 3 days. In the experiments where pretreatment with
verapamil or BSO was being investigated, one-half of the cell num-
ber was seeded into the 96-well tissue culture plates and exposed to
the indicated concentrations of the modulator for a period of 24 h.
Thereafter, appropriate concentrations of the anticancer drug was
added to each well and the plates incubated as before for 3 days.
A solution (5mg/ml) of MTT in phosphate-buffered saline was
prepared and 20 pl was added to each well 6 h before the end
of the exposure period, and 100 pl of 0.1 N HCl-isopropanol was
added to dissolve the formazon crystals. The absorbance of each well
was measured at 570 nm in a microplate reader (Bio-Tek Instru-
ments VT.). Wells containing no cells were used as blanks and wells
containing cells but no drugs were used to determine the control cell
survival.

GSH determinations

Cells (5 x 10°) were washed with cold phosphate-buffered saline and
then lysed by the addition of 5% trichloroacetic acid. After main-
taining on ice for 30 min, the samples were centrifuged at 10000 x g
for 10 min. The supernatant was assayed for GSH content as de-
scribed previously [26]. Briefly, 0.1-0.2 ml of the supernatant was
allowed to react with 0.6 mM DTNB in 0.2 M sodium phosphate
buffer, pH 8.0, for 10 min at room temperature. Absorbance of the
colored product was estimated at 412 nm. For each experiment,
a standard curve of known amounts of reduced GSH was prepared.
Protein was determined by the Bradford assay [3] with bovine
serum albumin as standard.

Immunoblot analysis

For the detection of GST-m, the total cellular homogenate was
prepared by lysing cells in 10 mM TRIS-HC], pH 7.4, 100 mM
NaCl, 0.5% Triton X-100, 0.1 mM phenylmethylsulfonyl fluoride
(PMSF). Lysate (100 ug) from the cell extract was mixed with an
equal volume of 2x SDS buffer (40% glycerol, 6% SDS, 0.25 M
TRIS-HCI], pH 6.8, 0.1% bromophenol blue, 0.7 M 2-mercap-
toethanol) and placed at 100°C for 3 min. The samples were sub-
jected to electrophoresis in a 15% separating gel according to
previously published procedures [20]. A semi-enriched membrane
fraction was prepared to detect P-glycoprotein by suspending the
cells (5x107) in a buffer containing 10 mM TRIS-HCI, pH 7.4,
10mM KCL 1.5mM MgCl, and a protease inhibitor cocktail
(2 mM PMSF, 2 pg/ml aprotinin, 200 ug/ml EDTA, 1 ug/ml pep-
statin). After 10 min on ice, the cells were homogenized with
a Dounce homogenizer and adjusted to 250 mM sucrose before
centrifugation at 800 x g at 4°C for 20 min. The supernatant was
further centrifuged at 100000 x g at 4°C for 20 min. The pellet
(membrane-enriched fraction) was resuspended in 10 mM TRIS-
HCI, pH 7.4, 125 mM sucrose and the protease inhibitor cocktail.
The membrane proteins (100 pg) were mixed with solubilization
buffer (4 M urea, 0.5% SDS, 50 mM DTT) and subjected to elec-
trophoresis in a 6% separating gel without heating.

For both procedures, the separated proteins were electrophoreti-
cally transferred to Immobilon-P membranes. The membranes were
preincubated with a blocking solution containing 25 mM TRIS-
HC], pH 7.5, 150 mM NacCl (TBS), 5% (w/v) non-fat dried milk for
60 min at room temperature with agitation. The membranes were



then incubated with the primary antibody in TBS for 2 h. The
membranes were washed with TBS containing 0.05% (v/v) Tween-
20 (TBS-T), 3 times for 10 min and then treated with alkaline
phosphatase-conjugated secondary antibody for 60 min. After thor-
ough washing with TBS-T, the membranes were stained with an
alkaline phosphatase detection kit (Bio-Rad, Calif.).

Statistical analysis

P values were determined by paired :-test using a SigmaStat Statist-
ical Analysis System, version 1.01.

Results

The relative sensitivity to cisplatin, ADR, COL, COE,
VCR, VBL, and TAX was evaluated in three pairs of
cisplatin-sensitive (WS, 2008, 2780) and -resistant (WR,
2008/C13*, C70) cell lines (Table 1). The WR,
2008/C13* and C70 cells were 8-fold, 12-fold and 9-fold
resistant to cisplatin, respectively, compared to their
sensitive counterparts (Table 1). The degree of cisplatin
resistance of these cells compares well with previously
published values [5, 9, 11, 19, 21]. Relative to WS, the
WR cells were resistant to all the drugs tested, clearly
indicating the MDR phenotype. Although sensitivity to
ADR, COL, and COE was similar in the 2008 and
2008/C13* cells, the 2008/C13* cells were found to be
tenfold hypersensitive to VCR, VBL, and TAX com-
pared to the 2008 cells (Table 1). The result with TAX is
in agreement with that reported by Christen et al. [5].
The C70 cells, besides being resistant to cisplatin, dis-
played a fourfold resistance to ADR compared to the
2780 cells (Table 1).

The effect of ADR and VCR on WS, WR, 2008,
2008/C13*, 2780, and C70 cell survival was assessed in
the presence and absence of 10 pM verapamil (a con-
centration which had no cytotoxicity with all six cell
lines). Pretreatment with verapamil significantly poten-
tiated the cytotoxic effects of ADR and VCR in ail the
cell lines (Figs. 1, 2). This effect was most pronounced
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Fig. 1 Effect of 24-h pretreatment with 10 uM verapamil on the
cytotoxicity of adriamycein (ADR) 1n cisplatin-sensitive (WS A, 2008
C, 2780 E) and -resistant (WR B, 2008/C13* D, C70 F) tumor cells.
Cells were treated with the anticancer drug alone (open circles) or in
combination with verapamil {closed circles). Each point represents
thé mean of three separate experiments performed with triplicate
cultures; error bars indicate + SD

with the rat lymphoma cells. The enhancement in ADR
cytotoxicity (expressed as the change in the ICsq with
and without verapamil) was 57-, 26-, 7-, 3-, 2- and
6-fold for the WS, WR, 2008, 2008/C13*, 2780, and C70
cells, respectively. The enhancement of VCR cytotoxi-
city produced by verapamil was even more striking
(Fig. 2). Concomitant exposure of the tumor cells to
verapamil and ADR or VCR also displayed a superior

Table 1 Effect of various anticancer drugs on the cell survival of the Walker rat lymphoma cells and the human ovarian carcinoma cells
sensitive and resistant to cisplatin. The error 1s expressed as + SD from three separate experiments. IC,, values are the concentrations which
reduced the cell survival to half the control value and are calculated from a regression analysis of cell survival versus drug concentration. (WS
Walker rat lymphoma cell line sensitive to cisplatin, WR Walker cell line resistant to cisplatin)

ICsy (nM)
Drugs WS WR 2008 2008/C13* 2780 C70
Cisplatin 900 + 30 7,100 + 1,000 1,500 + 500 18,000 + 4,000 700 + 200 6,400 + 1,000
Adriamycin 340 + 10 1,300 + 80 680 + 20 480 + 30 70 +£ 10 290 + 10
Colchicine 100 + 20 220 + 50 20+ 4 20+2 14+3 16 +2
Colcemid 19+1 3746 36 +2 28 +1 2041 23 +2
Vincristine 12+4 74 + 8 22+4 4 +1 1.3+05 241
Vinblastine 6+2 33+4 10+2 4+2 2+07 1+02
Taxol 190 + 40 410 + 110 65+ 8 4+2 5+1 6+2
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Fig. 2 Effect of 24-h pretreatment with 10 pM verapamil on the
cytotoxicity of vincristine (V'CR) in cisplatin-sensitive (WS A, 2008
C, 2780 E) and -resistant (WR B, 2008/C13* D, C70 F) tumor cells.
Cells were treated with the anticancer drug alone (open circles) or in
combination with verapamil (closed circles). Each point represents
the mean of three separate experiments performed with triplicate
cultures; error bars indicate + SD

cytotoxic effect compared to that observed with the
anticancer drug alone, however, the degree of potenti-
ation was less when compared to that observed when
tumor cells were pretreated with verapamil (data not
presented).

Cell membranes were partially purified and analyzed
for P-glycoprotein expression. The protein was
only detectable in the rat lymphoma cells (Fig. 3A)
and there was a 2.5-fold greater expression (analyzed
by densitometric scanning; data not shown) in the
resistant (WR) as compared to the sensitive (WS)
cells.

Next, the intracellular levels of GSH in all the cell
lines were determined (Table 2). WR and C70 cells had
a twofold and fivefold increase, respectively, in cellular
GSH levels, when compared to the sensitive parental
cell. In contrast, the cellular GSH levels in the 2008 and
2008/C13* cells were almost the same.

The effects of pretreatment with 10 uM BSO, an
inhibitor of GSH metabolism, on the cytotoxicity of
ADR, the mitotic spindle poisons, and TAX were
studied. The concentration of BSO employed in these
experiments produced no toxicity with any cell line.
The cytotoxicity of ADR was markedly enhanced by
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Fig. 3A Analysis of P-glycoprotein content of the Walker rat lym-
phoma and human ovarian carcinoma cells sensitive (WS, 2008,
2780) and resistant (WR, 2008/C13*, C70) to cisplatin. Lane 1, WS;
lane 2, WR; lane 3, 2008; lane 4, 2008/C13*; lane 5, 2780; lane 6, C70.
B. Expression of glutathione S-transferase (n) in the Walker rat
lymphoma and human ovarian carcinoma cells sensitive and resis-
tant to cisplatin. Lane 1, WS; lane 2, WR; lane 3, 2008; lane 4,
2008/C13*; lane 5, 2780; lane 6, C70

Table 2 Glutathione levels in cisplatin-sensitive and -resistant cells.
Total glutathione was estimated colorimetrically in the rat lym-
phoma (WS and WR, respectively) and human ovarian carcinoma
(2008, 2008/C13*, 2780, and C70, respectively) cells. The figure in
parenthesis is the number of experiments and the error + SD

Cells Glutathione, Relative increase
(nmol/mg protein) of resistant/sensitive cells

WS 153 +854) -

WR 317 + 18 (4 20

2008 11.6 + 3.6 (4) -

2008/C13*  17.6 + 3.0 (4)* 1.5

2780 64 +3.0(4) -

C70 30.7 +3.4 (4 5.0

*No significant difference between the cisplatin-sensitive and-
resistant cells
®P < 0.001, as compared to cisplatin-sensitive 2780 cells

Table 3 Effect of pretreatment with 10 uM buthionine sulfoximine
(BSO) on the cytotoxicity of Adriamycin (ADR) and vincristine
(V CR)in cisplatin-sensitive and -resistant rat lymphoma and human
ovarian carcinoma cells. The error is expressed as + SD from at
least three separate experiments performed in triplicate. IC, values
are the concentration of the drug which reduced the cell survival to
half the control value and were calculated from a regression analysis
of cell survival versus drug concentration. The relative increase in
cytotoxicity is defined as ICs, (ADR)/IC5o (BSO + ADR)

Cells IC,, (nM) Relative increase
in cytotoxicity
ADR BSO + ADR
WS 340 + 10 160 +9 2.1
WR 1300 + 80 570 £+ 44 23
2008 680 + 20 220 + 14 31
2008/C13* 480 + 30 180 + 23 2.7
2780 70 £ 10 9+2 7.8
C70 290 + 10 60+7 4.8

BSO pretreatment (Table 3). However, BSO did not
affect the cytotoxicity of COL, VCR, and TAX (data
not shown).



Western blot analysis was performed to ascertain the
intracellular levels of the enzyme, GST-n, in each cell
line. There was a fivefold higher concentration of the
enzyme in the WR as compared to WS cells (Fig. 3B).
However, no difference was observed between both
human ovarian cell lines (2008, 2780) and their cis-
platin-resistant counterparts (2008/C13*, C70).

A distinct pattern of cross-resistance and collateral
sensitivity in the cisplatin-resistant cell lines has been
demonstrated even though the resistant subpopula-
tions were selected after chronic exposure to cisplatin
alone. Thus, a cisplatin-resistant rat lymphoma (WR)
cell line displayed the MDR phenotype, the cisplatin-
resistant human ovarian carcinoma cell line
(2008/C13*) was hypersensitive to VCR, VBL, and
TAX, and the cisplatin-resistant human ovarian carci-
noma cell line (C70) was cross-resistant to ADR, when
compared to their parental cisplatin-sensitive counter-
parts (WS, 2008, 2780, respectively). All the cell lines
studied were more sensitive to the mitotic spindle poi-
sons, COE, VCR, and VBL when compared to their
sensitivity to other drugs. Furthermore, irrespective of
the presence or absence of the MDR-mediating P-
glycoprotein, verapamil potentiated the cell growth
inhibition caused by VCR. This observation may prove
to have some clinical relevance. ADR was the least
effective and TAX, which has been reported to be
markedly cytotoxic with 2008/C13* cells [5], showed
an intermediate effect with striking sensitivity exhibited
by the 2780 and C70 cells, but a far less dramatic effect
with the rat lymphoma cells.

Cisplatin resistance in the Walker cells is poorly
understood, but the cisplatin-resistant variant, WR,
displayed collateral resistance to all the six drugs
tested, ranging from a twofold resistance for TAX,
COE and COL to a sixfold effect for the vinca alkal-
oids, VCR and VBL. These results suggested an MDR
phenotype for the WR cells. The MDR phenotype is
characterized by overexpression of the P-glycoprotein
[10]. This has been correlated with high degrees of
resistance to the natural product anticancer drugs. In-
hibition of the P-glycoprotein function with verapamil
has been reported to potentiate the cytotoxic activity of
the natural product anticancer drugs [10,27]. The
effect of verapamil on the cytotoxicity of ADR and
VCR was therefore investigated. The effect of this cal-
cium channel blocker on the cytotoxicity of both drugs
was striking with the Walker cells. Analysis of the
P-glycoprotein content of the cell membranes employ-
ing western blot analysis showed that the transport
protein was detectable only in the Walker cell mem-
brane fraction and not in the membrane fractions from
the human ovarian cell lines. A 2.5-fold increase in the
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level of P-glycoprotein was observed in the membranes
from WR cells, a result which correlates with an in-
creased resistance of this cell line to vinca alkaloids,
mitotic spindle poisons, and ADR relative to the WS
cell line.

Alterations in the cellular thiols have been observed
in cells resistant to cisplatin and ADR [4, 9, 12, 13, 18,
22, 24, 28, 29, 31]. Therefore, it was of interest to
investigate if thiols were involved in the observed cross-
resistance and collateral sensitivity. GSH levels in all
three cisplatin-resistant cell lines were increased com-
pared to the cisplatin-sensitive cells but the most strik-
ing change was observed with the C70 cells. The GSH
levels of 2780/C70 ovarian cell lines are difficult to
compare to the data reported by Godwin et al. [9]
since these authors reported GSH concentration per
cell. Unfortunately, the cell volume of the resistant
(C70) cells is substantially greater than the parental
(2780) cell line and as a result the data presented here
are expressed relative to the total cellular protein. Ex-
pressing the data in this fashion still results in the
resistant cells (C70) possessing substantially higher in-
tracellular concentrations of GSH (fivefold) when com-
pared to those in the sensitive cells. The differences
observed in cisplatin sensitivity between the 2780 hu-
man ovarian carcinoma cells and its resistant counter-
part thus appear to be due to differences in GSH
metabolism [9,11] and it is interesting to note that
the only collateral resistance observed with these
lines was with ADR, a drug where GSH metabolism
has been implicated in its cytotoxic effects 13, 31].
These data correlate well with those reported by
Hamaguchi et al. [11]. The similar levels of GSH in
2008 and 2008/C13* cells correspond well with the data
reported by Andrews et al. [1,2].

BSO, an inhibitor of GSH metabolism, produced
a profound effect on the cytotoxicity of ADR. With all
three cell lines, the effect was most striking with the
2780 and C70 cells. BSO had no effect on the cytotoxi-
city of COL, VCR, and TAX. These results are not
unexpected since ADR cytotoxicity has been reported
to be associated with GSH metabolism. However, GSH
has not to date been reported to play a role in the
cytotoxicity of mitotic spindle poisons or TAX. This is
in keeping with the ineffectiveness of BSO to potentiate
their cytotoxicity. Furthermore, the increase in ADR
cytotoxicity in the presence of BSO was sequence-de-
pendent; if tumor cells were treated simultaneously
with BSO and ADR, no potentiation of ADR
cytotoxicity was observed, a result which is to be ex-
pected due to the inhibition kinetics of BSO on GSH
metabolism.

The expression of GST-n has been associated with
resistance to ADR and cisplatin [12, 29, 31]. Analysis
of the GST-n enzyme, an enzyme in the GSH salvage
pathway most commonly implicated in drug cytotoxi-
city, showed that the enzyme was present in all the cell
lines except for almost undetectable levels in the WS
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cells. Clapper et al. [7] have previously reported in-
creases in GST-x in the Walker cells pretreated with
chlorambucil. In the present study, a marked increase
in the basal, intracellular levels of this enzyme in the
WR cells (fivefold) compared to the WS cells was ob-
served. Furthermore, a minimal difference was ob-
served between its levels in the C70 cells as compared to
the parental (sensitive) cells, data in agreement with
those reported by Hamaguchi et al. [11]. No difference
was observed between the 2008 and 2008/C13* cells.
This latter result is expected since the 2008/C13*
cell line appears to be a cisplatin transport mutant [5,
15, 21].

Irrespective of the primary mechanism of cisplatin
resistance, this study brings to light two salient points:
(a) cisplatin-resistant cells may be more sensitive to
mitotic spindle poisons; and (b) the effect of the vinca
alkaloids, such as VCR, can be further potentiated if
verapamil is included in the combination chemother-
apy. The therapeutic importance of these findings has
to await further clinical studies.

References

1. Andrews PA, Murphy MP, Howell SB (1985) Differential poten-
tiation of alkylating and platinating agent cytotoxicity in human
ovarian carcinoma cells by glutathione depletion. Cancer Res
45:6250

2. Andrews PA, Schiefer MA, Murphy MP, Howell SB (1988)
Enhanced potentiation of cisplatin cytotoxicity in human ovar-
ian carcinoma cells by prolonged glutathione depletion. Chem-
Biol Interact 65:51

3. Bradford MM (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal Biochem 72:248

4. Campling BG, Baer K, Baker HM, Lam Y-M, Cole SPC (1993)
Do glutathione and related enzymes play a role in drug resist-
ance in small cell lung cancer cell lines? Br J Cancer 68:327

5. Christen RD, Jekunen AP, Jones JA, Thiebaut F, Shalinsky DR,
Howell SB (1993) In vitro modulation of cisplatin accumulation
1 human ovarian carcinoma cells by pharmacologic alteration
of microtubules. J Clin Invest 92:431

6. Chu G (1994) Cellular responses to cisplatin. The roles of DNA-
binding proteins and DNA repair. J Biol Chem 269: 787

7. Clapper ML, Kuzmich S, Seestaller LM, Tew KD (1993) Time
course of glutathione S-transferase elevation in Walker mam-
mary carcinoma cells following chlorambucil exposure. Bio-
chem Pharmacol 45: 683

8. Gately DP, Howell SB (1993) Cellular accumulation of the
anticancer agent cisplatin. A review. Br J Cancer 67:1171

9. Godwin AK, Meister A, O’Dwyer PJ, Huang CS, Hamilton TC,
Anderson ME (1992) High resistance to cisplatin in human
ovarian cancer cell lines is associated with marked increase of
glutathione synthesis. Proc Natl Acad Sci USA 89:3070

10. Gottesman MM, Pastan I (1993) Biochemistry of multidrug
resistance mediated by the multidrug transporter. Annu Rev
Biochem 62:385

11. Hamaguchi K, Godwin AK, Yakushiji M, O’'Dwyer PJ, Ozols
RF, Hamilton TC (1993) Cross-resistance to diverse drugs is
associated with primary cisplatin resistance in ovarian cancer
cell lines. Cancer Res 53:5225

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Hao X-Y, Bergh J, Brodin O, Hellman U, Mannervik B (1994)
Acquired resistance to cisplatin and doxorubicin in a small cell
lung cancer cell line is correlated to elevated expression of
glutathione-linked detoxification enzymes. Carcinogenesis
15:1167

Harris AL, Hochhauser (1992) Mechanisms of multidrug restst-
ance in cancer treatment. Acta Oncol 31:205

Isonishi S, Andrews PA, Howell SB (1990) Increased sensitivity
to cis-diamminedichloroplatinum (ll) in human ovarian carci-
noma cells in response to treatment with 12-O-tetradecanoyl-
phorbol 13-acetate. J Biol Chem 265:3623

Jekunen AP, Shalinsky DR, Hom DK, Albright KD, Heath D,
Howell SB (1993) Modulation of cisplatin cytotoxicity by per-
meabilization of the plasma membrane by digitonin in vitro.
Biochem Pharmacol 45:2079

Kawai K, Kamatani N, Georges E, Ling V (1990) Identification
of a membrane glycoprotein overexpressed in murine lym-
phoma sublines resistant to cis-diamminedichloroplatinum (II).
J Biol Chem 265:13137

Kelland LR (1994) The molecular basis of cisplatin sensitiv-
ity/resistance. Eur J Cancer 30A:725

Kido Y, Khokhar AR, Siddik ZH (1994) Glutathione-mediated
modulation of tetraplatin activity against sensitive and resistant
tumor cells. Biochem Pharmacol 47:1635

Knox RJ, Lydall DA, Friedlos F, Basham C, Rawlings CJ,
Roberts JJ (1991) The Walker 256 carcinoma:a cell type in-
herently sensitive to only those difunctional agents that can
form DNA mterstrand crosstinks. Mutat Res 255:227
Laemmh UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227:680
Mann SC, Andrews PA, Howell SB (1991) Modulation of cis-
diamminedichloroplatinum (IT) accumulation and sensitivity by
forskolin and 3-isobutyl-1-methylxanthine in sensitive and resis-
tant human ovarian carcinoma cells. Int J Cancer 48:866
Mistry P, Loh SY, Kelland LR, Harrap KR (1993) Effect of
buthionine sulfoximine on PtII and PtIV drug accumulation
and the formation of glutathione conjugates in human ovarian-
carcinoma cell lines. Int J Cancer 55:848

Mossman T (1983) Rapid colorimetric assay for cellular growth
and survival:application to proliferation and cytotoxicity as-
says. J Immunol Methods 65:55

Nakagawa K, Yokota J, Wada M, Sasaki Y, Fujiwara Y, Sakai
M, Muramatsu M, Terasaki T, Tsunokawa Y, Terada M, Saijo
N (1988) Levels of glutathione S-transferase pi mRNA in human
lung cancer cell lines correlate with the resistance to cisplatin
and carboplatin. Jpn J Cancer Res 79:301

Parekh H, Chitnis MP (1990) Evaluation of quinidine effect on
the antitumor activity of adriamycin and mitoxantrone in
adriamycin-sensitive and -resistant P388 leukemia cells. Selec-
tive Cancer Ther 6:93

Parekh HK, Chavan S, Chitnis MP (1991) Modulation of thiol
pools by vitamin K, and its effect on cell survival of sensitive
and resistant murine tumor cells. Anticancer Drugs 2:159
Raderer M, Scheithauer W (1993) Clinical trials of agents that
reverse multidrug resistance. Cancer 72:3553

Scanlon KJ, Kashani-Sabet M, Tone T, Funato T (1992) Cis-
platin resistance in human cancers. Pharmacol Ther 52:385
Sharma R, Singhal SS, Srivastava SK, Bajpai KK, Frenkel EP,
Awasthi S (1993) Glutathione and glutathione linked enzymes in
human small cell lung cancer cell lines. Cancer Lett 75:111
Simpkins H, Lehman JM, Mazurkiewicz JE, Davis BH (1991)
A morphological and phenotypic analysis of Walker 256 cells.
Cancer Res 51:1334

Tew KD (1994) Glutathione-associated enzymes in anticancer
drug resistance. Cancer Res 54:4313

Timmer-Bosscha H, Mulder NH, Vries EGF de (1992) Modula-
tion of cis-diamminedichloroplatinum (II) resistance:a review.
Br J Cancer 66:227



