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ABSTRACT
A human ovarian cancer cell line resistant to c/s-diamminedichloroplatinum(II) (DDP) (2780CP)was compared with its DDP-sensitive parental
cell line (A2780) to determine whether differences in the removal rate of
DNA-bound platinum were related to resistance. Both cell lines were
treated in vitro with various doses of DDP for 2 h and subsequently
incubated in arginine-deficient Eagle's minimum essential medium with
2.5% dialyzed fetal bovine serum in the presence or absence of aphidicolin. After 0, 12, and 24 h, DNA was isolated from the cells and DNAbound platinum was determined by flameless atomic absorption spectrophotometry.
Binding of platinum to DNA of either cell line was a linear function of
concentration ranging from 20 to 80 /IM DDP. Platinum binding was
almost equal at each dose in both cell lines. 2780CPcells that were 3-fold
resistant to DDP lost 30.5 to 40.1% of their total DNA-bound platinum,
compared with a 1.3 to 16.1% loss for A2780 cells, 12 to 24 h after a 2h exposure to 40 JIMDDP, respectively.
Aphidicolin (3.0 Mg/ml) increased the cytotoxicity in 278(1''' cells by
about 2-fold and caused a significant delay in the time required for
platinum removal in the resistant cells (14.6 and 18.9% at 12 and 24 h).
These studies indicate that the mechanism of DDP resistance in the
2780"' cell line is related to an increased ability to remove platinumDNA adducts, and not to a difference in initial DDP binding to DNA.

INTRODUCTION
DDP2 is an important antitumor agent proved effective
against a broad range of human malignancies (1-3). However,
acquired resistance to DDP strongly limits its clinical use (4,
5). Several mechanisms of DDP resistance in human and rodent
cell lines have been described (6-15). Recently, an increased
ability of a DDP-resistant human ovarian cancer cell line,
2780CP, to repair DDP-induced DNA damage has been pro
posed as a mechanism of DDP resistance. This suggestion was
based on experiments using the technique of unscheduled DNA
synthesis or alkaline CsCl equilibrium sedimentation (16-19).
These findings prompted us to examine whether the 2780'p
cell line actually removed platinum lesions from their DNA
more rapidly than the sensitive parental cell line (A2780) since
the sensitivity of cells to DDP is directly related to the amount
of platinum remaining in the DNA (20, 21). In this study, we
found that platinum loss from DNA, as measured by atomic
absorption spectrophotometry,
during the initial 24 h after
DDP treatment reflected DNA repair activity and was corre
lated with DDP resistance in the 2780CP cell line.
MATERIALS

the kind gifts of Drs. R. F. Ozols and T. C. Hamilton, Fox Chase
Cancer Center, Philadelphia, PA. The 2780CP cell line was produced
by exposure of the A2780 cell line to a stepwise-increasing concentra
tion of the drug up to 70 Â¿IM.Both cell lines were maintained as
monolayers in MEM supplemented with 10% (v/v) FBS, 60 Mg/ml
kanamycin, and 0.3 mg/ml glutamine at 37"C in a humidified 5% CO295% air atmosphere.
Drug Treatment. Cell lines were plated in culture dishes at high
density (8 x IO5celis/21-cm2-dish for the cytotoxicity studies, 5x10"
cells/145-cm2 dish for the Pt-DNA removal assays) in MEM with 10%
FBS and grown to confluence for 72 h. At this point, cultures were
switched to ADM with 2.5% DFBS to inhibit further replication of
DNA (22, 23). After 24 h (day 4 in culture), the cells were treated with
various doses of DDP for 2 h, washed 3 times with phosphate-buffered
saline, and incubated in fresh ADM containing 2.5% DFBS for the
required time intervals at 37Â°Cwith or without aphidicolin.
Cytotoxicity Studies. A stationary phase culture in a 21-cm! dish was
used to test DDP sensitivity under the same conditions as the repair
experiment. This is a cell-killing assay, not a cell growth inhibition
assay. After treatment with DDP, the cells were incubated for 72 h in
ADM with 2.5% DFBS, washed 3 times, trypsinized, and counted in a
Coulter Counter (Coulter Electronics, Ltd., Luton, England).
DNA Isolation from the Cells. Cells that were treated with DDP and
subsequently incubated in ADM containing 2.5% DFBS for the re
quired time interval were collected by centrifugation at 1000 rpm after
10 min. Two dishes (145 cm2) were used for each data point. The
pellets were washed once with phosphate-buffered saline and lysed by
2.5 ml of 10 HIMTris-HCl/400 mM NaCI/10 mM EDTA/0.5% (w/v)
SDS, pH 8. Proteinase K (200 Mg/ml) was added and incubated for 3
h at 37Â°Cto digest the protein in the lysate. The solutions were extracted
twice with an equal volume of phenol: CHCljÃºsoamyl alcohol (50:48:2)
saturated with 100 mM Tris-HCl/10 mM EDTA/10 mM NaCI/0.5%
SDS (w/v), pH 8.15, and DNA was precipitated from the aqueous
phase with 2 volumes of cold absolute ethanol after standing overnight
at -20Â°C.The DNA was spooled on glass rods, rinsed in 80% ethanol,
and dissolved in 1 ml of 10 mM Tris-HCl/10 mM NaCl/IO mM EDTA,
pH 8. Coprecipitated RNA was subsequently digested in a 2-h incuba
tion at 37Â°Cwith 40 Mg/ml of RNase A and 10 Â¿Â¿g/ml
of RNase T,.
This was followed by a phenol extraction and an alcohol precipitation
as above. After being spooled, rinsed, and dried, the DNA was dissolved
in 5% trichloroacetic acid (200 p\) at 80Â°Cfor 20 min. A portion of the
DNA solution was used to measure platinum content, and the remain
ing portion was used to quantify DNA content via the Burton's diphen

AND METHODS

Chemicals. MEM, ADM, and kanamycin were obtained from Nissui
Pharmaceutical Co., Ltd., Tokyo, Japan. FBS, DFBS, and trypsin were
Received 6/21/89; revised 12/1/89.
The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
1To whom requests for reprints should be addressed.
2 The abbreviations used are: DDP, m-diamminedichloroplatinum(II):
PtDNA, DNA-bound platinum: FBS, fetal bovine serum; DFBS, dialyzed FBS;
MEM, Eagle's minimum essential medium: ADM, arginine-deficient MEM;
SDS, sodium dodecyl sulfate; IC50, dose level resulting in 50% inhibition; GSH,
glutathione; dNTP. deoxynucleotidc triphosphate.

from GIBCO, Grand Island, NY. DDP was provided by Nippon Kayaku
Co., Tokyo, Japan. SDS, glutamine, diphenylamine, trichloroacetic
acid, aphidicolin, and platinum standard solution (H2PtCl6 in l N HC1)
were purchased from Wako Pure Chemical Co., Ltd., Tokyo, Japan.
DNA, RNase A, and RNase T, were from Sigma Chemical Co., St.
Louis, MO. Proteinase K was obtained from Merck, Darmstadt, West
Germany.
Cell Lines and Culture. A2780, an ovarian cancer cell line derived
from an untreated patient, and 2780CP, a DDP-resistant cell line, were

ylamine procedure (24).
Platinum Determinations. Pt-DNA was determined by injecting a 10fj\ sample into a pyrocoated graphite cuvette (Hitachi Model 180-7444)
using a Hitachi polarized Zeeman Model z-8100 flameless atomic
absorption spectrophotometry (Hitachi, Ltd., Tokyo, Japan). For cali
bration, a standard platinum solution was used. The platinum content
was expressed as pg/Mg DNA.

RESULTS

AND DISCUSSION
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removal assay since proliferating cells would excise platinuminduced lesions faster than nonproliferating cells (21 ). As shown
in Fig. 1, the number of A2780 and 2780CP cells was unchanged

90

from day 4 (24 h after the first replacement of medium by
ADM) through day 6 despite a second replacement of ADM
on day 4 for posttreatment incubation. The coefficients of
variation in cell number were 3.34 and 3.64% for A2780 and
2780CP cells, respectively. A Pt-DNA removal assay, therefore,
was done on days 4 to 5.
Fig. 2 shows the survival rates of A2780 and 2780CP cells in
the presence or absence of aphidicolin after a 2-h treatment
with increasing concentrations of DDP. By comparing ICSO
drug doses for A2780 and 2780CP cells, 2780CP cells were found
to be 3-fold more resistant to DDP under the conditions used
(72 JIM IC50 2780CP, 24 /Â¿MIC50 A2780). Our preliminary
experiment showed that aphidicolin alone had no effect on the
survival of either cell line at doses below 5 yug/ml. As shown in
Fig. 2, 3 Â¿igaphidicolin/ml increased DDP cytotoxicity in the
2780CP line by about 2-fold (72 MMIC50 2780CP, 44 MMIC50
2780e p with aphidicolin).

20
40
60
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Fig. 3. Dose-dependent increase of platinum bound to DNA to A2780 (O)
and 2780CP (â€¢).Stationary phase cultures were treated with various concentra
tions of DDP for 2 h at 37Â°C.Immediately after drug removal, DNA was extracted
and purified, and Pt-DNA was measured. Bars, SD in 3 determinations.

Several researchers have reported that a decrease in DDP
accumulation may be an important means of DDP resistance
(8-10). Accordingly, any difference in the amount of platinum
binding to DNA between A2780 and 2780CP cell lines should
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Fig. 4. Kinetics of the removal of Pt-DNA and effect of aphidicolin. Stationary
phase cultures were exposed to DDP [40 Â¿IM,
A2780 (O), 40 fiM, 2780CP (â€¢)and
80 MM.2780CP (â€¢)]for 2 h at 37Â°C.The amounts of Pt-DNA remaining after a
12- and 24-h incubation period in ADM plus 2.5% DFBS in the absence or
presence [40 /JM DDP, 2780CP (A)| of aphidicolin (3 jig/ml) were plotted relative
to the amount initially bound (I - 0; 100%). Zero time is immediately after drug
removal. Bars, SD in 3 determinations.

in Culture

Fig. 1. Growth of A2780 (O) and 2780CP (â€¢)after replacement of medium
with ADM plus 2.5% DFBS. Cell lines were plated in 145-cm2 dishes at high
density (5 x 10") in MEM with 10% FUS and grown to confluence for 72 h. At
this point (day 3), cultures were switched to ADM containing 2.5% DFBS. After
24 h (day 4), culture medium was replaced a second time by fresh ADM plus
2.5% DFBS. Cells were counted daily. Bars, SD in 3 determinations.

be assessed. As shown in Fig. 3, the platinum bound to DNA
of either cell line increased linearly with doses up to 80 pM. It
was noteworthy that the amount of Pt-DNA was nearly equal
in both cell types at each DDP dose tested. This result is
essential for comparing the repair ability of each cell line on
the basis of equimolar binding of DDP to cellular DNA.
Fig. 4 shows the removal of Pt-DNA in A2780 and 2780CP
cells and the effect of aphidicolin on Pt-DNA removal in 2780CP
cells. At 12 and 24 h after a 2-h exposure to 40 UM DDP,
A2780 cells lost only 1.3 and 16.1% of their total Pt-DNA,
compared with 30.5 and 40.1% for 2780CP cells. Thus, 2780CP
cells had a significantly higher rate of platinum removal than
A2780 cells (P < 0.05, 12 and 24 h). These results include a
comparison of the removal rates at equimolar binding of plati
num to DNA in both cell lines as obtained from the data shown
in Fig. 3. Furthermore, for equitoxic comparison of the removal
rates, 2780CP cells were exposed to 80 MM DDP (60% cell
killing doses are 40 MMfor A2780 cells and 80 ÃŸM
for 2780CP
cells; see Fig. 2). The removal of platinum in 2780CP cells was

Fig. 2. Survival of A2780 (O) and 2780CP(â€¢),and the effect of aphidicolin on
survival of 2780CP (A) as a function of DDP concentration. Cells were incubated
for 72 h at 37'C in ADM plus 2.5% DFBS with or without 3 (ig aphidicolin/ml
after DDP treatment for 2 h and then counted. Results were expressed as a
percentage of control. Bars, SD in 3 determinations.

more rapid by 36.9% at 12 h and 51.9% at 24 h after DDP
treatment (P < 0.02, 12 h; P < 0.05, 24 h). Meanwhile, in the
presence of 3 /Â¿g
aphidicolin/ml, the platinum removal rates in
2780CP cells were 14.6% at 12 h and 18.9% at 24 h after drug
treatment. Thus, aphidicolin caused a significant delay in plat-
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inum removal in the resistant cells (P < 0.05, 12 and 24 h).
There was no significant difference in the platinum removal
rates between 2780e p cells with aphidicolin and A2780 cells.
In this time course study, we confirmed previous reports (1619) concerning the relevance of DNA repair ability on DDP
resistance. We measured the amount of Pt-DNA in nondividing
cells using ADM and DFBS to separate excision repair from
posi replicai ion repair (21-23, 25). This method is simpler and
more reliable than a sedimentation analysis as far as its ability
to excise platinum-DNA adducts is concerned since sedimen
tation analysis reflects a resynthesis step of excision repair.
It is worth noting that the amount of platinum bound to the
DNA of A2780 and 2780CI>cells was almost the same for each
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